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Editorial on the Research Topic 


The cytoskeleton in T cell migration and activation


Cytoskeletal elements and factors that regulate them are necessary for proper T cell-mediated immune responses. In this Research Topic, we gather reviews and original articles that emphasise the signalling pathways and mechanisms that regulate the T cell cytoskeleton during migration and activation.

One of the major signalling pathways that regulates the cytoskeleton are small GTPases of the Rho family (1). Although the roles of RhoA, Rac1 and Cdc42 in actin polymerization have been first reported in fibroblasts thirty years ago, the involvement of other less studied Rho members, including in immune cells, is less clear. In this Research Topic, Mokhtar et al. review the role of RhoG in T cells and provide evidence based on human patients devoid of RhoG function for a negative role of RhoG in T cell activation. Furthermore, Rho GTPases are activated by guanine nucleotide exchange factors (GEFs) such as DOCK2, which is the major Rac activator in T cells stimulated by the chemokine receptor CCR7. Here, Thelen et al. show that CCR7-driven intranodal T cell motility also involves to a minor extent the Tec kinase Itk downstream of PI3Kγ, whereas it does not require the Rac GEF Tiam1. Finally, the role of Rho GTPases in T cell biology extends far beyond their impact on actin polymerization, since they also control the activities of the actin cross-linkers ezrin/radixin/moesin (ERM) proteins. Moesin is the main member of this family expressed in T cells and a particular missense variant is responsible for a primary immunodeficiency disease in humans. In order to better understand the origin of this pathology, Avery et al. report here a mouse model of X-linked moesin-associated immunodeficiency (X-MAID) that shows severe defects in thymic T cell maturation and motility in response to sphingosine-1-phosphate but not in response to CCR7.

Two additional articles focus more specifically on proteins that increase actin polymerization downstream the LAT and SLP76 signalosomes triggered upon T-cell receptor engagement. First, Waldman et al. study Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) proteins which are a family of cytoskeletal effector proteins responsible for actin polymerization. Ena/VASP proteins contribute to T cell actin remodelling during T cell-APC interactions, which promotes the initiation of stable T cell conjugates during APC scanning. Therefore, Ena/VASP proteins are required for efficient activation and expansion of T cells in vivo. Second, Joshi and Morley summarise how the actin-bundling protein L-plastin (LPL) regulates T-cell activation and migration. LPL enhances F-actin polymerization and also directly binds to the β2 chain of the integrin LFA-1 to support intercellular adhesion and immunological synapse (IS) formation in human and murine T cells. T cells lacking LPL migrate slowly in response to chemoattractants such as CXCL12 and CCL19, and poorly polarise towards ICAM-1. Loss of LPL also impairs thymic egress and motility within lymph nodes. Thus, different actin modulators exhibit some degrees of redundancy to favour actin polymerisation and control the triggering of immune responses.

Furthermore, one particular property of T cells essential to fulfil their functions is their ability to polarise receptors, cytoskeletal components and organelles towards the antigen-presenting cell during assembly of the IS. In this Research Topic, Cassioli and Baldari review recent evidence regarding the presence of a puzzling network of actin filaments that surrounds the centrosome in resting T cells. Upon T-cell activation, centrosomal actin is depleted, allowing for centrosome detachment from the nucleus and its polarisation towards the immune synapse. This work reviews the clearance of actin by a centrosome-associated proteasome and the Bardet-Biedl syndrome 1 (BBS1) protein. In addition, González-Mancha et al. also report a role for the Sorting nexin 27 (SNX27) protein in centrosome and secretory machinery translocation to the immune synapse. In the absence of SNX27 expression, T cells show marked alteration in cytoskeleton architecture including a failure in the organisation of the microtubule network and defects in actin clearance at the IS. The possibility of a cooperation between BBS1 and SNX27 in order to regulate the same cytoskeletal phenomena remains elusive. Nevertheless, the polarity process that builds up during IS formation allows amplification and compartmentalization of signals in T-cell activation. As reviewed by Molon et al., the actin cytoskeleton together with CD28 and chemokine receptors play major roles in these events.

More recently, because the cytoskeleton can be considered as a soft material that confers cells a particular rigidity, physicists have been attracted towards this field and have thus embarked in studying the mechanical properties of immune cells using new tools and quantitative methods (2). In this Research Topic, Mustapha et al. introduce the method of Traction Force Microscopy for studying the forces that T cells apply onto their surrounding environment. For T cells to move within diverse tissues, blood and lymphatic vessels (3), which impose different types of physical constraints, T lymphocytes need to sense and adapt to their mechanical environments. T lymphocytes largely exert forces onto their environment through the LFA-1 integrin. Using optical tweezers, McDonald et al. report here the role of the LFA-1 partner kindlin-3 in its ability to regulate the adhesion of LFA-1 to ICAM-1. By measuring the force needed to dissociate a bead out of contact with T cells, the authors show that T cells bearing a pathogenic mutation of kindlin-3 show defective LFA-1-mediated T cell adhesion to the bead and weak, but not absent, catch bond formation. Thus signalling through kindlin-3 plays a role in catch bond formation and activation of LFA-1. These adhesive properties are most likely involved in the process of T cell scanning of their surrounding environment using their cell surface microvilli as sensors (4), a mechanosurveillance phenomenon that Göhring et al. review here.

Altogether, the articles gathered here bring additional information to the complexity of biochemical signals that control the T cell cytoskeleton. They also point to a more recent theme of research, which is the influence of mechanical signals on the cytoskeleton. The integration of biochemical and mechanical stimuli by the T cell cytoskeleton is an exciting field for further research in order to understand how morphology changes shape T cell migration and activation.
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Naïve T cells (TN) constitutively recirculate through secondary lymphatic organs (SLOs), where they scan dendritic cells (DCs) for cognate peptide-loaded major histocompatibility complexes (pMHC). Continuous trafficking between SLOs not only enables rapid clonal selection but also ensures TN homeostasis by providing access to prosurvival signals from TCR, IL-7R, and the chemokine receptor CCR7. Inside the lymphoid tissue, CCR7-mediated TN motility is mainly driven by the Rac activator DOCK2, with a separate contribution by a phosphoinositide-3-kinase γ (PI3Kγ)-dependent pathway. Tec tyrosine kinases and the Rac activator Tiam1 constitute prominent downstream effectors of PI3K signaling. Yet, the precise role of Tec kinase versus Tiam1 signaling during CCR7-mediated TN migration and homeostasis remains incompletely understood. Here, we examined the function of the Tec family member interleukin-2-inducible T-cell kinase (Itk) and Tiam1 during TN migration in vitro and in vivo using intravital microscopy. Itk deficiency caused a mild decrease in CCR7-triggered TN migration, mirroring observations made with PI3Kγ;-/- T cells, while lack of Tiam1 did not affect TN motility. In silico modeling suggested that reduced migration in the absence of Itk does not result in a substantial decrease in the frequency of TN encounters with DCs within the lymphoid tissue. In contrast, Itk was important to maintain in vivo homeostasis of CD4+ TN, also in MHCII-deficient hosts. Taken together, our data suggest that Itk contributes to TN migration and survival by integrating chemokine receptor and TCR signaling pathways.
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Introduction

Naïve T cells (TN) continuously roam secondary lymphoid organs (SLOs) including peripheral lymph nodes (PLNs) to scan for the presence of cognate peptide-loaded major histocompatibility complex (pMHC) on dendritic cells (DCs). The chemokine receptor CCR7 on TN and its ligands CCL19 and CCL21 expressed by SLO stromal cells fulfill a key function in this process (1). CCL21 is central for recruitment of blood-borne TN via high endothelial venules into the PLN parenchyma (2), where CCR7 ligands contribute to fast TN motility of ~15 µm/min on a scaffold of fibroblastic reticular cells (FRCs) (3–7). This process enables efficient TN scanning of pMHC presented on DC surfaces (8, 9). In addition to providing an “antigen library” that mirrors the immune status of their surveilled area, SLOs provide critical factors for TN homeostasis. First, FRCs are a main source of the prosurvival cytokine IL-7 (10). Second, tonic signaling by self-pMHC binding to the T cell receptor (TCR) on migrating T cells induces a baseline phosphorylation of the TCR complex ζ; chain important for responsiveness to foreign pMHC (11) and CD4+ T cell survival (12, 13). Third, CCR7 ligands themselves constitute prosurvival signals for circulating TN (10). Accordingly, the expression of CCR7, the PLN homing receptor CD62L, and the IL-7 receptor CD127 are transcriptionally coordinated in TN (14).

On a molecular level, CCR7 activation triggers an increase in F-actin polymerization, mainly via the Rac guanine exchange factor (GEF) DOCK2 that catalyzes the formation of Rac-GTP at the cell’s leading edge. This, in turn, activates the actin nucleator Arp2/3 complex via the nucleation promoting factor Scar/WAVE (15, 16). DOCK2-Rac-Scar/WAVE-Arp2/3-driven retrograde (i.e., from the cell front to the rear) F-actin flow imprints the characteristic amoeboid shape of migrating TN and forms the basis for rapid cellular translocation by force-coupling of cortical actin to the extracellular substrate via transmembrane receptors, mainly LFA-1 (17).

In addition to DOCK2 activation, chemokine receptors activate a phosphoinositide-3-kinase (PI3K) pathway in T cells (18). In TN, CCR7 signaling activates the p110γ isoform through its interaction with Gβγ subunits that dissociate from Gαi after ligand binding (19). While pharmacological or genetic inhibition of this pathway does not affect the major DOCK2-Rac-Arp2/3 axis, PI3K blockade induces a minor but significant decrease in TN migration in vitro and in vivo (19, 20). To date, the downstream signals that transmit PI3K signals for CCR7-mediated TN migration remain incompletely understood. PI3K-generated phosphoinositide-3,4,5-triphosphate (PIP3) at the inner plasma membrane is recognized by proteins containing pleckstrin homology (PH) domains, such as the Rac GEF Tiam1, which has been implicated in T cell trafficking (21, 22). Additionally, Tec proteins constitute a well-characterized PH-domain-containing nonreceptor tyrosine kinase family that plays key regulatory functions in lymphocyte development, activation, and effector differentiation. The Tec family is composed of five members, of which Itk and Rlk are expressed in TN (23). Itk signals from multiple surface receptors, such as TCR, the costimulatory receptor CD28, and chemokine receptors (23–25). In accordance with this, Itk-deficient and Itk/Rlk double-deficient T cells show reduced chemotaxis to CXCL12 (26, 27). Itk activation of Vav1, a GEF for the small GTPases Rac1 and Cdc42, is important for actin reorganization and adhesion (23, 28–30). Yet, the precise roles of Itk and Tiam1 during CCR7-triggered DOCK2- versus PI3K-dependent TN migration and their impact on physiological TN motility and homeostasis have not been assigned thus far.

Here, we investigated the role of Itk and Tiam1 in CCR7-driven TN motility and survival after adoptive transfer. Our data uncover a role for Itk but not Tiam1 downstream PI3K-dependent in vitro TN polarization and migration in response to the CCR7 ligand CCL21, with a concomitant decrease in homing capacity to SLOs. While intravital imaging confirmed that in vivo T cell motility is reduced in the absence of Itk, in silico track modeling suggests only a minor impact on the efficacy to encounter DCs in the LN parenchyma. In contrast, significantly fewer Itk-deficient CD4+ T cells were recovered from blood and SLOs 8–14 days after adoptive transfer into WT and MHCII-deficient recipients, supporting a role for this Tec family member for TN homeostasis even in the absence of tonic TCR signaling.



Results


CCL21-Induced T Cell Polarization and Migration Are Impaired in the Absence of Itk

We first examined the impact of Itk deficiency on CCR7-triggered rapid F-actin polymerization. Akin to PI3Kγ-/- T cells (19), we detected a small but consistent reduction of F-actin polymerization in Itk-/- T cells immediately after CCL21 addition (Figures 1A, B). This difference disappeared when WT cells were pretreated with Wortmannin (Wn), a broad PI3K inhibitor, whereas the same treatment on Itk-/- cells caused no further decrease in F-actin polymerization (Figures 1A, B). This is in line with results showing that Itk acts downstream of PI3K and contributes to F-actin polymerization upon chemokine receptor activation in T cells (23). Given the close causal relation between F-actin treadmilling and T cell shape (17), we examined the impact of Itk on chemokine-induced polarization. T cells were allowed to adhere to fibronectin-coated glass slides and stimulated with CCL21 for 20 min, followed by immunofluorescent analysis of PKCζ and CD44 as markers for leading edge and uropod, respectively (Figure 1C). Itk-/- T cells showed reduced cellular polarization as compared to WT T cells and resembled PI3Kγ-/- T cells or WT T cells treated with the pan-PI3K inhibitor Wortmannin (Wn) (Figure 1D). Taken together, our data suggest that a PI3K-Itk pathway contributes to F-actin polymerization and T cell polarization upon stimulation with CCR7 ligands.




Figure 1 | Itk enhances CCL21-induced polarization and migration of T cells. (A) MFI of F-actin after CCL21 stimulation with and without Wn treatment. (B) Summary of normalized F-actin MFI at 30 s post CCL21 addition (100 = baseline). Experiments performed on the same day (i.e., same flow cytometer settings) are linked with a line. (C) Image of CCL21-stimulated T cells on fibronectin-coated glass dish. Scale bar, 10 µm. (D) Quantification of cell polarization as measured by the ratio between the length and the width of the cellular body (dotted yellow lines in C). (E) Chemotaxis of WT and Itk-/- CD4+ TN to indicated CCL21 concentrations. (F, G) Chemotaxis of WT and Itk-/- CD4+ TN pretreated with CPYPP (F) and/or AS-605204 (G) toward 50 nM CCL21. Graph shows percentage of transmigrated cells. (H) Chemotaxis of WT and Tiam1-/- CD4+ T cells toward 50 nM CCL21. Graph shows percentage of transmigrated cells. Data in (B) were analyzed using a paired t-test. Data in (D–H) are pooled from at least two independent experiments and analyzed by Kruskal–Wallis test (D) or unpaired Student’s t-test (E–H). *p < 0.05; **p < 0.01; ***p < 0.001.



Itk-/- mice display a defect in thymic positive selection and show an increased ratio of “memory-like” CD44high to CD44low TN in SLOs (31, 32) (Figure S1A). To exclude this as cause of reduced Itk-/- T cell response to CCL21, we enriched CD62LhighCD44low bona fide TN by depleting CD44high T cells using titrated amounts of anti-CD44 mAb-coated magnetic beads as described (33) and applied bead sorting to both WT and Itk-/- T cells (Figure S1B). As reported for migration to CXCL12 (26, 27), bona fide Itk-/- TN migration toward increasing concentrations of CCL21 showed a minor but significant and consistent reduction (Figure 1E).

In contrast to Itk, DOCK2 activity in lymphocytes is regulated in a PI3K-independent manner (19) and plays a pivotal role in chemokine-induced migration (15). Accordingly, we observed reduced migration of both WT and Itk-/- TN with the specific DOCK2 inhibitor CPYPP (34) in a dose-dependent manner (Figure 1F). The migratory difference between WT and Itk-/- CD4+ T cells was maintained during CPYPP treatment, confirming that Itk-dependent migration is uncoupled from DOCK2-induced motility. In line with this, treatment of WT CD4+ TN with the specific PI3Kγ inhibitor AS-605240 reduced migration to the same level as of Itk-/- CD4+ TN, while this treatment did not have an impact on Itk-/- CD4+ TN chemotaxis (Figure 1G). Consistent with the abolished chemotaxis of DOCK2 x PI3Kγ-double deficient T cells (19), combined CPYPP + AS-605240 treatment completely abrogated TN migration to CCL21 (Figure 1G). Similarly, migration toward CXCL12 was partially reduced in WT TN by either CPYPP or AS-605240 treatment, while combined CPYPP + AS-605240 treatment abolished TN chemotaxis (Figure S1C). In contrast, Itk-/- TN migration to CXCL12 was not affected by AS-605240, whereas CPYPP treatment severely impaired chemotaxis toward CXCL12 (Figure S1C). These data suggested that the dual engagement of DOCK2- and PI3Kγ-dependent signaling affects other chemokine receptors as well. Inhibitor treatment did not affect the viability of TN, as assessed by PI staining (>90% viability after double inhibitor treatment).

Itk has been reported to be constitutively associated with the Rac/Cdc42 GEF Vav1, which mediates its effects on the actin cytoskeleton (30). In addition to Vav1, the Rac GEF Tiam1 becomes activated downstream of PI3K signaling (35), and Tiam1 has been previously shown to mediate T cell polarization and migration to CXCL12 and CCL21 via the Par complex (22, 36). We therefore examined whether Tiam1-/- T cells were impaired in their motility to CCL21. However, Tiam1-/- CD4+ T cells showed no defect in chemotaxis (Figure 1H). Taken together, these results confirm that DOCK2 plays a dominant function in CCL21-dependent TN migration, while a PI3Kγ-Itk axis contributes to optimal cell polarity and chemokine responsiveness, potentially by regulating the activity of Vav1 or other GEFs.



Itk Supports TN Migration in LN Parenchyma

Rlk/Itk-double-deficient naïve T cells display impaired in vivo homing to spleen and PLNs (27). We confirmed this observation after adoptive transfer of WT and Itk-/- CD4+ TN, since we recovered fewer Itk-deficient T cells in spleen and other SLOs at 2 h post transfer, while these cells were more abundant in blood (Figure 2A). Since CCR7 contributes to TN motility inside the LN parenchyma (3, 5, 6, 17, 37), we set out to assess the impact of Itk deficiency on in vivo T cell scanning behavior. We adoptively transferred fluorescently labeled CD4+ WT and Itk-/- TN into C57BL/6 recipients and performed intravital imaging of the popliteal LN 16-24 h post transfer. We detected a minor but significant reduction in Itk-/- CD4+ versus WT TN speeds (13.2 ± 0.3 and 11.9 ± 0.3 µm/min for WT and Itk-/- TN, respectively; mean ± SEM; Figure 2B) without affecting the turning angles as a readout for directionality (38) (Figure 2C). As a result, the motility coefficient (MC), which represents a measure of the average scanned area per time, was reduced from 64 µm2/min for WT to 36 µm2/min for Itk-/- CD4+ TN (Figure 2D). In contrast, parenchymal CD4+ T cell speeds were unaffected by Tiam1 deficiency (Figure 2E), in line with in vitro chemotaxis data.




Figure 2 | Itk contributes to in vivo TN homing and motility. (A) Ratio of Itk-/- to WT CD4+ TN in blood (BL), spleen (SPL), PLN, mesenteric LN (MLN), and Peyer’s patches (PP) at 2 h post adoptive transfer. (B, C) Speeds (B) and frequency of turning angles (C) of WT and Itk-/- CD4+ TN in LN parenchyma. (D) Mean displacement of T cells as a function of the square root of time. (E) Speeds of WT and Tiam1-/- TN in LN parenchyma. (F) Representative 8-h-long in silico WT and Itk-/- CD4+ T cell tracks with 50 dispersed DCs. Numbers indicate µm. (G) Percentage of 100 in silico WT and Itk-/- CD4+ T cell tracks encountering 1 in 104 or 50 DCs in 50 8-h simulations. All data were pooled from at least two independent experiments (except PP in A; n = 4 mice from one exp.). Data in (A) were analyzed by a one-sample t-test against the theoretical value of “1” (= equal recovery); data in (B, E, G) were analyzed using an unpaired Student’s t-test, and data in (C) using Mann–Whitney test. **p < 0.01; ***p < 0.001.



Based on the measured in vivo motility data, we modeled how TN encounters with abundant (104) or rare (50) DCs would be affected by Itk deficiency using in silico generated tracks in an artificial 3D volume representing the T cell zone (39) (Figure 2F). Both cell types efficiently intercepted highly abundant DCs (Figure 2G). In contrast to the reported reduction of T cell–DC encounters in the absence of DOCK2 (39), the absence of Itk only had a minor impact on the ability of migrating TN to encounter rare cognate pMHC-bearing DCs (20.1 ± 4.9% and 13.8 ± 4.3% of WT and Itk-/- in silico T cell tracks, respectively, engaging in DC encounters in 8-h simulations with a total of 50 DCs/T cell zone; mean ± SD; Figure 2G). Taken together, Itk signaling makes a minor but detectable contribution to in vivo T cell migration akin to observations made with PI3Kγ-/- T cells (40), yet without causing a substantial decrease in the likelihood of T cell–DC encounters.



Itk Contributes to Circulating TN Homeostasis

CD4+ TN continuously homes to SLO to receive pro-survival factors provided in part by TCR and CCR7 signaling. We therefore investigated whether Itk promotes TN homeostasis by facilitating homing and integration of prosurvival signals from pMHC and/or CCR7. We transferred fluorescently labeled WT and Itk-/- CD4+ TN at a 1:1 ratio into age- and sex-matched recipients as described (10). After 10–14 days, we isolated SLOs and blood to determine the ratio of recovered WT and Itk-/- CD4+ TN (Figure 3A). In all organs tested, we detected an approximately 30% reduction in the frequency of CD4+ TN lacking Itk-/- expression in comparison to their WT counterparts (Figure 3B). In contrast to the short-term homing experiment (Figure 2A), we now observed fewer Itk-/- TN in blood as compared to their WT counterparts. In contrast, we recovered a similar ratio of Tiam1-/-: WT T cells from all tissues at 14 days post transfer (Figure 3C).




Figure 3 | Itk supports physiological TN homeostasis. (A) Experimental layout. Fluorescently labeled WT and Itk-/- or Tiam1-/- CD4+ TN were transferred in a 1:1 ratio into WT or MHCII-/- recipients, and blood (BL), spleen (SPL), PLN, mesenteric LN (MLN), and Peyer’s patches (PP) were analyzed 8–14 days post transfer (p.t.) by flow cytometry. (B–D) Itk-/- or Tiam1-/- to WT CD4+ TN ratio recovered 10–14 days p.t. into WT (B, C) or 8 days p.t. into MHCII-/- recipients (D), normalized to input. (E) Scheme of Itk function in TN migration and survival. Data in (B–D) are from two independent experiments and analyzed by a one-sample t-test against the theoretical value of “1” (= equal recovery). *p < 0.05; ***p < 0.001.



To examine whether reduced recovery of Itk-/- T cells is owing due to impaired homeostatic TCR signaling (24), we transferred Itk-/-and WT CD4+ TN into MHCII-/- recipients in a 1:1 ratio as above. On 8 days post transfer, we collected SLOs and measured the ratio of recovered WT: Itk-/- CD4+ T cells. Similar to WT recipients, Itk-/- CD4+ TN were underrepresented in blood and most SLOs except spleen (Figure 3D). Taken together, these data suggest a role for Itk in mediating TN homeostasis beyond TCR signal transduction, presumably by signal transmission via CCR7 or other chemoattractant receptors (Figure 3E).




Discussion

TN uses two separate signaling modules for CCR7-triggered motility, a major DOCK2-dependent and a minor PI3Kγ-dependent pathway (19, 40). While the DOCK2-Scar/WAVE-Arp2/3-Rac signaling cascade is well characterized, it has remained unclear which molecules act downstream PI3K after CCR7 activation. Here we report a role for the Tec kinase Itk in optimizing PI3K-dependent TN polarization and migration. In line with the limited contribution of PI3K signaling for homeostatic TN migration, we find that Itk deficiency had only a minor effect on CCR7-induced motility in vitro and TN scanning behavior in vivo. In contrast, Itk deficiency impaired short-term TN homing to SLOs and precipitated a loss of TN recovery after 1–2 weeks post transfer. Thus, Itk integrates PI3K-dependent motility and homeostasis of circulating TN.

Unlike in neutrophils (41), DOCK2 activation in T cells occurs independently of PIP3 and might involve additional phospholipids such as phosphatidic acid (42). Given that PI3K activation is a universal hallmark of chemokine receptors including CCR7 (18), there is, to date, remarkably little knowledge on the physiological impact of this pathway in primary T cells. Tec kinases act at the crossroads of TCR and chemokine receptor signaling and have well-characterized effects on the actin cytoskeleton in multiple cell types, with a wide-ranging impact on T cell development, activation, and differentiation (23, 24). Here we focused on the role of Itk, since its activity is regulated by PIP3 binding to its PH domain, in contrast to the other Tec family member expressed in naïve T cells, Rlk (23) (Figure S2). While we identify a role for Itk in CCR7-triggered PI3K-dependent TN migration, our findings suggest a more prominent role of Itk for long-term TN survival. Our data further indicate that Itk-dependent homeostasis is not solely driven by TCR signaling, as evidenced by reduced recovery of Itk-/- TN in MHC II-deficient hosts as compared to WT TN. As TCR stimulates the PI3Kδ isoform in T cells, while CCR7 activates PI3Kγ, Itk is in a key position to integrate both baseline PIP3 signals generated during homeostatic TN recirculation into a prosurvival program (Figure 3E). One caveat is that the I-Aa-/- recipients we used as MHCII-deficient might still retain residual expression of noncanonical MHC molecules (12, 43).

In contrast to previous publications (22, 36), we were unable to assign a role for Tiam1 in CCR7-driven, PI3K-mediated TN migration in vitro and in vivo. While the reason for this discrepancy might be due to the different mouse strain background used in both studies, our findings reflect the lack of Tiam1 expression in C57BL/6 TN (www.immgen.org). Similarly, Tiam2 was not expressed in naïve CD4+ T cells (Figure S2). Furthermore, recent work suggests that the Tiam1 PH domain binds with a lower affinity to PIP3 as compared to other membrane lipids such as phosphoinositide-5-phosphate (44). Taken together, our data assign a role for Itk during CCR7-mediated signaling in T cells, leading to enhanced actin polymerization, polarization, and migration. Yet, the most relevant impact of Itk is in promoting TN homeostasis, presumably by facilitating SLO homing and integration of prosurvival pMHC and CCR7 signals.



Material and Methods


Mouse Lines

C57BL/6 mice were purchased from Janvier labs. Itk-/- (31) and Tiam1-/- mice (45) were obtained from P. Schwartzberg (NIH, Bethesda, MD, USA) and J. van Buul (Sanquin Research Center, The Netherlands), respectively. PI3Kγ-/- and H2-Aatm1Blt (MHCII-/-) were described (46, 47). Mice were bred at the Department of Clinical Research of the University of Bern and at the University of Fribourg. Experiments were approved by the Cantonal authorities and performed in accordance with the Swiss Federal Veterinary Office guidelines.



T Cell Isolation

Spleens, PLNs, and mesenteric LNs (MLNs) were harvested and homogenized using a 70-µm cell strainer and a syringe plug. T cells or CD4+ T cells were isolated with an EasySep Mouse negative selection kit according to the manufacturer’s protocol (STEMCELL Technologies). For depletion of CD44high CD4+ T cells, 2.5 µg of biotinylated anti-CD44 mAb (BD Biosciences) was added per 107 cells. Cells were incubated for 20 min on ice. CD44low bona fide TN was negatively isolated using an EasySep™ Streptavidin RapidSpheres™ Isolation kit according to the manufacturer’s protocol (STEMCELL Technologies). Purity was typically >95%.



Flow Cytometry

Single cell suspensions from SLOs were isolated and homogenized using 70-µm cell strainers. Fc receptors were blocked with purified anti-CD16/CD32 mAb (2.4G2) in a FACS buffer (PBS with 1% FCS and 0.05% NaN3) for 10 min. Cells were stained with fluorochrome-conjugated mAbs against CD8 (53-6.7), CD62L (Mel-14; 4°C for 30 min), CD4 (RM4-5; all Biolegend), and CD44 (IM7; BD Bioscience) with appropriate isotype controls and analyzed by flow cytometry (BD Biosciences). 



F-Actin Polymerization, Cell Polarization, and Chemotaxis

For F-actin polymerization, T cells from Itk-/-, PI3Kγ-/-, and WT mice were starved for 1.5 h in a serum-free medium. Where noted, cells were pretreated with 0.5 µM Wortmannin (Calbiochem) for 1 h at 37°C. CCL21 (100 nM; Peprotech) was added to 2 x 106 cells/ml in a 37°C water bath, and cells were fixed at indicated time points in 4% cold PFA. Cells were permeabilized and labeled with FITC-Phalloidin (Invitrogen) as described (19). For polarization assays, T cells were added on 1 µg/ml fibronectin-coated glass slides before the addition of CCL21 (100 nM) and fixation after 20 min with 2% PFA. After permeabilization with 0.1% Triton X-100 (5 min), cells were incubated with anti-protein kinase ζ; (PKCζ) (H-1; Santa Cruz Biotechnology) and biotin-labeled anti-CD44 (IM7; BD Pharmingen) mAbs. Primary antibodies were detected with a Cy3-labeled anti-mouse Ab (Jackson ImmunoResearch Laboratories) and Alexa488-labeled avidin (Molecular Probes). For chemotaxis assays, TN was pretreated with inhibitors for DOCK2 (CPYPP) and PI3Kγ (AS-605240; both Tocris) as indicated for 1 h at 37°C, and 0.5 x 106 TN/well were added to Transwell chambers (5-µm pore size; Costar) to migrate to 50 nM CCL21 for 1.5 h at 37°C in the presence of the inhibitors. Cell viability was assessed by PI staining at the end of the experiment. Input and migrated T cells were enumerated by flow cytometry.



Intravital Microscopy of Popliteal LN

(5-(and−6)-(((4-chloromethyl) benzoyl) amino) tetramethylrhodamine) (CMTMR, CellTracker orange) and Chloromethyl-coumarin (CMAC, CellTracker blue)-labeled WT, Itk-/- or Tiam1-/- CD4+ TN (3 x 106) were injected i.v. into sex-matched C57BL/6 mice 24–32 h prior to imaging. The right popliteal LN of recipient mice was surgically prepared as previously described (48). 2PM imaging was performed using a TrimScope 2PM system (LaVision Biotec) and a 20X objective (NA 0.95; Olympus). 16-slice z stacks with 4-µm spacing of 250 x 250 µm field of views were acquired every 20 s for 20 min. Imaging was performed in the T cell zone as identified by the presence of high endothelial venules (labeled with Alexa Fluor 633–coupled MECA-79; 10 µg/mouse). Volocity software (PerkinElmer) was used to generate volume-rendered 4D movies and for semiautomated tracking of cell motility. Mean single cell track speeds were calculated from the x,y,z coordinates of cell centroids using Matlab (The MathWorks) (49).



Estimation of T Cell–DC Encounters

We simulated 200 8-h-long WT and Itk-/- T cell tracks by sampling from control and Itk-/- T cell tracks acquired by 2PM. As steps at higher velocities tend to have smaller turning angles, we drew combinations of speed, turning angle, and plane angle from the same step instead of drawing speed, turning angle, and plane angle separately. To additionally account for the correlation of velocity and turning angle, we repeatedly exchanged random steps of our samples, keeping only those exchanges that made the mean squared differences of consecutive speeds and turning angles of our synthetic track more similar to the same means of the measured tracks. We stopped exchanging when both means of the simulated track were smaller than those of the measured tracks. To simulate contact formation among a predefined number of synthetic T cells and a number of DCs, we randomly chose 100 simulated T cell tracks and moved them to starting positions normally distributed around the center of a spherical T cell zone of 1-mm diameter for 8 h as described (39). We chose the SD of 150 µm, such that half of the WT tracks resided within the T cell zone for an average half-life of 11 h (40). We considered all steps of the track within the T cell zone, including reentry as residency time. We then checked, step by step, the distance to 10’000 and 50 static DCs uniformly distributed throughout the T cell zone. We considered proximity ≥ 15 µm as a stable contact and did not allow T cells to move on. We repeated the different simulations 50 times to obtain stable distributions of outcomes. This analysis was performed using open Python libraries for scientific computing (https://github.com/germannp/lana/blob/master/lana/).



In Vivo Homing and Homeostasis

WT, Itk-/-, or Tiam1-/- TN were labeled with Carboxyfluorescein succinimidyl ester (CFSE; Life Technologies) or eFluor 670 (e670; Life Technologies) for 15–20 min at 37°C in PBS, with dyes swapped between experiments, and 3 x 106 cells of each were injected i.v. at a 1:1 ratio into 5- to 10-week-old C57BL/6J or MHCII-/- recipient mice. At the indicated time points, blood and SLOs were isolated and analyzed by flow cytometry for percentage of transferred cells among CD4+ T cells. In WT recipients, we recovered between 0.22% (in PP) and 1.84% (in blood) of WT and Itk-/- CD4+ T cells at 10 to 14 days post transfer, while in MHCII-/- recipients, we recovered between 0.98% (in PP) and 8.37% (in blood) of transferred cells at 8 days post transfer.



Statistical Analysis

Data were analyzed using Prism (GraphPad Software) using unpaired Student’s t-test or Mann–Whitney or Kruskal–Wallis tests. P-values < 0.05 were considered significant.
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Supplementary Figure 1 | CD44high CD4+ T cell depletion and migration to CXCL12. (A) Representative flow cytometry plot showing CD44 and CD62L expression on WT and Itk-/- CD4+ and CD8+ T cells. Numbers indicate percentage. (B) Representative flow cytometry plot of CD44 and CD62L expression on CD4+ T cells before and after negative isolation with CD44-coated beads. (C) Chemotaxis of WT and Itk-/- CD4+ TN treated with either CPYPP and/or AS-605204 towards 100 nM CXCL12. Graph shows percentage of transmigrated cells. Data in C were analyzed using an unpaired t-test and pooled from two independent experiments. *p < 0.05; ***p < 0.001.

Supplementary Figure 2 | RNAseq expression level of Tec, Tiam and Vav family members in spleen CD4+ TN. Data are from Immgen database (www.immgen.org).
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X-linked moesin associated immunodeficiency (X-MAID) is a primary immunodeficiency disease in which patients suffer from profound lymphopenia leading to recurrent infections. The disease is caused by a single point mutation leading to a R171W amino acid change in the protein moesin (moesinR171W). Moesin is a member of the ERM family of proteins, which reversibly link the cortical actin cytoskeleton to the plasma membrane. Here, we describe a novel mouse model with global expression of moesinR171W that recapitulates multiple facets of patient disease, including severe lymphopenia. Further analysis reveals that these mice have diminished numbers of thymocytes and bone marrow precursors. X-MAID mice also exhibit systemic inflammation that is ameliorated by elimination of mature lymphocytes through breeding to a Rag1-deficient background. The few T cells in the periphery of X-MAID mice are highly activated and have mostly lost moesinR171W expression. In contrast, single-positive (SP) thymocytes do not appear activated and retain high expression levels of moesinR171W. Analysis of ex vivo CD4 SP thymocytes reveals defects in chemotactic responses and reduced migration on integrin ligands. While chemokine signaling appears intact, CD4 SP thymocytes from X-MAID mice are unable to polarize and rearrange cytoskeletal elements. This mouse model will be a valuable tool for teasing apart the complexity of the immunodeficiency caused by moesinR171W, and will provide new insights into how the actin cortex regulates lymphocyte function.
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Introduction

Protective immune responses depend on regulated actin cytoskeletal dynamics, which direct cell migration, adhesion and signaling (1–5). The importance of these processes is highlighted by the existence of several primary immunodeficiency diseases linked to mutations in actin regulatory proteins like WASp, WIPF1, Rac2, Hem1, and Dock2 (6–8). Recently, a new primary immunodeficiency disorder was described and attributed to mutations in the actin binding protein moesin (9–12). Unlike other actin regulatory proteins linked to immunodeficiency, moesin does not regulate actin filament growth. Instead, it reversibly links the cortical actin cytoskeleton to plasma membrane lipids and proteins, thereby providing structural rigidity to the cell, controlling cell shape changes, and organizing specialized membrane domains (13, 14).

Moesin is a member of the ezrin/radixin/moesin (ERM) protein family. One or more members of this highly homologous group of proteins is expressed in most cell types; T cells express high levels of moesin, moderate levels of ezrin, and little to no radixin (15). These proteins are comprised of an N-terminal 4.1-ezrin-radixin-moesin (FERM) domain, a flexible linker, and a C-terminal actin binding domain (ABD). In the active conformation, the FERM domain of moesin associates with the plasma membrane by binding to phosphatidylinositol bisphosphate (PIP2) and to the cytoplasmic tails of membrane proteins such as CD43, while the ABD interacts with actin filaments that lie just beneath the membrane. Moesin can also assume an inactive conformation, in which intramolecular interaction of the FERM and ABD domains (16) masks the binding sites for plasma membrane components and actin. PIP2 binding and phosphorylation at T558 residue disrupt the autoinhibited fold, activating linker activity (17–21). Engagement of antigen or chemokine receptors leads to transient ERM protein dephosphorylation and loss of linker activity, allowing molecular rearrangements and cell shape changes associated with T cell activation and migration (22–24). When overexpressed in cells, constitutively active mutants of ezrin or moesin prevent appropriate cytoskeletal rearrangement. Lymphocytes expressing these mutants are abnormally rigid, polarize poorly, and display defective migratory responses in vitro and in vivo (22, 23, 25, 26). Interestingly, however, cells lacking ERM proteins or lymphocyte-oriented kinase (LOK), the kinase that activates linker activity, polarize well and migrate relatively normally in response to conventional chemokines (27, 28). Nonetheless, moesin knockout mice exhibit profound lymphopenia, due in large part to defective migratory responses to sphingosine-1-phosphate (29). Though T cells express both ezrin and moesin, deletion of ezrin in the T cell compartment has little effect on T cell trafficking (15), and the effect of deleting both ezrin and moesin is only slightly more severe than deleting moesin alone (29), indicating that moesin is the most important ERM family member in T cells.

Recently, a dozen patients worldwide have been diagnosed with a novel combined immunodeficiency disease known as X-linked moesin-associated immunodeficiency (X-MAID) (9–12). Remarkably, eleven of the twelve patients have the same single point mutation within the moesin FERM domain (R171W). Disease is characterized by severe lymphopenia, fluctuating neutropenia, and recurrent viral and bacterial infections. Most patients also exhibit eczema and other autoimmune phenotypes. Disease severity is variable; some patients required bone marrow transplantation although most patients have responded well to IVIG, prophylactic antibodies, and/or G-CSF (9, 11, 12). Little is known about the cell biological basis for pathology in X-MAID, though analysis of patient PBMCs shows evidence of defects in proliferation and migration (11). Furthermore, data from patient cells point to complex phenotypic changes related to patient age and lymphocyte activation status. In order to better understand this disease, we used CRISPR technology to generate mice with germline expression of moesinR171W (note that murine and human moesin are 99% identical at the amino acid level, and 100% identical within the FERM domain where the mutation lies). This X-MAID mouse model recapitulates key aspects of the human disease including profound lymphopenia and susceptibility to opportunistic infections. X-MAID mice exhibit diminished numbers of thymocytes and bone marrow precursors, and systemic inflammation that can be ameliorated by mature lymphocyte deletion. The few peripheral T cells that are present are highly activated and have lost moesin expression, whereas SP thymocytes express high levels of the mutant protein. Functional analysis of X-MAID thymocytes reveals defects in migration traceable to an inability to undergo appropriate chemoattractant-induced cell shape changes. This mouse model provides novel insights into the mechanisms underlying moesin-based immunodeficiency.



Materials and Methods


Mice

Moesin knockout (MKO) mice on the C57BL/6 background were described previously (28–30). Mice homozygous for Rag1tm1mom (RagKO) were obtained from Jackson Laboratories and bred in house. CRISPR mice in which the murine moesin gene was edited to contain the R171W mutation found in the majority of X-MAID patients (X-MAID mice) were generated by the CRISPR/Cas9 Mouse Targeting Core Facility, together with the Transgenic and Chimeric Mouse Facility at the University of Pennsylvania, following protocols published in (31). Briefly, Cas9 mRNA, gRNA, and ssDNA oligos containing the R171W X-MAID point mutation were designed and injected into C57BL/6J zygotes. Embryos were then transferred into pseudopregnant mice, creating the F0 chimeric generation. All founder mice were screened for chimerism and bred to determine germline transmission of the mutation. X-MAID mice were backcrossed to C57BL/6J mice (Jackson Laboratories) for at least 4 generations. Results from two independent founder lines were in agreement. All mice were bred in-house under SPF conditions and used at 3-5 weeks of age, all in accordance with protocols approved by the Institutional Animal Care and Use Committee of the Children’s Hospital of Philadelphia Research Institute. Exclusively male mice were used of every genotype, with WT mice being littermates to X-MAID mice.



Histology

Upon necropsy, mice were perfused with 10% formalin via the pulmonary artery to inflate and fix the lung tissue. Tissues were collected into 10% formalin and processed by the Pathology Core Facility at the Children’s Hospital of Philadelphia. Briefly, tissue was paraffin embedded and then five-micron sections were cut and stained with hematoxylin and eosin. Slides were digitally scanned at 20× magnification on a Leica DM4000B upright imaging scope with a Spot RT/SE Slider Camera.



Flow Cytometry

Single cell suspensions were prepared from spleens, thymi, and bone marrow while peripheral blood mononuclear cells were isolated with Lymphoprep (STEMCELL). For surface labeling, the following reagents from Tonbo Biosciences were used: Ghost Dye (Live/Dead) in v510, CD44 (IM7) in APC-Cy7, CD62L (MEL-14) in APC, TCRβ (H57-597) in PE or FITC, CD25 (PC61.5) in PE-Cy7, NK1.1 (PK136) in FITC, and Ly6G (1A8) in PerCP-Cy5.5. Antibodies to CD8 (53-6.7) in BV711, and CD4 (GK1.5) in BUV395 were from BD Biosciences, and antibodies to CD69 (H1.2F3) in APC, CD19 (6D5) in BV785, CD11b (M1/70) in AlexaFluor700, Ly6C (HK1.4) in Pacific Blue, CD29 (HMβ1-1) in FITC, LFA-1 (H155-78) in PE, Flt3 (A2F10) in APC, Ckit (ACK2) in APC-Cy7 or APC, CD150 (TC15-12F12.2) in PE-Cy7, CD48 (HM48-1) in FITC, IL7Rα (A7R34) in v450, CD41 (MWReg30) in APC-Cy7, FcγRII/III (93) in BV711, Sca1 (D7) in PerCP-Cy5.5, and CD105 (MJ7/18) in v450 were from Biolegend. In addition, the lineage dump gate included antibodies for CD3, CD8α, CD11b, CD11c, CD19, B220, TCRβ, TCRγδ, GR-1, NK1.1, and Ter119 all in PE conjugate format from Biolegend. For intracellular staining, surface staining was followed by fixation/permeabilization with the FoxP3 fix/perm kit (eBioscience), then cells were labeled for 30 minutes at room temperature with rabbit anti-moesin (Q480, Cell Signaling Technologies) followed by anti-rabbit AlexaFluor 647 secondary antibody (Invitrogen), and/or with anti-FoxP3 (FJK-16s) in PerCP-Cy5.5 from eBioscience. For flow cytometric analysis of F-actin polymerization, cells were stimulated with CCL19 (100 ng/ml) and fixed with 3% paraformaldehyde in PBS at the indicated times. Cells were then permeabilized with PSG (PBS, 0.01% saponin, 0.25% fish skin gelatin) and labeled with phalloidin AlexaFluor 488 (Invitrogen). All samples were analyzed on an LSRII (BD Biosciences) equipped with FACSDiva software (BD Biosciences). Data were analyzed using FlowJo software (v.10.4.2).



Western Blotting

CD4 SP thymocytes from WT and X-MAID mice were isolated by negative selection using a magnetic CD4+ T cell isolation kit (Miltenyi). Cells were starved for 4 hours in serum-free DMEM (Corning) before stimulation 100ng/ml CCL19 (R&D Systems) for the indicated times. Cells were then lysed with 1% Triton X100, 50 mM Tris-HCl, 50 mM NaCl, 5 mM EDTA, 50 mM NaF, 30 mM Na4P2O7, 50 mM β-glycerophosphate, with Roche Complete protease inhibitors. Proteins were separated by SDS/PAGE (4-12% NuPAGE bis-tris gel, Invitrogen) transferred to nitrocellulose membranes, blocked with Odyssey buffer (Licor) and probed for the indicated proteins. Antibodies to pERK1/2 (Thr202/Tyr204) and pAkt (Ser473) were from Cell Signaling Technologies. GAPDH was used as a loading control, and was detected with Clone 6C5 antibody, from Sigma. Primary antibodies were detected with fluorescent secondary antibodies (anti-rabbit AlexaFluor 800 or anti-mouse AlexaFluor 680, from Invitrogen). Blots were imaged using an Odyssey fluorescence-based imaging system (Licor) and prepared for publication using ImageLite Software (Licor).



Transwell Assays

CD4 SP thymocytes from WT and X-MAID mice were isolated by negative selection using a magnetic CD4+ T cell isolation kit (Miltenyi) and resuspended in DMEM with 10% charcoal stripped FBS (Gibco). 2x105 cells per well were placed in the top chambers of a 24 well transwell plate (5μm pore size, Corning) and allowed to settle at 37°C for 10 minutes. The top chambers were then placed on top of bottom chambers containing 100ng/ml CCL19, and incubated for 2 hours at 37°C. Top chambers were then removed and cells in the bottom chambers were counted using a hemocytometer. Percent migration was calculated based on input cell numbers.



Microscopy

Live cell imaging was conducted essentially as described previously (32). Eight-well chamber slides (Lab-Tek) were coated with 2μg/ml of murine ICAM-1-Fc (R&D Systems). CD4 SP thymocytes were placed in Leibovitz’s L-15 media (Gibco) supplemented with 2mg/ml glucose and 0.1% FBS and incubated for 20 minutes. Cells were then added to ICAM-1 coated chambers, allowed to settle for 10 minutes, then imaged using a DIC 10× lens on a Zeiss Axiovert 200M microscope and ORCA-ER CCD camera (Hamamatsu). Time-lapse images were collected every 30s for 10 minutes using Slidebook 6 software (Intelligent Imaging Innovations). Migration was quantified using the manual tracking plugin in ImageJ. Cells that were not alive, not attached to the glass, or left the frame during the time frame were excluded from analysis. For each cell that met the criteria for inclusion, the total distance traversed was determined, as was the net displacement (defined as the distance between the final and starting coordinates of the cell). The percentage of migrating cells was calculated based on counting cells with a net displacement of at least 10 microns, divided by the total number of live cells that were attached to the cover glass.

Cell polarization was assessed based on immunofluorescence microscopy of fixed cells. CD4 SP thymocytes were stimulated in suspension with 100ng/ml CCL19 for indicated times, after which they were fixed with 4% paraformaldehyde in PBS and attached to coverslips coated with poly-L lysine. Cells were then permeabilized using PSG and stained with phalloidin AlexaFluor 488 and rat anti-tubulin (clone YL1/2, Millipore/Sigma) followed by goat anti-rat AlexaFluor 647 secondary antibody (Invitrogen). Slides were mounted in Mowiol and images were collected on an Axiovert 200M (Zeiss) with a spinning disk confocal system (UltraVIEW ERS6; Perkin Elmer) equipped with an ORCA-Flash 4.0 CMOS camera (Hamamatsu) and a 63× 1.4 NA Planapo objective. Images were acquired using Volocity v6.3 software (Perkin Elmer) and were prepared for publication using ImageJ. Roundness was defined by first outlining cells in ImageJ using the wand tool, then choosing the shape descriptors option. The software determined cell roundness by the following formula:  .



mRNA Quantification

Single cell suspensions were made from spleens of WT, X-MAID, or MKO male mice. 1 WT, 1 MKO, and 4-5 X-MAID spleens were used for each experiment. Cells were enriched by negative selection using rat anti-CD8 hybridoma supernatant (Clone 53-6.7) and anti-MHC II (BioXCell) antibodies followed by anti-rat magnetic beads (Qiagen). CD4+ T cells were further purified by flow sorting using CD4-APC (Biolegend) with the FACSJazz (BD). RNA isolation was completed using the PureLink RNA mini kit (Invitrogen). Equal amounts of RNA were reverse transcribed from each group using the High Capacity RT-PCR kit (Applied Biosystems). The resulting cDNA was used for qPCR using Msn, Ezr, and Gapdh PrimeTime qPCR primers (IDT) and SYBR Green mastermix (Applied Biosystems). qPCR Ct was quantified on the 7500 Standard (Applied Biosystems). Data are represented as ΔCT-1 defined as the inverse of Ct of the primer of interest minus the Gapdh Ct for that sample. Technical duplicates were run for each sample.



Statistical Analysis

Unless specified otherwise, data were analyzed using a 2-sided Student’s t test with alpha = 0.05. All analysis was conducted using GraphPad Prism Software, v. 9.1.2.




Results


X-MAID Mice Exhibit Opportunistic Infections and Lymphocyte-Dependent Inflammation

A novel combined immunodeficiency disease termed X-MAID has recently been described in patients bearing a specific point mutation in the actin linker protein moesin (9–12). To better understand the mechanistic basis of this disease, we generated CRISPR knock-in mice bearing the causative mutation (R171W, hereafter called X-MAID mice). Both male X-MAID mice and heterozygous females were born at normal Mendelian sex-linked ratios. Female heterozygotes were normal and fertile, although an increased rate of dystocia was noted. In contrast, hemizygous males exhibited partial (approximately 30%) perinatal lethality. The surviving mutant males developed numerous opportunistic infections in the skin, eye, and nasal cavity, as well as inflammatory infiltrates in multiple tissues, succumbing by 7-10 weeks of age. In order to minimize secondary effects of infection, we focused further analysis on young mice (3-5 weeks of age), before mice exhibit signs of infection. At this early age, X-MAID mice were runted and spleens were enlarged (Figures 1A–C). The elevated spleen-to-body-weight ratio observed in X-MAID mice is consistent with systemic inflammation. In addition, histological analysis of the lung and liver showed granulocytic infiltration and evidence of extra-medullary hematopoiesis (Figure 1D).




Figure 1 | X-MAID mice exhibit systemic inflammation ameliorated by lymphocyte deletion. WT or X-MAID male mice at 3-4 weeks old were measured for (A) body weight and (B) spleen weight. (C) The ratio of spleen to body weight was calculated. (D, E) H&E stains of sections from liver and lung of the indicated mouse strains, all at 3-4 weeks of age. Scale bars = 600μm. Note the granulocytic infiltration in X-MAID tissues, which is absent in tissues from X-MAID/RagKO mice. Data in (A–C) represent means ± StDev, with each point representing an individual mouse. Statistics were calculated using a Student’s t test, *p < 0.05, **p < 0.01, ****p < 0.0001.



To ask if the inflammatory phenotype observed in X-MAID mice is attributable to primary defects in the lymphoid compartment, X-MAID mice were bred to Rag1-/- (RagKO) mice, to generate X-MAID mice lacking mature lymphocytes. As shown in Figure 1E, this ameliorates the inflammation of non-lymphoid tissues, indicating that lymphocytes are key drivers of pathology in X-MAID. In addition, X-MAID/RagKO mice survived as long as their RagKO counterparts (data not shown). We therefore focused our analysis on the lymphoid compartment, giving special attention to T cells, where defects in X-MAID patients are observed (9–12).



Peripheral T Cell Numbers Are Reduced and Remaining Cells Are Highly Activated

X-MAID patients exhibit reduced numbers of blood T and B cells (9–12). Consistent with this, X-MAID mice showed profound lymphopenia in both spleen and blood, and lymph nodes were nearly undetectable (Figures 2A, B, S1, and data not shown). Proportions of other immune cell types (NK cells, monocytes, and neutrophils) were elevated in the spleen, although this effect was largely due to the loss of lymphocytes; the absolute numbers of these cell types were either normal or modestly reduced in X-MAID mice (Figure S1A and data not shown). Similar results were obtained for these populations in the blood, except that circulating neutrophil numbers were clearly elevated in X-MAID mice (Figures S1B, C). Histological analysis revealed a lack of splenic architecture (Figure 2C). Further analysis of splenic T cells from X-MAID mice reveals increased CD4:CD8 ratios and a highly activated (CD44+CD62L–) phenotype for both CD4+ and CD8+ T cells (Figures 2D, S2). This activated phenotype, which is also observed in X-MAID patients, may be due to homeostatic proliferation induced by lymphopenia. However, regulatory T cells (Tregs) were nearly undetectable in X-MAID spleens (Figure 2E), and this may also contribute to effector T cell activation. Note that although moesin has been implicated in iTreg development (33), the lack of peripheral Tregs in X-MAID mice is not attributable to an inability to produce nTregs, as thymic nTregs were readily detectable (Figure 2E).




Figure 2 | Dysregulation of T cell populations in peripheral lymphoid organs of X-MAID mice. WT or X-MAID male mice were sacrificed at 3-5 weeks old, and the indicated tissues were harvested for analysis. (A, B) Using flow cytometry, gated on live single cells, the proportion and absolute number of TCR β+ cells were determined from (A) spleen or (B) blood. (C) H&E staining from spleen sections shows a loss of follicle structure. Scale bars = 200μm. (D) Representative flow plots of CD4+ and CD8+ T cell subsets gated on TCR β+ live single cells from the spleens of WT or X-MAID mice (top). Further analysis of CD44 and CD62L expression on CD4+ T cells reveals elevated activation status (bottom). (E) CD25+FoxP3+ cells from the spleen (top) or thymus (bottom) of WT or X-MAID male mice gated on CD4 SP live single cells. Data in C-E are representative of results from at least 6 individual mice. Data in (A, B) represent means ± StDev, with each point representing an individual mouse. Statistics were calculated using a Student’s t test, **p < 0.01, ***p < 0.005.





Thymocyte Numbers Are Low, but Development and Activation State Are Grossly Normal

Closer examination of thymi from X-MAID mice at weaning age showed significantly reduced cellularity as compared with WT littermates (Figure 3A). Proportions of DN and SP populations were elevated in thymi from X-MAID mice, while the proportion of DP cells was reduced (Figures 3B, C). However, because of the decreased cellularity, the absolute number of all thymic populations was reduced in X-MAID mice (Figure 3D). Histological analysis revealed reduced cortical area, consistent with the loss of DP cells (Figure 3E). Further flow cytometric analysis of DN populations based on CD44 and CD25 expression showed increased proportions of the DN1 population and decreased proportions of the DN3 population (Figures 3F, G). Notably, however, there was no significant accumulation of DN4 cells. Furthermore, analysis of DP thymocytes revealed an elevation in the proportion of CD24+/CD69+ population in X-MAID (Figure 3H), consistent with intact activation of these cells. Taken together, these findings suggest that the X-MAID mutation does not lead to gross defects in positive selection. Additional analysis will be required to definitively test this point and to determine any effects on the thymic repertoire.




Figure 3 | Thymocyte numbers are reduced in X-MAID mice, but development and activation are grossly normal. Thymi from 3-4 week-old WT or X-MAID male mice were harvested and single cell suspensions were generated. (A) Total thymocyte number (B) Representative flow plots of thymocyte populations, gated on live single cells. Proportions (C) and absolute numbers (D) of thymocyte subsets were quantified, with each point representing an individual mouse. (E) H&E staining of the thymi from WT and X-MAID mice (representative of 4 mice for each genotype). Scale bars = 400μm. (F) Representative flow plots of thymocytes prepared as in A-C stained with CD44 and CD25 and gated on the CD4–CD8– (DN) live population. (G) The proportion of each DN population (DN1-DN4) is quantified with each point representing an individual mouse. (H) Representative flow plots of thymocytes prepared as in A-C stained with CD69 and CD24 gated on CD4+CD8+ live population. (I) CD4 SP Thymocytes from WT or X-MAID male mice were left unstimulated or stimulated overnight with CD3/CD28 and stained for CD25, CD69, and CD44. Representative plots are gated on CD4 SP live single cells (left) and the proportion of activated cells was quantified (right). Representative of 3 independent experiments. Data in (A, C, D, G, I) represent means ± StDev. Statistics were calculated using a Student’s t test, * p< 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.



Since peripheral CD4+ T cells from X-MAID mice exhibit high basal expression of activation markers, we asked if this process begins in the thymus. CD25 and CD69 expression was analyzed in freshly isolated CD4 SP thymocytes without stimulation, and after stimulation for 24h with anti-CD3 and anti-CD28. As shown in Figure 3I, baseline levels of surface CD25 and CD69 were normal. After stimulation, upregulation of these activation markers was similar to that in WT thymocytes, both in terms of the number of positive cells and the levels of surface marker expression. X-MAID thymocytes did exhibit diminished ability to upregulate the late-activation marker CD44; this appeared to be largely due to reduced surface expression levels. Since CD44 is known to interact directly with moesin (34), this may reflect an effect on CD44 trafficking rather than an impact on T cell activation status.



X-MAID Mice Show Defects in Bone Marrow Precursor Populations

One of the most prominent features of X-MAID mice is overall paucity of thymocytes. To explore the basis of this defect, we conducted a series of pilot experiments using different bone marrow chimera models. Regardless of the experimental conditions, we found very few thymocytes in mice receiving X-MAID bone marrow (data not shown). This observation led us to examine bone marrow populations in X-MAID donors. Interestingly, we found that although the HSC population (as defined in (35), see also Figure S3A) appears relatively normal in X-MAID mice (Figure 4A), the absolute numbers and proportion of common lymphoid progenitors (CLPs) were severely reduced (Figure 4B). In contrast, we observed an increased proportion of granulocyte/macrophage progenitors (GMPs), although the absolute numbers of these cells were slightly lower than normal (Figure 4C). Based on these findings, we examined the lymphoid-primed multipotent progenitor (LMPP) population, which gives rise to CLPs and found significantly fewer cells in this population (Figure S3D). However, the multipotent progenitor (MPP) population, which gives rise to LMPPs as well as GMPs, was intact (Figure S3C) (36). Therefore, defects in cell numbers were first evident at the LMPP stage. Notably, there are also significantly fewer megakaryocyte precursors (MkP), but not erythroid progenitors [EryP (37)] in X-MAID bone marrow (Figures S3E, F). At present, almost nothing is known about the expression patterns and functional role of moesin with bone marrow precursor populations. Thus, additional work will be needed to understand why the moesinR171W mutant protein is deleterious for LMPP cells, and whether this effect is cell-autonomous or indirect. Nonetheless, since LMPPs and CLPs are the primary precursor populations that exit the bone marrow and settle in the thymus, it seems likely that the low number of these precursor cells is at least partially responsible for the dearth of thymocytes in X-MAID mice.




Figure 4 | Bone marrow of X-MAID mice shows a depleted lymphocyte progenitor population. Bone marrow cells from 3-5 week-old WT or X-MAID male mice were harvested, counted, and processed for flow cytometry. (A) Proportion and absolute number of hematopoietic stem cells (HSC) (CD150+CD48–) displayed as gated on Lin–Sca1+Ckit+ (LSK) population. (B) Proportion and absolute number of common lymphoid progenitors (CLP) (Flt3+IL7Rα+) displayed are gated on Lin–Sca1LOWCkitLOW. (C) Proportion and absolute number of granulocyte/macrophage progenitors (GMP) (%FcγRII/III+CD150–) displayed are gated on Lin–Sca1–Ckit+CD41–. Data represent means ± StDev, with each point representing an individual mouse. Statistics were calculated using a Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.





MoesinR171W Is Highly Expressed in the Thymus and Lost in the Periphery

The immunodeficiency and inflammatory phenotypes that we observe in X-MAID mice differ dramatically from subtle abnormalities seen in mice bearing a germline deletion of moesin (MKO mice) (28–30). This suggests that in X-MAID, expression of the mutant moesin protein is important for disease. In keeping with this view, in X-MAID patients, the mutant protein is expressed in some peripheral T cells, but is selectively lost with time and/or activation (9, 11). To ask if expression and loss of the mutant protein is recapitulated in the X-MAID mouse model, we compared the expression levels of moesin in peripheral leukocytes from X-MAID, MKO and WT mice. Analysis of blood T cells from X-MAID mice revealed a pattern of protein loss similar to that described in humans (Figure 5A). Moesin expression was also reduced in CD19+ B cells but this effect was much more modest than in T cells. Analysis of splenic T and B cells revealed more profound loss of expression; most splenic T cells and a subset of B cells had extinguished expression altogether (Figure 5B). Loss of moesin expression was specific to B and T cells; moesinR171W expression was retained at WT levels in other immune populations, including natural killer cells, monocytes, and granulocytes (Figures 5A, B, and data not shown). Interestingly, although expression of moesinR171W is silenced in peripheral lymphocytes, expression levels are elevated in thymic populations (Figure 5C). This is particularly clear starting at the DP stage, a time when we have previously shown that moesin expression is upregulated (15).




Figure 5 | MoesinR171W expression is selectively lost in peripheral T cells. 3-4 week-old WT, X-MAID, or MKO male mice were sacrificed and the indicated tissues were harvested and processed for single cell suspensions. Cells were labeled for surface markers, and for intracellular moesin. For blood (A) and spleen (B), populations were gated on live single cells, followed by TCRβ+ (T), CD19+ (B), NK1.1+ (NK), and CD11b+Ly6C+ (Mono). For thymus (C), populations were gated on live single cells, followed by CD4–CD8– (DN), CD4+CD8+ (DP), CD4 SP, or CD8 SP. (D) Relative Msn (left) and Ezr (right) mRNA expression in CD4+ splenic T cells from WT, X-MAID, or MKO male mice. Expressed as the inverse of the Ct of indicated gene subtracted from that of Gapdh. Bars in D represent means. Statistics between WT and X-MAID groups were calculated using a Student’s t test, *p < 0.05.



To better understand the striking downregulation of moesin expression that takes place in peripheral T cells, we asked if moesin mRNA levels are affected by conducting qPCR analysis on splenic CD4+ T cells from WT, MKO, and X-MAID mice. As shown in Figure 5D, moesin mRNA levels were significantly reduced in T cells from X-MAID mice. Indeed, the levels were just above the baseline set by MKO cells. Unexpectedly, we found that ezrin mRNA levels were also significantly reduced in X-MAID T cells. This contrasts with MKO T cells, where ezrin mRNA is expressed at WT levels. Taken together, these data show that the moesinR171W gene encodes a protein that is expressed in leukocytes but is selectively downregulated in peripheral lymphocytes, and that downregulation occurs at the mRNA level. The fact that downregulation depends on cell type and developmental stage makes it unlikely that the moesin mutation directly impairs transcriptional efficiency or message stability. Instead, it seems possible that expression of the mutant protein has deleterious effects on cell function, which pressures cells to downregulate expression of the mutant protein. Since the ezrin locus is also affected, this feedback mechanism may involve common transcriptional regulatory factors.



X-MAID T Cells Have Broad Migration Defects Due to the Inability to Polarize

The selective loss of moesinR171W in mature lymphocytes suggests that expression of the mutant protein is particularly deleterious for these cells. One known function of moesin in T cells is as an organizer of cell migration. Indeed, either deletion of moesin or expression of constitutively active ERM proteins causes defects in lymphocyte migration in vitro and in vivo (22, 25, 26, 28). We therefore asked if expression of the X-MAID point mutant disrupts cell migration. Because CD4 SP thymocytes are the most mature population that still express the mutant protein in most cells, we used this population for analysis. We first asked if CD4 SP thymocytes could migrate toward the chemoattractant CCL19 using a transwell assay system. As shown in Figure 6A, significantly fewer X-MAID thymocytes showed chemotactic responses in this assay. The failure of X-MAID thymocytes to chemotax efficiently does not reflect an inability of these cells to sense chemokine or signal through the receptor, because stimulation with CCL19 induced actin polymerization as well as phosphorylation of ERK and Akt in mutant thymocytes (Figures 6B, C). Indeed, CCL19-induced ERK phosphorylation was consistently elevated in X-MAID thymocytes. The reason for this remains unclear, though it may reflect dysregulation of inositol lipid homeostasis and Ras signaling responses.




Figure 6 | X-MAID thymocytes are unable to properly chemotax despite intact signaling. WT or X-MAID CD4 SP thymocytes were (A) placed in the upper chamber of a 5 μm pore transwell with 100ng/ml CCL19 in the media of the bottom chamber and incubated at 37 degrees for 2 hours. Cells in the bottom chamber were counted and percent migrated calculated. Graph shows results from 4 independent experiments, with each data point representing an average of three technical replicates from one experiment. Each experiment used pooled cells from 3-5 X-MAID mice, and cells from one matched WT littermate control. Data represent means ± StDev. Statistics were calculated using a Student’s t test, *p < 0.05. (B) WT or X-MAID CD4 SP thymocytes were left unstimulated, or stimulated with 100ng/ml CCL19 for the indicated times, permeabilized and stained with phalloidin to assess polymerized F-actin by flow cytometry. (C) Thymocytes stimulated as in B were fixed, lysed, and immunoblotted for pAkt (Ser473), pERK (Thr202/204), and total Akt and GAPDH as loading controls (left). WT and X-MAID samples were handled and analyzed in parallel. Blots were quantified by densitometry, and relative values were calculated after normalization to total Akt (right). For (B, C), each experiment used pooled cells from 3-5 X-MAID mice, and cells from one matched littermate control. Results are representative of 3 independent experiments.



We next used live cell imaging to better define the migratory phenotype of X-MAID thymocytes. Since chemokine signaling is intact, we hypothesized that these cells exhibit general defects in motility. To test this, we imaged cells undergoing random migration on surfaces coated with integrin ligands. CD4 SP thymocytes from WT and X-MAID mice were observed while migrating on the LFA-1 ligand, ICAM-1, using live cell microscopy. In agreement with the transwell data, we found that whereas about 50% of WT thymocytes migrated in this assay (defined as having a net displacement of at least 10μm), only about 10% of X-MAID thymocytes met this criterion (Figure 7A). Moreover, even the motile subset of X-MAID thymocytes traveled a much shorter distance than WT cells, as measured by net displacement and total track length (Figures 7B, C). By observing the tracks of individual cells, the difference in migratory behavior between WT and X-MAID thymocytes is readily observed. Whereas a subset of WT thymocytes traveled significant distances along relatively linear paths, the motile X-MAID thymocytes showed only wobbling movement around their starting positions (Figure 7D and Supplemental Movies 1, 2). We confirmed that this reduction in migration on ICAM-1 is not due to differences in integrin expression (Figure S4).




Figure 7 | Reduced migratory capability is associated with lack of polarization in X-MAID T cells. (A–D) WT or X-MAID CD4 SP thymocytes were placed on ICAM-1 coated glass surfaces and imaged live using DIC optics every 30 seconds for 10 minutes. Cells were tracked using the manual tracking plugin on ImageJ. (A) % migrated was calculated as any cell moving more than 10μm and remaining in view for the entirety of the movie. Each point represents a field of at least 100 cells. Data represent means ± StDev. (B) Displacement and (C) Total distance traveled were calculated from first frame to final frame. (D) Representative images of the final frame with colored tracks from individual cells. (E) CD4 SP thymocytes were left untreated or stimulated with 100ng/ml CCL19 for 10 minutes, then fixed to a poly-L coated surface and stained for F-actin and tubulin to visualize actin leading edge (arrowheads) and tubulin-rich uropods (arrows). Representative images are shown for each condition, insets show higher magnification views of typical cells. Scale bars = 20μm (F) Images like those in (D, E) were used to measure roundness of cells using ImageJ software as detailed in the Materials and Methods. Means ± StDev are shown. (A–D) show data from one experiment (performed using cells pooled from 3-5 mice). This experiment was done twice with separate pools of mice, with similar outcomes. The data in (E, F) are pooled from two separate experiments done on different days, with each experiment using cells pooled from 3-5 mice. Data from the two experiments were in agreement, so were pooled for presentation. In (A), each point represents one field of cells; In (B, C, F) each point represents a single cell. Red bars in (B, C, F) represent means. Statistics for all panels were calculated using a Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.



In order to migrate properly on integrin ligands, T cells must first polarize to form an elongated shape, with an actin-rich leading edge and a trailing, tubulin-rich uropod. In the course of analyzing our DIC movies, we frequently observed this type of polarized morphology in the WT thymocyte population, whereas the X-MAID cells seemed to maintain a rounded shape. To ask if X-MAID cells fail to elongate and undergo proper polarization of cytoskeletal elements, CD4 SP thymocytes from WT or X-MAID mice were left untreated or treated in solution with CCL19, fixed, and labeled with phalloidin and anti-tubulin antibodies. Cells were then observed by fluorescence microscopy and polarity was quantified as detailed in Materials and Methods. As shown in Figure 7E, unstimulated WT and X-MAID thymocytes were mostly quite round, with F-actin distributed over of the circumference of the cell, and the microtubule organizing center (MTOC) located at a random spot. After exposure to CCL19, a high proportion of WT cells become polarized, forming a clear actin-rich leading edge (arrowheads) and an opposing uropod marked by the MTOC (arrows). This segregation of cytoskeletal elements was accompanied by overall cell elongation, measured as a decrease in roundness (Figure 7F). In contrast, CCL19 stimulated X-MAID thymocytes looked very similar to unstimulated controls, with no clear rearrangement of actin and tubulin, and no reduction in roundness. A similar defect was observed in X-MAID thymocytes undergoing polarization in response to integrin engagement in the absence of chemokine (Figure 7F). While X-MAID thymocytes did show some elongation under these conditions, the response was blunted significantly. Taken together, these findings demonstrate that X-MAID thymocytes are unable to undergo appropriate morphological rearrangements necessary for motility, resulting in a general defect in cell migration.




Discussion

Here, we describe a new mouse model that faithfully reflects many key features of human X-MAID immunodeficiency disease. Like their human counterparts, X-MAID mice exhibit profound lymphopenia and suffer from multiple opportunistic infections. The few T cells that are present in the periphery have a highly activated phenotype, and most have lost moesin expression. It seems likely that the extensive lymphocyte activation that we observe arises due to homeostatic proliferation occurring in response to severe lymphopenia, together with the profound loss of peripheral Tregs. Along with defects in lymphocytes, X-MAID patients also typically exhibit fluctuating neutropenia (9–12). We did not observe this in our mouse model. In fact, we observed an increased proportion of neutrophils in the blood and spleen at 4-5 weeks of age (Figure S1C). It remains unclear whether the apparent lack of neutropenia reflects a real difference between mice and humans, or if it is due to other factors, such as the lack of genetic variability in laboratory mice, housing in an SPF-facility, or timing of analysis (we did not analyze neutrophil numbers in a single mouse over time). Additionally, the opportunistic infections can induce neutrophilia that may not be seen in patients receiving prophylactic antibiotics.

Using the X-MAID mouse model, we could examine tissues that are inaccessible in the patients. Analysis of peripheral lymphoid organs revealed a loss of tissue architecture in the spleen, and an almost complete absence of lymph nodes. In the thymus, all developmental populations were present, suggesting that progression through thymic development occurs relatively normally. We did note a significant increase in the proportion SP thymocytes, possibly reflecting a defect in egress similar to that observed in moesin-deficient mice (29). Importantly, however, absolute numbers of thymocytes were severely reduced and thymic architecture was perturbed. Although Lagresle-Peyrou et al. (11) reported that X-MAID patients appear to have normal sized thymi, the same study and several others show that X-MAID patients have abnormally low T cell receptor excision circles (TRECs) (9–11), an indicator of low thymic output (38).

Analysis of bone marrow populations in X-MAID mice revealed a decrease in progenitor populations that are responsible for seeding the thymus. Since little is known about ERM protein expression or function within the bone marrow compartment, it is unclear why specific precursor populations are selectively impacted by expression of the mutant protein. One possibility is that the mutant protein is expressed in these cells and is deleterious for their proliferation or survival. However, since systemic stress suppresses LMPPs and CLPs (39), the reduction in these lineages could be a secondary effect of systemic stress due to infection, uncontrolled autoimmune inflammation, or malnutrition. A full understanding of how the X-MAID mutant protein impacts hematopoietic development will require the generation of an inducible mouse model, but our results indicate that the peripheral lymphopenia observed in X-MAID patients probably reflects defects in both bone marrow and thymic populations.

Another area where analysis of the X-MAID mice has proven to be illuminating concerns the regulation of protein levels. In X-MAID patients, moesin expression is lost in peripheral T and B cells, and this loss increases with patient age and cellular activation status (9, 11). Consistent with this, we observed loss of expression in peripheral lymphocytes of X-MAID mice, along with elevation of activation markers. In the mouse model, we could also analyze moesin expression in thymic populations, thereby obtaining information that is unavailable from X-MAID patients. Interestingly, we found that thymocytes express the mutant protein efficiently. Indeed, expression of the mutant protein in X-MAID thymocytes is several-fold higher than in the corresponding WT populations. QPCR analysis showed similar moesin mRNA levels in WT and X-MAID thymocytes (data not shown), so overexpression likely occurs at the protein level. We are currently testing the possibility that the mutant protein is at least partially misfolded, and that its turnover is slowed.

Unlike upregulation of moesin in the thymus, we find that downregulation in peripheral T cells occurs at the mRNA level. This finding is consistent with observations in peripheral T cells from X-MAID patients, which showed diminished moesin mRNA levels (9, 11). Since this loss is dependent on cell type and differentiation state, it seems likely that mRNA downregulation involves feedback inhibition rather than direct effects of the moesin mutation on transcriptional rates or message stability. This is further supported by our finding of diminished ezrin mRNA levels in X-MAID T cells. While ezrin mRNA levels have not been reported for X-MAID patients, it has been noted that that these patients do not exhibit compensatory upregulation of ezrin protein, and it appears that ezrin protein levels are sometimes lower than in healthy donors (11). The mechanistic basis for the coordinate downregulation of ezrin and moesin in X-MAID lymphocytes remains to be determined. Since the two genes are located on different chromosomes, cis-acting regulatory mechanisms can be ruled out. Little is known about the transcriptional control of these genes, but it seems likely that they share common transcriptional regulators that are downmodulated in response to functional defects in X-MAID T cells.

Although the processes that control expression levels of moesinR171W are unknown, it is clear that protein levels drop precipitously during the transition from SP thymocyte to mature peripheral T cell. This observation points to toxicity of moesinR171W and selective pressure to silence protein expression. Exactly what drives this selective pressure remains to be determined. Since expression is specifically lost in peripheral T cells (and to a lesser extent in peripheral B cells), it appears that the mutant protein interferes with one or more cellular processes that are particularly important for mature lymphocytes. We considered the possibility that loss of moesinR171W is needed to allow thymic egress. However, we consistently observe a population of peripheral T cells that retain high moesin expression, so egress cannot be completely blocked. Going forward, it will be important to know if the peripheral T cells that retain moesin expression are recent thymic emigrants. A definitive answer to this question will require breeding to RAG-GFP reporter mice. In mature T cells, there are multiple processes that may be impaired by expression of the mutant protein. In addition to migration, T cell activation, proliferation or survival may be affected. With respect to activation, we found that early activation markers are upregulated normally in X-MAID SP thymocytes stimulated with TCR ligands, but we have not tested TCR sensitivity or cytokine production. Even if activation proves to be intact, the mutant protein may perturb mitosis or apoptosis, since ERM proteins are known to be involved in both processes (40–43).

Despite the extensive lymphopenia in X-MAID mice, we show that lymphocytes are key drivers of pathology in this disease. When X-MAID mice were bred onto a RagKO background, systemic inflammation was dramatically reduced. This effect was clear; whereas all X-MAID mice die by 7-10 weeks of age, X-MAID/RagKO mice survive as long as RagKO littermate controls (data not shown). It is interesting to consider how lymphocytes could drive pathology in light of the changes in moesinR171W expression during T cell development. Presumably, pathology is driven by cells that express the mutant protein because MKO mice do not have overt disease (28, 44). One possibility is that recent thymic emigrants still expressing the mutant protein drive disease. Mature B cells, most of which still express significant levels of the mutant protein, may also play a role. Breeding to mice that delete T or B cells at specific points in development, and experiments in which WT Tregs are transferred into neonatal X-MAID mice will be needed to determine which populations drive disease.

One of the most interesting and important questions going forward is how the R171W mutation affects moesin’s linker activity, and how expression of this protein perturbs lymphocyte function. R171 is located within the FERM domain of the protein, in a region that makes contact with the ABD to form the autoinhibited conformation. The substitution of a bulky tryptophan residue may tend to disrupt moesin autoinhibition driving the protein toward the activated conformation. In keeping with this idea, we find that upon exposure to CCL19 or binding to integrin ligands, X-MAID thymocytes fail to undergo shape changes needed for polarized migration. The behavior of X-MAID thymocytes is reminiscent of the phenotype of B cells expressing a phospho-mimetic ezrin mutant that constitutively activates linker activity. Such cells are very round and rigid, and they fail to migrate properly both in vitro and in vivo (25, 26). Notably, defective chemotactic responses have also been reported in peripheral T cells from X-MAID patients, however the basis for these defects may differ, since moesin expression is mostly lost in these populations (11). Our work on peripheral T cells from MKO mice demonstrates the importance of characterizing the nature of migratory defects; these cells undergo normal lamellipodial-based migration in response to conventional chemokines like CCL19 and CXCL12, but exhibit defects in bleb-based motile responses to the lipid chemoattractant sphingosine-1-phosphate (29). Based on these comparisons, it seems likely that the migratory defects seen in X-MAID patients are multifaceted; thymocyte motility (and possibly also motility of bone marrow precursors) may be poisoned by overexpression of a hypermorphic mutant protein, while migration of peripheral lymphocytes may be impaired by loss of moesin expression.

Given the complex nature of moesin function in the immune cells, pathology in X-MAID patients will almost certainly prove to involve dysregulation of several important immunological processes. The murine model described here will be invaluable as we tease apart the basis of disease at the molecular, cell biological, and organismal levels.
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Supplementary Figure 1 | Analysis of additional cell populations in X-MAID mice. 3-5 week-old WT and X-MAID male mice were sacrificed and spleen (A) and blood (B) were collected and processed for flow cytometry. Cells were gated on live single cells then CD19+ (B cells), NK1.1+ (NK cells), CD11b+Ly6C+ (Monocytes), CD11b+Ly6G+ (Neutrophils), and the proportion of cells in each population was determined. Each point represents an individual mouse. (C) Representative flow plot of neutrophil populations in the blood of WT or X-MAID mice. Data in A and B represent means ± StDev. Statistics were calculated using a Student’s t test **p < 0.01, ***p < 0.005, ****p < 0.001.

Supplementary Figure 2 | CD8+ T cells in the spleen of X-MAID mice have an activated phenotype. 3-5 week-old WT and X-MAID male mice were sacrificed and splenocytes were analyzed by flow cytometry. CD44 and CD62L were analyzed gated on live, single, CD8+ cells. Data are representative of results from at least 6 individual mice.

Supplementary Figure 3 | Detailed analysis of bone marrow precursor populations in WT and X-MAID mice. (A) Diagram of precursor populations, with markers used for analysis. (B-F) Bone marrow from 3-5 week-old WT or X-MAID mice was harvested, counted, and analyzed by flow cytometry after labeling with the antibody panels outlined in A. (B) Proportion and absolute number of LSK (%Sca1+cKit+) populations are displayed; gated on Lin– population. (C) Proportion and absolute number of multipotent progenitor (MPP) (%CD48–CD150–) are displayed; gated on Lin–Sca1+cKit+. (D) Proportion and absolute number of lymphoid-primed multipotent progenitor (LMPP) (%Flt3–IL7Rα+) are displayed; gated on Lin–Sca1+cKit+. (E) Proportion and absolute number of megakaryocyte precursors (MkP) (%CD150+CD41+) are displayed; gated on Lin–Sca1–cKit+. (F) Proportion and absolute number of erythroid progenitors (EryP) (%CD105+CD150+) are displayed; gated on Lin–Sca1–cKit+FcγRII/III–CD41–. Note that this population is equivalent to the pre-CFU-E population (37). Data in (B-F) represent means ± StDev, with each point representing an individual mouse. Statistics were calculated using a Student’s t test **p < 0.01, ***p < 0.005, ****p < 0.001.

Supplementary Figure 4 | Integrin expression is normal or slightly elevated on X-MAID thymocytes. 3 week-old WT or X-MAID male mice were sacrificed and thymocytes were labeled for flow cytometry. Cells were gated on live, single cells then CD4 SP or CD8 SP. Surface levels of CD29 (the β1 chain of VLA-4) and CD18/CD11a (LFA-1) were as high or higher than on WT cells. Data are representative of results from three individual mice.


Supplemental Movie 1 | WT CD4 SP thymocytes were placed on ICAM-1 coated glass surfaces and live imaged using DIC optics every 30 seconds for 10 minutes. Cells were tracked using the manual tracking plugin on ImageJ. Color tracks follow individual cells over time.


Supplemental Movie 2 | X-MAID CD4 SP thymocytes were placed on ICAM-1 coated glass surfaces and live imaged using DIC optics every 30 seconds for 10 minutes. Cells were tracked using the manual tracking plugin on ImageJ. Color tracks follow individual cells over time.
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Sorting nexin 27 (SNX27) association to the retromer complex mediates intracellular trafficking of cargoes containing PSD95/Dlg1/ZO-1 (PDZ)-binding C-terminal sequences from endosomes to the cell surface, preventing their lysosomal degradation. Antigen recognition by T lymphocyte leads to the formation of a highly organized structure named the immune synapse (IS), which ensures cell-cell communication and sustained T cell activation. At the neuronal synapse, SNX27 recycles PDZ-binding receptors and its defective expression is associated with synaptic dysfunction and cognitive impairment. In T lymphocytes, SNX27 was found localized at recycling endosomal compartments that polarized to the IS, suggesting a function in polarized traffic to this structure. Proteomic analysis of PDZ-SNX27 interactors during IS formation identify proteins with known functions in cytoskeletal reorganization and lipid regulation, such as diacylglycerol (DAG) kinase (DGK) ζ, as well as components of the retromer and WASH complex. In this study, we investigated the consequences of SNX27 deficiency in cytoskeletal reorganization during IS formation. Our analyses demonstrate that SNX27 controls the polarization towards the cell-cell interface of the PDZ-interacting cargoes DGKζ and the retromer subunit vacuolar protein sorting protein 26, among others. SNX27 silencing abolishes the formation of a DAG gradient at the IS and prevents re-localization of the dynactin complex component dynactin-1/p150Glued, two events that correlate with impaired microtubule organizing center translocation (MTOC). SNX27 silenced cells show marked alteration in cytoskeleton organization including a failure in the organization of the microtubule network and defects in actin clearance at the IS. Reduced SNX27 expression was also found to hinder the arrangement of signaling microclusters at the IS, as well as the polarization of the secretory machinery towards the antigen presenting cells. Our results broaden the knowledge of SNX27 function in T lymphocytes by showing a function in modulating IS organization through regulated trafficking of cargoes.
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Introduction

Precise regulation of intracellular transport and vesicle fusion is of great importance in polarized cells, which depend on the delivery of cargoes to specialized areas of the plasma membrane to carry out their functions (1–3). In T cells, intracellular trafficking plays an essential role in the establishment of the immune synapse (IS), allowing the transport of surface receptors, signaling, adhesion, and scaffold molecules towards the cell-cell contact site, as well as their removal from there (4–8). Moreover, this process favors the polarized secretion of cytokines, lytic proteins and additional cargoes towards the antigen presenting cell (APC), modulating cell-cell communication (9–13). In this context, the rapid repositioning of the microtubule-organizing center (MTOC) is functionally linked to polarized trafficking. Although the regulatory mechanisms driving MTOC polarization are not fully understood, the formation of a stable diacylglycerol (DAG) gradient represents the first step for MTOC translocation (14–17).

A relevant player in the regulation of polarized trafficking is the sorting nexin (SNX) 27-retromer complex. SNX27 belongs to the SNX family of proteins, which are involved in intracellular trafficking and endosomal signaling. SNX27 is unique, as it is the only member of its family containing a N-terminal PSD95/Dlg1/ZO-1 (PDZ) domain that allows interaction with proteins bearing a C-terminal class 1 PDZ-binding motif (PDZ-bm). In addition, it can simultaneously mediate interaction with the vacuolar protein sorting protein 26 (Vps26) subunit of the retromer complex, which increases cargoes binding affinity and thus favors their recycling (8, 18). Firstly discovered in yeast, the retromer is a protein complex consisting in the association of two subcomplexes: the cargo-selection subcomplex, composed by the trimer Vps26-Vps35-Vps29, and the membrane-deforming subcomplex, which senses and induces membrane tubulation and is formed by the SNX-BAR heterodimer Vps5-Vps17 (19, 20). In mammals, the retromer trimer is conserved and includes Vps26A/Vps26B, Vps35, and Vps29 proteins (21–23). SNX-BAR heterodimers are formed by association of SNX1/SNX2 with SNX5/SNX6 (24). The retromer regulates the endosome-to-trans Golgi transport and the endosome-to-plasma membrane recycling, preventing cargo degradation (25–27). This tubular-based endosomal traffic is favored by retromer interaction with cytoskeleton components such as the motor dynein/dynactin complex or the Wiskott-Aldrich syndrome protein and SCAR homologue (WASH) complex, which regulates actin polymerization (8, 28, 29).

Several studies reported that SNX27-retromer function as a mediator of retrograde trafficking that contributes to sustain cell polarization. In neurons, SNX27 localizes to recycling endosomes and traffics to spines, facilitating the synaptic delivery of receptors (30). In epithelial cells, SNX27 recruits the epithelial cell-cell junction protein zonula occludens (ZO)-1/2 to recycling endosomes and distributes it to tight junctions (31). Similarly, SNX27 in T lymphocytes locates to recycling endosomes and traffics to the IS. This depends on mechanisms that require the presence of an intact PDZ domain (32, 33). However, the contributions of SNX27 and its associated cargoes to the formation of the IS has not yet been explored.

Here, we investigated the contribution of SNX27 to the polarized trafficking of cargoes and to the establishment of the IS in Jurkat T cells. We described that SNX27 controls the traffic towards the cell-cell interface of reported PDZ-interactors, including the retromer subunit Vps26 and the DAG kinase (DGK) ζ. SNX27 silencing abolishes the formation of a DAG gradient at the IS, an effect probably related to defective retrograde transport of DAG-enriched membranes to the cell-cell interface. Impaired DAG accumulation at the IS results in deficient synaptic recruitment of the motor protein dynactin-1/p150Glued and the PDZ-interactor centromere protein J (CENPJ). Moreover, the absence of a proper DAG accumulation correlates with an incorrect polarization of the MTOC, the inefficient reorganization of the microtubule network, and modest defects in actin clearance at the IS. Furthermore, we observed defects in the arrangement of signaling microclusters, as well as in the polarization of the secretory machinery towards the IS. Our results strongly support a role for the SNX27-retromer-complex in IS-directed transport of associated cargoes, highlighting a critical role of SNX27 in the correct polarization of the MTOC during antigen recognition in Jurkat T cells.



Materials and Methods


Reagents and Antibodies

Reagents used were: poly-L-lysine, bovine serum albumin (BSA), DAPI (all purchased from Sigma-Aldrich), RPMI-1640 and L-glutamine (Biowest), CMAC (CellTracker Blue 7-amino-4-chloromethylcoumarin), BODIPY 630/650, (both from Thermo Fisher), Prolong Gold (Invitrogen), and recombinant human intercellular adhesion molecule 1 (ICAM-1) (R&D systems). For antibody (Ab)-based stimulation, we used a mouse anti-human CD3 monoclonal Ab (300402, Biolegend). For immunofluorescence staining, we used anti-: β-tubulin (MAB3408, Merk Millipore), CENPJ (11517-1-AP, Proteintech), dynactin-1/p150Glued (MA1-070 Thermo Fisher), SNX27 (ab77799, Abcam), pericentrin (ab4448, Abcam), phalloidin-AlexaFluor 488 (A12379, Thermo Fisher), phosphorylated CD3ζ (Y142) (558402, BD biosciences), phosphorylated ZAP70 (Tyr 319) (PA5-17815, Thermo Fisher), phosphorylated LAT (Tyr 220) (3584, Cell signaling), and Vps26 (AB181352, Abcam). The following fluorophore-conjugated secondary Ab were used: anti-rabbit IgG-AlexaFluor 488, anti-mouse IgG-AlexaFluor 488, anti-mouse IgG2a-AlexaFluor 647 (A11034, A-11029, A21241; Thermo Fisher), anti-rabbit IgG-Cy2, anti-rabbit IgG-Cy3, anti-rabbit IgG -Cy5, anti-mouse IgG1-Cy3, anti-mouse IgG-Cy3, anti-mouse IgG1-Cy5 (2338021, 111-166-046, 111-176-046, 115-165-205, 115-166-075, 115-175-166; Jackson ImmunoResearch), and anti-mouse IgG2b-FITC (2794539, Southern Biotech). For flow cytometry analysis, we used anti-mouse CD45-APC (17-0451-82, Thermo Fisher). For western blot, we used anti-SNX27 (ab77799, Abcam), anti-GAPDH (sc25778, Santa Cruz), anti-GFP (A11122, Invitrogen), anti-DGKζ (ab105195, Abcam), and anti-p150Glued (MA1-070 Thermo Fisher). For immunoprecipitation, GFP-Trap Agarose (gta-20, ChromoTek) was employed.



Cell Lines, Culture, and Stimulation

Human leukemic Jurkat T cells were obtained from the American Type Culture Collection (TIB-152, clone E6-1). Triple parameter reporter cells (TPR) are a human Jurkat JE6.1-derived cell line transduced with NFAT-GFP, AP-1-mCherry and NF-κB-CFP generated as previously described (34).T cell stimulator (TCS) cells are Bw5147 cells (murine thymoma cell line) modified to stably express an anti-human CD3 single chain fragment anchored to the plasma membrane via a human CD14 stem (CD5L-OKT3scFv-CD14). A variant of TCS cells was further engineered by retroviral transduction to express high amount of human CD86 (TCS-CD86) (35). Both TPR and TCS were kindly donated by Dr. Peter Steinberger (Medical University of Vienna, Austria). Jurkat T, TPR and TCS cells were cultured in complete RPMI medium consisting on RPMI-1640 supplemented with 10% FBS and 2 mM L-glutamine.

To establish immune synapses, TCS, used as APCs, were labeled in complete RPMI medium containing 10 μM CMAC or 1 μM BODIPY 630/650 (1 h, 37°C, darkness). After being washed twice in PBS, TCS were added at 1:1 ratio on top of Jurkat T cells previously plated on poly-L-lysine-coated coverslips. Cells were incubated for the indicated times (37°C, 5% CO2), after which immunofluorescence was performed.

For signaling microclusters, actin and microtubules immunofluorescence, Jurkat T cells in complete RPMI medium (2 × 106 cells/ml) were seeded onto poly-L-lysine-coated glass coverslips with plate-bound anti-human CD3 (2.5 µg/ml) and recombinant human ICAM-1 (1 µg/ml, 2 h, 37°C) for the depicted times.



Plasmids and Transfection

Jurkat T cells in logarithmic growth phase (4-5 × 105 cells/ml) were electroporated using the Gene Pulser II (Bio-Rad; 270 V, 975 µF) or the Neon Transfection System (ThermoFisher; 1200 V; 10 ms pulse width; 2 pulses). For transient SNX27 silencing, double-strand oligonucleotides encompassing the interfering sequence 5´-CCAGGUAAUUGCAUUUGAA-3´ (36) and a hairpin structure were cloned in the pSuper vector (Oligoengine) (32). pSUPER-shRNAi mouse DGKα (37) was used as a transfection control. For transient protein expression, 15 µg plasmid DNA were transfected. The pEGFP-C1-hSNX27 (WT/L67-77A/H114A) (18) were a kind gift from Dr. Peter Cullen (University of Bristol, UK). mCherry-DGKζ WT, pEFbos-GFP DGKζ-ΔETAV, pEGFP-C1b-PKCθ, and pEGFP-C1-CD63 were previously described (38–40). While silenced cells were harvested 72 h post-transfection, cells with transient protein expression were processed 24 h post-transfection.



Analysis of Protein Expression by Western Blot and Immunoprecipitation

For western blot analysis, cell pellets were suspended in cold lysis buffer (10 mM HEPES pH 7.5, 15 mM KCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol, and 1% Nonidet P-40) containing protease inhibitors (10 μg/ml each leupeptin and aprotinin, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 40 mM β-glycerophosphate, and 10 μM NaF), and incubated 15 min at 4°C. A constant amount per sample was run in sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Fluorescent signal was visualized using the Odyssey CLx Imaging System (LI-COR). SNX27 silencing was validated for every experiment by western blot analysis of total cell lysates.

For protein-protein interaction analysis by immunoprecipitation, cells were lysed as described above and the protocol was performed according to manufacturer’s instructions (GFP-Trap Agarose, Chromotek). Immunoprecipitated proteins were analyzed by western blot.



Dual-Luciferase IL-2 Reporter Assay

Jurkat cells were transfected with control or SNX27-targeting shRNAi constructs by electroporation. At 48 h post-transfection, cells were re-electroporated with 15 μg of an IL-2 promoter construct (Addgene) together with 200 ng of Renilla luciferase vector (Promega) as an internal control. After 24 h, cells were stimulated with TCS cells at a 2.5:1 ratio in 96-well plates for the indicated time points. Lastly, cells were harvested, lysed in passive lysis buffer (Promega; 20 min, 4°C) and assayed for luciferase activity using the Dual-luciferase Reporter Assay (Promega). Relative luciferase units (RLU) were calculated relative to Renilla luciferase values.



Il-2 Detection in Culture Supernatants

Jurkat T cells transfected with control or SNX27-targeting shRNAi constructs were incubated with TCS cells at 2.5:1 ratio in a flat bottom 96 well plate in triplicates for the indicated time points. Then, ELISA test was performed on the culture supernatants according to manufacturer’s intructions (Human IL-2 ELISA MAXTM Delux, Biolegend).



NFAT, NFkB, and AP-1 Promoter Activity Assay

TPR cells transfected with shcontrol or shSNX27 were incubated with TCS at 2.5:1 ratio for the indicated time points. Then, cocultures were stained with anti-mouse CD45-APC in PBS staining buffer (PBS, 1% FBS, 0.5% BSA, 0.01% sodium azide) (30 min, 4°C, darkness) to exclude TCS cells from analysis. Expression of NFAT-GFP, NFκB-CFP and AP-1-Cherry was determined by flow cytometry using a CytoFLEX S Flow cytometer (Beckman Cloulter). Live cells were gated using forward and side scatter parameters. All conditions were carried out in triplicates and data were analyzed using FlowJo 10 software (FlowJo, Ashland, OR) and Prism 5.



Immunostaining

For immunofluorescence labeling, cells were fixed with 2% PFA (15 min, RT). After washing twice with PBS, cells were blocked and permeabilized 30 min, RT (1% BSA, 0.1% triton in PBS). This buffer was also used throughout the procedure as staining buffer. Cells were incubated with primary antibodies (1 h, RT), PBS-washed, and incubated with the corresponding fluorophore-conjugated secondary Ab (30 min, RT). Coverslips were washed twice in PBS and mounted on glass slides using ProLong Gold. For microtubule and signaling microclusters staining, 2% PFA fixation was performed at 37°C and this step was followed by an ice-cold methanol fixation and permeabilization (20 min, RT) prior to Ab staining.



Confocal Microscopy and Image Processing

Confocal images were acquired using: Leica TCS SP8 confocal microscope equipped with a Plan-Apochromat HCX PL APO 63 × 1.4 NA oil immersion objective, Zeiss Axiovert LSM 510-META inverted confocal microscope equipped with a Zeiss Plan-Apochromat 63 × 1.4 NA oil objective, Zeiss Axiovert LSM 700 inverted confocal microscope equipped with a Plan-Apochromat 63 × 1.4 NA oil objective, or Olympus Fluoview FV1000 confocal microscope equipped with a Plan-Apochromat 60 × 1.4 NA oil objective. Images were collected with FV10-ASW4.2 (Olympus), LAS X (Leica), or ZEN 2009 (Zeiss) acquisition softwares. Sets to be compared were acquired using the same acquisition settings.

For quantitative analysis of protein synaptic recruitment we employed two distinct methods of quantification. For membrane proteins, accumulation at the IS was compared with the other areas of the plasma membrane: in T cell/TCS conjugates, maximal intensity Z-projections of contiguous optical sections (0.2 µm-wide) that included all the three-dimensional fluorescence information were stacked. Analysis was carried out using an in-house designed plugin for Fiji software developed by Carlos Oscar Sorzano and updated by Ana Cayuela (32). This plugin measures the mean fluorescence intensity (MFI) in circular regions of interest at the background, the IS, and the plasma membrane of the T cell outside the IS. Then the IS/plasma membrane MFI ratio was calculated as: (MFI IS - MFI background)/(MFI plasma membrane – MFI background). To quantify synaptic recruitment of proteins present at internal compartments/endosomes, fluorescence accumulated at the IS was compared with total cell fluorescence. Images were acquired as explained above and were analyzed as previously described (32). Briefly: MFI of background, whole cell, and IS regions were computed. Afterwards, the IS/cell MFI ratio was calculated as: (MFI IS - MFI background)/(MFI whole cell - MFI Background). Ratio values are represented as dot plots, where each dot depicts an individual cell.

To analyze the recruitment of signaling microclusters to the IS, we carried out a previously reported quantification (41). Initially, the area of segmented cells was measured. Among each cell, microclusters present at the cell-coverslip optical section were defined as signal intensity maxima employing the “Find Maxima” method. A value of noise tolerance was arbitrarily set at each experiment according to its background. Finally, the number of clusters per cell was divided by the cell area to obtain the density of microclusters at the IS.

Microtubule network organization patterns at the IS were categorized by three researchers by observation of unlabeled images into two classes: pattern 1 (P1), radial microtubules anchoring at the periphery of the IS; pattern 2 (P2), non-radial microtubules unable to reach the periphery of the IS. Maximum intensity projections of 4 consecutive sections (0.8 µm) at the T cell-coverslip contact were generated using the Fiji software (42) and Huygens Pro software (version 14.10) was used to perform image deconvolution.

To quantify formation of the filamentous actin (F-actin) ring and its fluorescence intensity at the IS, analysis was carried out on a 1-μm-thick section at the cell-coverslip interface.Cells from multiple microscopic fields were manually defined, and their F-actin MFI was computed. To determine the F-actin phenotype at the IS, pixel intensity plots from a line across the IS were generated. Patterns were categorized in three different phenotypes. Ring: centrally depleted actin and F-actin ring at the periphery; intermediate: uneven depletion of actin with intensity dropping at the center of the IS; accumulated: F-actin all across the IS.

For centrosomal F-actin quantification, we first defined the centrosomal area. In order to do that, we carried out a radial line scan of F-actin fluorescence intensity from the MTOC of resting Jurkat T cells. The drop in fluorescence intensity was used a threshold to define the radius of the centrosomal area. Based on our results, we defined the centrosomal F-actin area as a circumference of 1 µm of radius around the MTOC. Background subtraction (rolling ball 50 pixel) on the average z-projection of the three planes above and below the MTOC was performed. Finally, the mean intensity of F-actin fluorescence in the 2 µm-diameter circle centered at the MTOC was measured.

To measure the ability of the MTOC, CENPJ, or CD63+ secretory lysosomes/multivesicular bodies (MVB) to translocate to the IS, maximum intensity projections of the whole cells (0.2 µm intervals) were generated using the ImageJ. The geometric center of MTOC, CENPJ, and MVB (MTOCC, CENPJC and MVBC) as well as the IS region were determined. The polarity index was computed diving the distance between MTOCC, CENPJC or MVBC to the IS (“a” distance) by the distance from the IS to the distal pole of the T cell (“b” distance). This allowed polarity indexes to be normalized by cell size and shape. We considered polarization to occur when the polarity index was <0.25. Polarity index values are represented in graphs as dot plots, where each dot represents an individual cell. To analyze the relative aligned position of the mass center of the MTOC and the center of the IS, a first axis was defined by drawing a straight line along the T cell-APC contact area, which was later divided in six regions of equal length. Then, a second axis was defined with two points: the mass center of the cell and the center of the immune synapse. Parallel lines to the second axis, intersecting at the six division points of the first axis were drawn, establishing three areas at each side of the second axis. Finally, MTOC position was categorized in symmetric, intermediate or asymmetric depending on which of those three areas (closest-to-furthest to the second axis) the MTOC was found.

The distance between the MTOC and the nucleus was measured in three dimensions using the Image 3D suite plugin on ImageJ. After applying a median 3D filter, nucleus and MTOC were automatically threshold in 3D (using Otsu and iterative thresholding, respectively). Then, the shorter distance between the edges of these two organelles was computed.



Statistical Analysis

For co-localization analysis, Pearson’s correlation and Mander’s overlap coefficients were calculated using the JACoP plugin (Just Another Co-localization plugin) (43) of ImageJ software.

Statistical analysis was performed with GraphPad Prism 5 software and samples were assumed to fit normality. Details about the data presentation, the experimental replication, and the adequate statistical tests used are included in the individual figure legends. Briefly, unpaired student’s t-test was used to analyze differences between two conditions. Unless otherwise indicated, two-way ANOVA with Bonferroni post-test was applied for multiple comparisons. The level of statistical significance is represented by * p <0.05; ** p <0.01; *** p <0.001; **** p <0.0001. Data are shown as mean ± standard error of the mean (SEM) unless otherwise specified.




Results


SNX27 Facilitates Vps26 Retromer Protein Polarization to the IS

The SNX27 PDZ domain engages proteins bearing a PDZ-bm and simultaneously associate the Vps26 subunit of the retromer complex (8, 18). We have previously shown that SNX27 mutants defective for either Vps26 binding (GFP-SNX27 L67-74A) or cargo interaction (GFP-SNX27 H114A) showed defective recruitment to the IS in experiments with Jurkat T cells and SEE-loaded Raji B cells (44). Although it constitutes a well stablished system to investigate IS organization upon encounter of an APC, the loading of Raji B cells with bacterial superantigens such as SEE may be heterogenous. In order to study the IS in a setting resembling physiology, we set Jurkat T cells to interact with TCS-CD86, a mouse thymoma cell line modified to express a membrane bound anti-CD3 antibody fragment and the CD86 costimulatory molecule (35). In agreement with their reported association (44), immunofluorescence analysis showed a strong colocalization between GFP-SNX27 WT and endogenous Vps26 in resting Jurkat T cells (Figure 1A, top). The interaction with TCS-CD86 resulted in a complete polarization of the SNX27/Vps26 positive compartment to the cell-cell contact area (Figure 1A, bottom). Analysis of the GFP-SNX27 L67-74A confirmed a marked reduction in the colocalization with Vps26 (Figures 1B, top; 1C). A slight decrease in SNX27-Vps26 colocalization was also observed in cells expressing GFP-SNX27 H114A (Figures 1B, bottom; 1C). As described (33), both mutants show defective polarization to the IS, but they affected differently the localization of endogenous Vps26 (Figures 1D, E). The GFP-SNX27 L67-74A mutant showed partial accumulation at the IS, although this compartment was devoid of Vps26, that showed dispersal localization (Figure 1D, top). On the contrary, the mutant deficient in cargo binding retained colocalization with Vps26 in compartments that failed to polarize to the contact zone (Figure 1D, bottom). Deficient translocation of these SNX27 mutants correlated with a reduced accumulation of VPS26 at the IS (Figure 1F). These results suggest that the correct assembly of the SNX27-retromer complex together with its cargoes is required for its synaptic recruitment. This is further supported by a recent publication showing that impaired cargo recognition by SNX27 reduces retromer targeting to the plasma membrane (45).




Figure 1 | SNX27 interacts with Vps26 and contributes to its translocation to the IS. (A, B, D) Representative confocal images of Jurkat T cells transfected with plasmids encoding (A) GPF-SNX27 WT (green), (B, D) GFP-SNX27 L67-74A or GFP-SNX27 H114A (green) in basal conditions (A, top; B) or after incubation with TSC-CD86 (blue) (A, bottom; D). Cells were immunostained for Vps26. (C) Mander´s coefficient. Data in the graph are mean ± SEM of a representative experiment of two with similar results (GFP-SNX27 WT = 9 cells; GFP-SNX27 L67-744 = 18 cells; GFP-SNX27 H114A = 18 cells). (E) Quantification of SNX27 or (F) Vps26 translocation measured as the ratio of signal intensity at the IS compared with the total signal in the cell. Ratio values are displayed as dot plots, with each dot representing a single cell. Data are shown as mean ± SEM of an experiment (GFPSNX27 WT = 15 cells; GFP-SNX27 L67-744 = 13 cells; GFP-SNX27 H114A = 13 cells). (G) Western blot analysis of cell lysates from shControl and shSNX27 Jurkat T cells. (H) Representative maximum intensity projections from confocal images of control or SNX27-silenced Jurkat T cells incubated with TCS-CD86 (blue) and stained against Vps26 and SNX27. Dashed white line indicates cell contour. (I) Quantification of Vps26 translocation. Data are shown as mean ± SEM of a representative experiment of three with similar results (shCtrl = 25 cells; shSNX27 = 20 cells). Scale bars = 5 μm. Significance in (C, E, F, I) was determined by one-way ANOVA with Bonferroni correction (*p < 0.05; **p < 0.01).



The failure of Vps26 to relocate to the IS in GFP-SNX27 H114A overexpressing cells could be the result of sequestering the endogenous Vps26 away from its natural localization. To evaluate whether SNX27 was indeed required for Vps26 recruitment to the IS, we depleted cells for SNX27 (Figure 1G) and examined Vps26 localization upon engagement with TCS-CD86 cells. Analysis of endogenous proteins confirmed strong colocalization between SNX27 and Vps26 at the IS in control cells (Figure 1H, top). SNX27 silencing prevented the polarization of Vps26 positive vesicles, that in most cells appeared dispersed and opposite to the contact zone (Figure 1H, bottom; 1I). These results confirm that PDZ-dependent interaction of SNX27 with Vps26 facilitates polarized traffic of this retromer subunit to the IS.



SNX27 Regulates DAG Accumulation at the IS

Antigen recognition by T cell receptor (TCR) results in the rapid activation of retrograde traffic from the plasma membrane to the Golgi/recycling endosomes (RE), that orient to the contact area to facilitate a polarized traffic to the IS. Studies in Jurkat T cells and primary T lymphocytes have shown that the Golgi and RE are highly enriched in DAG (46). Upon T cell interaction with APCs, the rapid translocation of DAG-enriched organelles facilitates the trafficking of DAG-loaded vesicles to the IS, contributing to the accumulation of this lipid at the cell-cell junction (46). We investigated whether SNX27 silencing alters the polarization of DAG-positive compartments to the IS. As previously reported (46), Jurkat T cells overexpressing a fluorescent construct with high affinity for DAG (GFP-C1bPKCθ) presented intense fluorescence accumulation at internal compartments, which was easily visible in fluorescence density profiles (Figure 2A, top). SNX27 silencing abolished compact intracellular DAG staining, and the sensor appeared distributed throughout the plasma membrane (Figure 2A, bottom). DAG-positive compartments polarized to the cell-cell contact site upon TCS-CD86 engagement (Figure 2B, top). However, SNX27-silenced cells failed to accumulate DAG-positive organelles to this region(Figure 2B, bottom; 2C). Previous studies from our group employing live cell imaging showed that upon cell-cell contact, a rapid burst of DAG at the IS is rapidly followed by polarization of DAG-enriched compartments to this region (46). The fast dynamics of DAG generation and traffic are difficult to capture in fixed images, as DAG is dispersed over the cell membrane after a short time after stimulation (39, 46). Nevertheless, we did observe a few control cells at initial contacts with TCS-CD86 displaying enrichment of DAG at the plasma membrane of the IS prior to the full translocation of SNX27 and DAG-enriched compartments (Supplementary Figure 1).




Figure 2 | SNX27 controls DGKζ and DAG translocation to the IS. (A, B) Representative maximum intensity projections from confocal images of control or SNX27-silenced Jurkat T cells transfected with the C1 domain of PKCθ fused to GFP construct (GFP-C1bPKCθ, green) in basal conditions (A) or after incubation with TCS-CD86 (blue) (B). Arrowhead points DAG in intracellular compartment. A single medial optical section from a representative experiment out of three is shown. Right panels represent the density profiles of DAG fluorescence obtained from the medial optical section. Color scale goes from blue (zero) to yellow (intermediate) to red (maximal). (C) Quantification of GFP-C1bPKCθ translocation measured as the ratio of signal intensity at the IS compared with total GFP-C1bPKCθ. Ratio values are displayed as dot plots, with each dot representing a conjugate. Data are shown as mean ± SEM of two independent experiments (shCtrl = 40 cells; shSNX27 = 35 cells). Significance determined by unpaired t-test (*p < 0.05; **p < 0.01). (D–F) Representative confocal images of control of SNX27-silenced Jurkat T cells transfected with (D, F) a plasmid encoding mCherry-DGKζ WT (red) or with (E) a GFP-DGKζ ΔETAV (green) construct in basal conditions (D, E) or after incubation with TCD-CD86 (blue) (F). A representative experiment out of three in (D) or two in (E) is shown. Pearson´s correlation coefficient in shCtrl cells = 0.648 in (D). (G) Quantitative image analysis of mCherry-DGKζ WT accumulated at IS compared with mCherry-DGKζ WT located in plasma membrane regions outside the IS. Data are shown as mean ± SEM from a representative experiment of two with similar results Significance was determined by unpaired t-test (*p < 0.05). Scale bar = 5 μm.



DGKζ transforms DAG into phosphatidic acid (PA), therefore contributing to the regulation of DAG content in T cells (46). DGKζ contains a PDZ-bm that provides high affinity interaction with SNX27 (47). Thus, we next explored the consequences of SNX27 silencing in the subcellular localization of its cargo DGKζ. In basal conditions, mCherry-DGKζ- was distributed between the plasma membrane and internal organelles that were positive for endogenous SNX27 (Figure 2D, top). Upon SNX27 silencing, this internal localization was lost and mCherry- DGKζ was mainly observed at the plasma membrane (Figure 2D, bottom). GFP-DGKζ ΔETAV, a DGKζ mutant lacking the last four amino acids of its PDZ-bm, showed a localization mainly restricted to the plasma membrane both in the presence and in the absence of SNX27 (Figure 2E). These data confirm the PDZ-dependent engagement of DGKζ with SNX27 and demonstrate that this interaction is indispensable for retrograde traffic of DGKζ to the Golgi/RE in basal conditions. Upon incubation with TCS-CD86 cells, control Jurkat T cells displayed strong accumulation of mCherry-DGKζ- at the IS (Figure 2F, top). Nevertheless, DGKζ accumulation at the cell-cell interface was impaired in SNX27-silenced cells and this DGK isoform remained randomly distributed at the plasma membrane (Figure 2F, bottom; 2G). These data suggest that retrograde traffic of DGKζ to internal compartments is indispensable for this lipid kinase to reach the IS and support a non-previously reported role for SNX27 in the spatial localization of DGKζ, which could affect its functions.



SNX27 Regulates MTOC Translocation to the IS

The formation of a stable DAG gradient upon T cell-APC engagement is required for the rapid docking of the MTOC at the IS in a process regulated by the dynein-dynactin motors (14–16). Noteworthy, the proteomic study in IS-forming Jurkat T cells revealed the presence of the p150Glued dynactin complex subunit among the SNX27 interactors (44). Immunoprecipitation studies validated the reported association between p150Glued and SNX27 (Figure 3A). Therefore, we explored the consequences of SNX27 silencing on p150Glued dynamics upon T cell activation. We confirmed p150Glued colocalization with SNX27 at the IS, and observed that its synaptic recruitment was lost when SNX27 was depleted (Figures 3B, C). Phosphorylated ζ-chain was stained as a marker for correct IS formation to discard the possibility of an ineffective T cell-APC engagement. These results corroborated the proteomic data and demonstrated that SNX27 contributes to the dynamic recruitment of p150Glued to the IS upon APC engagement.




Figure 3 | SNX27 is necessary for MTOC translocation and its symmetry with the center of the IS in Jurkat T cells. (A) Western blot analysis of GFP immunoprecipitates confirmed interaction of p150glued with GFP-SNX27 WT. DGKζ was used as a positive control. (B) Representative maximum intensity projection from confocal z-stacks of control and SNX27-silenced Jurkat T cells incubated with TCS-CD86 (blue). Cells were stained for the indicated proteins: dynactin-1/p150glued (green), SNX27 (red) and phosphorylated CD3ζ (gray)Density profiles of dynactin-1 fluorescence obtained from the maximum intensity projections are shown in (B, right). Color scale goes from blue (zero) to yellow (intermediate) to red (maximal). (C) Quantification of p150glued translocation measured as the ratio of signal intensity at the IS compared with total p150glued. Ratio values are displayed as dot plots, with each dot representing a single cell. Data are shown as mean ± SEM of a representative experiment out of two run in duplicates (shCtrl = 26 cells; shSNX27 = 29 cells). Significance was determined by unpaired t-test (*p < 0.05; **p < 0.01, ****p < 0.0001). (D), left] Representative confocal images of control and SNX27-silenced Jurkat T cells incubated with TCS-CD86 (blue). Cells were immunostained for pericentrin (MTOC, green) or CENPJ (green), SNX27 (red) and phosphorylated CD3ζ (yellow). Scale bar = 5 μm. [(D), right] MTOC or CENPJ polarity index quantification calculated as the ratio between the distance from the MTOC or CENPJ to the IS and the distance from the IS to the distal pole of the cell. Polarity index values are displayed as dot plots, with each dot representing an individual cell. [(E), left] Scheme depicting the strategy used to define MTOC symmetry (see methods section for detailed explanation). [(E), right] Quantification of MTOC symmetry. Data in [(D), right top; (E)] are mean ± SEM of three independent experiments in duplicates with shCtrl = 78 cells and shSNX27 = 74 cells, and in [(D), left bottom] are mean ± SEM of a representative experiment out of three run in duplicates with shCtrl = 33 cells and shSNX27 = 32 cells. Significance was determined by unpaired t test in (D) and by two-way ANOVA with Bonferroni correction in (E). (*p < 0.05; **p < 0.01; ****p < 0.0001).



The observed failure of SNX27-silenced T cells to accumulate DAG and defective p150Glued recruitment at the synaptic region strongly suggests a role for SNX27 in MTOC translocation. Immunofluorescence assessment of conjugates established between Jurkat T cells and TCS-CD86 demonstrated that pericentrin (MTOC protein) polarity index to the IS was statistically higher when SNX27 was depleted (Figure 3D, top). Our proteomic analysis in IS-forming Jurkat T cells had previously identified CENPJ as a PDZ-dependent cargo of SNX27 (44). CENPJ is a highly conserved centrosomal protein essential for centrosome biogenesis (48). In agreement with the defective pericentrin polarization, SNX27-silenced Jurkat T cells displayed impaired CENPJ reorientation upon engagement with TCS-CD86 stimulatory cells (Figure 3D, bottom).

Disrupted ability of T cells to sustain DAG at the IS prevents MTOC translocation, limiting the correct alignment of the protein trafficking machinery. We analyzed the impact of SNX27 silencing on the relative aligned position of the mass center of the MTOC and the center of the IS (Figure 3E, left). Distribution was categorized into symmetric, intermediate or asymmetric. SNX27 silencing led to a reduced percentage of cells with a symmetric MTOC position (Figure 3E, right). These results indicate that SNX27 facilitates the PDZ dependent transport of centrosomal proteins to the central region of the cell-cell contact area.



SNX27 Contributes to Peripheral, But Not Centrosomal, F-Actin Reorganization During T Cell Activation

F-actin depolymerization at the center of the IS has been described to play an important function in centrosome polarization in T cells (49–53). Proteomic analysis in IS-forming T cells revealed a PDZ-independent interaction of SNX27 with the actin nucleators WASH complex, and Arp2/3 subunit ARPC5L (44). Using confocal microscopy, we evaluated the remodeling of F-actin at the IS in control and SNX27-silenced Jurkat T cells spread on anti-CD3 and ICAM-1-coated surfaces (Figure 4A). The establishment of pseudo-synapses on coverslips coated with stimulatory molecules facilitates the detailed analysis of molecule organization at the contact plane, and has been widely employed. F-actin organization patterns were classified in three phenotypes based on the F-actin pixel intensity plots across the synapse (Figure 4A lower panels): Ring, F-actin ring at the periphery with depletion of actin at the center; intermediate, uneven depletion of F-actin at the center of the synapse; accumulated, F-actin across the synapse. Although an F-actin ring was formed in both control and SNX27-silenced cells, we observed a modest defect in F-actin depletion across the center of the IS in SNX27-silenced cells, with a higher percentage of cells displaying an intermediate phenotype (Figure 4B). Besides, a significant reduction in F-actin MFI at the contact site was observed in the SNX27-silenced cells (Figure 4C). This suggests that failure in MTOC translocation could be prompted by a mild defect in F-actin depolymerization across the IS.




Figure 4 | SNX27 silencing in Jurkat T cells alters F-actin remodeling at the IS. Control and SNX27-silenced Jurkat T cells were stimulated on anti-CD3 and ICAM-1-coated coverslips and immunostained for phalloidin-A488 (F-actin). (A) Representative confocal section at the cell-coverslip interface. F-actin organization patterns were classified in three phenotypes based on the pixel intensity plots across the synapse (lower panels): ring: F-actin ring at the periphery with depletion of F-actin at the center; intermediate: uneven depletion of F-actin at the center of the synapse, low F-actin ring or clearance; accumulated: F-actin across the synapse. White line in the pictures represents the distance across the synapse plotted in graphs. Analyses were performed on a 1-μm-thick section at the cell-coverslips contact. Scale bar = 5 μm. (B) Quantification of F-actin phenotype at the IS. Data are shown as mean ± SEM of three experiments in duplicates (shCtrl= 306; shSNX27 = 330). Significance was determined by two-way ANOVA with Bonferroni correction (*p < 0.05). (C) Quantification of F-actin MFI carried out on control and SNX27-silenced cells on a 1-μm-thick section at the cell-coverslips contact, regardless of their F-actin pattern. Data are shown as mean ± SEM of a representative experiment out of three run in duplicates (shCtrl=82; shSNX27 = 83). Significance was determined by unpaired t -test (*p < 0.05; ****p < 0.0001).



F-actin polymerization is also important around the centrosome to facilitate MTOC tethering to the nucleus in basal conditions (54–56). Studies in B cells have shown that F-actin nucleation around the centrosome is mediated by the nucleation-promoting factor WASH in combination with the Arp2/3 complex. Upon B lymphocyte activation, Arp2/3 translocates to the IS. This leads to F-actin depletion at the centrosomal area, favoring MTOC detachment and polarization to the cell-cell interface (54). The WASH complex associates to SNX27, so we wondered whether SNX27 deficiency would prevent centrosomal F-actin denucleation and MTOC detachment from the nucleus.

As reported by Farina et al. (55), F-actin filaments were found in the cortical region of Jurkat T cells, as well as in the vicinity of centrosomes (Figure 5A). Centrosomal F-actin and SNX27 exhibited a similar distribution. To determine the centrosomal F-actin area, we followed a procedure previously described by Obino et al. (56). Briefly, we carried out a radial line scan of F-actin fluorescence intensity from the centrosome of resting Jurkat T cells. Based on its gradual decrease, we defined the centrosomal actin area as a circumference of 1 µm of radius around the MTOC (Figure 5B). Immunofluorescence analysis also confirmed the presence of a centrosomal F-actin pool in Jurkat T cells in synapse with TCS-CD86 (Figure 5C). Control and SNX27-silenced cells presented a similar percentage of centrosomal F-actin MFI in basal conditions, which was equally reduced upon synapse formation with TCS-CD86 (Figure 5D). In agreement, conjugate formation induced a mild physical separation of the MTOC from the nucleus. The shorter distance between the edges of these two organelles was measured in three dimensions, and no significant differences in MTOC-nucleus detachment were found between control and SNX27-silenced cells (Figures 5E, F). These results demonstrate that centrosomal F-actin nucleation and the derived MTOC detachment from the nucleus are SNX27-independent.




Figure 5 | Centrosomal F-actin nucleation and MTOC detachment from the nucleus in Jurkat T cells is not SNX27-dependent. (A, C, E) Representative confocal images of control and SNX27-silenced Jurkat T cells in basal conditions [(A, C), left] or incubated with TCS-CD86 [(C, E), right] labeled with CMAC in (C) and Bodipy in (E). Cells were stained for the indicated proteins: phallo-A488 (F-actin, green), SNX27 (red), pericentrin (MTOC, pink) or DAPI (blue) to label the nuclei. Medial optical sections from a representative experiment out of three (A) or two (C, E) are shown. (B) Scheme depicting the strategy used to define the centrosome-associated F-actin region. (D) Quantification of the percentage of centrosomal F-actin from cells shown in (C). Values correspond to the fraction of F-actin fluorescence in a 1 μm-wide area around the centrosome relative to the total fluorescence in the cell. (F) 3D Quantification of the shorter distance between the edge of the MTOC and the border of the nucleus from cells shown in (E). Significance was determined by one-way ANOVA with Bonferroni correction (ns, not significant). Scales bars = 5 μm.





SNX27 Sustains Microtubule Organization at the IS

At the IS, microtubules growing from the MTOC radiate towards the periphery and anchor at the peripheral SMAC (pSMAC), characterized by dense LFA-1 clustering (57). In agreement, Jurkat T cells plated onto anti-CD3 and ICAM-1-coated coverslips showed a radially organized microtubule pattern, projecting to the periphery of the IS and with a visible translocated MTOC (defined as phenotype 1) (Figure 6A, top). SNX27-silenced Jurkat T cells more frequently displayed abnormal microtubule distribution that extended in filopodia-like shape unable to reach the periphery of the IS (defined as phenotype 2) (Figure 6A, bottom), as confirmed by image quantification (Figure 6B). Therefore, in addition to the mild defect in F-actin clearance at the IS and the failure to relocate the MTOC, SNX27-silenced Jurkat T cells present deficiencies in microtubule cytoskeleton organization at the IS. All in all, these results highlight a role for SNX27 in the control of cytoskeleton remodeling upon APC engagement.




Figure 6 | SNX27 silencing in Jurkat T cells affects microtubule reorganization at the IS. (A) Representative confocal images of control and SNX27-silenced Jurkat T cells stimulated on anti-CD3 and ICAM-1-coated coverslips, and immunostained for SNX27 (red) together with anti-β-tubulin (green). Images were post-treated by deconvolution. Representative maximum intensity projections of 4 consecutive sections (0.8 μm) at the cell-coverslip contact are shown (n = 3). Dashed white line indicates cell contour, which was identified by thresholding β-tubulin fluorescence intensity signal. Scale bar = 5 μm. (B) Quantification of microtubule network organization patterns at the IS, categorized by observation of unlabeled images by three independent investigators in two classes: pattern 1 (P1), radial microtubules anchoring at the periphery of the IS, or pattern 2 (P2), non-radial microtubules unable to reach the periphery of the IS. Data shown as mean ± SEM of three independent experiments run in duplicates (shCtrl = 131 cells, shSNX27 = 141 cells). Significance was determined by two-way ANOVA with Bonferroni correction (*p <0.05).





SNX27 Facilitates Signaling Microclusters Organization at the IS

T cell interaction with an APC triggers the activation and recruitment of signaling and adaptor molecules that assemble into microclusters. The formation of supramolecular activation clusters in T cell synapses was first shown in the late 90s by Monks and colleagues using fluorescence microscopy (58). Although TCR signaling takes place at the IS, not all the molecules involved in this process are found at the plasma membrane, and regulated vesicular trafficking is crucial for their assembly and organization at the cell-cell interface. Signaling molecules described to be localized at vesicular compartments include TCR, LAT, and Lck (4, 59–64). Remarkably, the traffic of these molecules to the IS is not determined by the same routes, resulting in the spatial organization of signaling microclusters with distinct compositions. Of note, some of the molecules involved in TCR signaling, such as Lck, ZAP70, LAT, SLP76, PLCγ1, and the scaffolding protein ADAP have been reported to play a key role in MTOC translocation to the IS (16, 65, 66). Moreover, radial microtubules at the IS and dynein were shown to contribute to the centripetal transport of TCR and SLP microclusters, as well as to the p-LAT pattern at the IS (67, 68).

The finding that SNX27 silencing in Jurkat T cells affects cytoskeleton rearrangement, p150Glued, and MTOC synaptic recruitment prompted us to evaluate the relationship between SNX27 and microclusters organization at the IS. In order to induce the formation of signaling microclusters, we set control or SNX27-silenced Jurkat T cells to spread over stimulation surfaces coated with anti-CD3 and ICAM-1. We fixed cells after 10 minutes and analyzed the density of Tyr 319 phosphorylated ZAP70 (p-ZAP70) and Tyr 220 phosphorylated LAT (p-LAT) by immunofluorescence. While the analysis of p-ZAP70 microclusters did not show major differences between control and SNX27-silenced cells (Figures 7A, B), we observed that the density of p-LAT microclusters was decreased in SNX27-silenced cells (Figures 7C, D). This revealed that presence of SNX27 contributes to the correct arrangement of LAT signaling microclusters at the IS.




Figure 7 | SNX27 silencing affects the pattern of p-LAT but not p-ZAP70 microclusters at the IS. (A, C) Representative confocal images of control and SNX27-silenced Jurkat T cells at the contact surface of anti-CD3 and ICAM-1-coated coverslips, immunostained for SNX27 (red), p-ZAP70 (Tyr 319) or p-LAT (Tyr 220) (green). DAPI was used to label the nuclei. Scale bar = 5 μm. (B, D) Quantification, at the cell-coverslip optical section, of p-LAT and p-ZAP70 microclusters density. Plot in (B) shows mean ± SEM of a representative experiment of two independent ones with similar results (shCtrl = 45 cells, shSNX27 = 47 cells). Plot in (D) shows mean ± SEM of a representative experiment out of three (shCtrl = 39 cells, shSNX27 = 21 cells). Significance was determined by unpaired t test (ns, not significant; ****p < 0.0001).





SNX27 Limits Transcriptional Activation, IL-2 Production and Secretion

Polarity regulators are crucial for T cell migration and cell remodeling upon encounter of an APC (69). Noteworthy, deficiency of some polarity proteins in T cells, such as ezrin, Dlg1 or adenomatous polyposis coli (Apc), lead to similar defects as the ones that we observe when silencing SNX27, such as impaired actin and microtubule reorganization at the IS or deficient MTOC translocation. These defects have been associated with altered T activation and effector function, such as hindered microclusters organization, decreased NFAT activation or IL-2 production (68, 70–72). In a previous study, we addressed in great detail the consequences of SNX27 silencing on T cell responses (33). Here we used the TPR Jurkat cell model engaged with TCS-CD86 to mimic the cell-cell contact between a T cell and an APC to further investigate the transcriptional control exerted by SNX27. TPR cells present response elements for NF-κB, NFAT, and AP-1 that drive the expression of the fluorescent proteins CFP, eGFP, and mCherry respectively, allowing assessment of these pathways by flow cytometry. (34). In agreement with previously reported data for DGKζ-silenced TPR cells (73), TCS-CD86 engagement of SNX27-silenced TPR cells promoted a more robust NF-κB and AP-1 induction but diminished that of NFAT compared to control cells (Figure 8A). The inhibitory effect of SNX27 silencing on NFAT activation resembles that described when silencing other polarity regulators, suggesting common mechanisms leading to it, such as defective microtubule organization (70).




Figure 8 | SNX27 silencing alters NF-κB, AP-1 and NFAT transcription factor activity and enhances IL-2 production and secretion. (A) Control or SNX27-silenced cells were stimulated with TCS-CD86 for 24 h NF-κB (left), AP-1 (middle) and NFAT (right) geometric mean fluorescence intensity (GMFI) activity were analyzed. (B) Luciferase activity of an IL-2 reporter construct was evaluated in control or SNX27-silenced Jurkat T cells stimulated with TCS-CD86 for 24 h Luciferase activity was corrected employing an internal renilla luciferase control. (C) IL-2 secretion was determined by ELISA in the supernatants of control or SNX27-silenced Jurkat T cells stimulated with TCS-CD86 for 24 h Data are shown as mean ± SEM of a representative experiment of 3 with similar results. Significance was determined by two-way ANOVA with Bonferroni correction (***p < 0.001, ****p < 0.0001).



The increased NF-κB and AP-1 activity correlated with an augmented IL-2 transcription in SNX27-silenced Jurkat T cells, as demonstrated by measuring the transcriptional activation of a luciferase-coupled IL-2 promoter in Jurkat T cells stimulated with TCS-CD86 for 24 h (Figure 8B). Determination of IL-2 on the supernatant revealed that TCR co-stimulation by TCS-CD86 resulted in increased IL-2 secretion in SNX27-silenced cells compared to control ones (Figure 8C). These results are in agreement with the enhanced IL-2 production and secretion reported in SNX27-silenced Jurkat T cells upon stimulation with soluble anti-CD3/CD28 (33). Altogether these data indicate an important contribution of SNX27 in the correct activation of T cell programs.



SNX27 Regulates Polarization of the Secretory Compartment

MTOC reorientation towards the IS facilitates polarized secretion of secretory granules and cytokines towards the cell-cell contact site (11, 74–76). It also mediates the polarization of MVB that fuse to the plasma membrane and release exosomes, favoring intercellular communication (12). Depletion of p150Glued in Jurkat T cells impaired clustering of vesicles around the MTOC although it did not prevent MTOC translocation (77). To evaluate the contribution of SNX27 in MVB polarization to the IS, we transfected Jurkat T cells with a plasmid encoding for GFP-fused CD63 and followed its localization upon stimulation with costimulatory TCS-CD86 cells. The tetraspanin CD63 is enriched on the intraluminal vesicles of late endosomes/MVB, which are secreted as exosomes. Besides, it is also abundant on lysosomes and a small pool is present at the cell surface (78). In control Jurkat T cells stimulated with TCS-CD86 cells, SNX27 appeared to colocalize with GFP-CD63, which congregated near the IS (Figure 9A, up). In contrast, GFP-CD63 in SNX27-silenced was found at distal locations from the cell-cell contact region (Figure 9A, bottom). Staining of phosphorylated CD3ζ at the IS was used to confirm cell activation. Polarity index of the MVB compartment was computed as the ratio between the distance from the center of mass of the MVB (MVBC) to the IS (“a” distance) by the distance from the IS to the distal pole of the T cell (“b” distance) (Figure 9B). Calculation of MVB polarity indexes and percentage of conjugates with polarized MVB confirmed their impaired translocation in the absence of SNX27 (Figure 9C). Video-microscopy studies also corroborated the results observed in fixed conjugates (data not shown). This finding suggests that SNX27 is necessary for the efficient polarization of the exosome secretory machinery to the IS.




Figure 9 | MBV recruitment to the IS is impaired in SNX27-silenced Jurkat T cells. (A) Representative confocal images of SNX27-silenced and control Jurkat T cells transfected with a GFP-CD63 construct (MVB), and incubated with TCS-CD86 (blue). Intracellular SNX27 (red) and phosphorylated CD3ζ (yellow) were stained as control of silencing and correct IS formation, respectively. Single medial optical sections from a representative experiment are shown (n = 2). Scale bar = 5 μm. (B) Graphical representation of polarity index calculation, computed as the ratio between the distance from the center of mass of the MVB (MVBC) to the IS (“a” distance) by the distance from the IS to the distal pole of the T cell (“b” distance). (C) MVB polarity index. Values are displayed as dot plots, with each dot representing an individual cell. Data shown as mean ± SEM of a representative experiment out of two (shCtrl = 24 cells, shSNX27 = 13 cells). Significance was determined by unpaired t-test (*p <0.05).






Discussion

The polarization of the MTOC and the secretory machinery to the IS represent two mechanisms indispensable for correct T cell functions. SNX27 best characterized role is that of facilitating PDZ-mediated rapid recycling of its transmembrane cargoes from endosomes to the plasma membrane, avoiding their lysosomal degradation (8, 25, 28). Here we add a novel and important function for SNX27 by showing that it acts as a hub for adequate MTOC repositioning and polarization of secretory compartments in T lymphocytes upon APC engagement.

Despite being widely recognized as a critical event in lymphocyte function, the mechanisms driving MTOC translocation in T cells are not completely understood. Here we describe multiple, complementary mechanisms by which SNX27 translocation to the IS may be involved in this process. Firstly, we demonstrate that SNX27 is critical for the regulation of synaptic DAG accumulation, one of the reported triggers required for MTOC polarization. Secondly, we describe a mild defect in F-actin depletion across the synapse in SNX27-silenced cells. Thirdly, we report how SNX27 deficiency leads to randomly organized microtubules, unable to connect the MTOC to the cortex at the pSMAC.

Perturbation of the DAG gradient established during IS formation has been previously linked with impaired MTOC polarization (14–16). Reinforcing this notion, impaired DAG accumulation in SNX27-deficient cells correlates with defective MTOC orientation. The observed defects in DAG content at the IS following SNX27 silencing could be, at least partially, the consequence of abnormal localization of DGKζ. Several studies have reported substantial defects in the organization of the IS consequent to DGK deficiency. For instance, activated CD4+ mouse T cells treated with DGK inhibitors or deficient for DGKα presented impaired DAG accumulation and MTOC recruitment to the IS (14, 16). Besides, DGKζ-deficient CTLs were unable to dock the MTOC to the IS (46), and DGKζ-deficient B cells presented impaired actin remodelling, force generation and MTOC translocation at the IS (79). Our studies show that not only the expression but also the correct spatial distribution of DGKζ are important for the regulation of DAG content in basal conditions and for the generation of DAG gradients upon antigen recognition. SNX27-dependent PDZ interaction allows retrograde DGKζ traffic to internal regions, that in turn facilitate its polarized recruitment to the IS. The high DAG amount in internal membranes derives to great extent from PA hydrolysis by PA phosphatases (39, 80). The failure of DGKζ to reach internal compartments as the results of SNX27 silencing could thus prevent an adequate supply of PA and ultimately lead to the shutdown of PA-dependent DAG generation.

The defect on MTOC translocation in the absence of SNX27 appears much stronger than the partial defect described in DGKζ-deficient CTLs and B cells, suggesting additional mechanisms governed by SNX27. As we show, SNX27-silenced cells display a mild defect in F-actin depletion across the IS that could contribute to the failure in MTOC polarization. Although studies in B cells and Jurkat T cells described that MTOC reorientation is independent of F-actin reorganization at the IS (74, 81, 82), other numerous investigations reported that it does play an important role in this mechanism (49–53). Recent studies have proposed that depletion of centrosomal F-actin by WASH-dependent mechanisms is required for MTOC translocation in Jurkat T cells upon IS triggering (54). However, in our hands, SNX27 silencing did not affect centrosomal F-actin reduction nor MTOC detachment from the nucleus upon engagement with TCS-CD86. Therefore, WASH functions at the IS and centrosomal area might be independent on SNX27 interaction.

Defects in microtubule reorganization during IS formation following SNX27 silencing correlates well with impaired p150Glued translocation to the cell-cell contact region following SNX27 silencing. Although the contribution of microtubule dynamics or stabilization to MTOC reorientation remains unresolved, inhibition of microtubule polymerization in human primary CD4+ T cells and Jurkat T cells has been described to block MTOC translocation towards the APC (83, 84). Dynactin directly binds microtubules and cytoplasmic dynein, which stabilizes the association between dynein and its cargoes and facilitates their retrograde transport along the microtubule cytoskeleton (85–87; 88). In T cells, this complex is recruited to the IS upon TCR activation and has been described to be of great relevance for MTOC polarization (16, 65, 84, 89). Disruption of the dynein-dynactin complex at the IS by overexpression of p50-dynamitin-GFP impairs MTOC translocation. to the contact area between Jurkat and SEE-pulsed Raji cells (89). Localization of p150Glued at microtubules and the MTOC (77) correlates with our studies and identify SNX27 as essential for the correct localization of this protein. SNX27-retromer interaction with p150Glued would facilitate its transport to the IS, favoring the anchoring of this complex to the microtubules minus ends. In turn, this molecular motor would exert a pulling force on microtubules, dragging the attached MTOC to the IS. Further research on the relationship between SNX27 and p150Glued will likely shed light on the exact mechanism linking SNX27 to the control of MTOC polarization.

SNX27 contribution to microtubule rearrangement has a direct impact in the correct organization of p-LAT microclusters. Phosphorylated LAT constitutes a docking site for multiple signaling and adaptor proteins such as the adaptor SLP76 and PLCγ1 (90; 91). PLCγ1 is responsible for initial generation of DAG at the cell-cell contact zone. Therefore, the defects observed in the organization of p-LAT microclusters in SNX27-silenced cells could translate into inappropriate PLCγ1 recruitment and activity. This would contribute to the impaired formation of a synaptic DAG gradient observed in these cells. These predicted outcomes are supported by reported data describing that defects in microtubule polymerization at the IS do not affect ZAP70 activation, but are associated with defective LAT activation and synaptic accumulation, as well as decreased PLCγ1 phosphorylation (92). Interestingly, silencing ezrin or its partner, the polarity regulator Dlg1, hinders microtubule anchoring to the cortical actin cytoskeleton, and its consequences are very much reminiscent of the alterations described here: defective MTOC polarization, microtubule network organization at the IS and p-LAT microcluster patterns. In addition, it is accompanied by defects in microcluster centripetal transport (68). Moreover, defects in the polarity regulator Apc, a partner of Dlg1, induces similar defects on microtubule organization patterns, actin clearance and cytotoxic granule localization and fusion at the IS (70, 71). Both Dlg1 and Apc are components of cell polarity complexes interacting through PDZ/PDZbm domains (93). SNX27 in T cells could be contributing to regulate the coordinated action of cytoskeleton and vesicular traffic at the IS through the same mechanism, as it has been reported to interact with a partner of these cell polarity complexes termed β-PIX (44).

DGKζ-silenced Jurkat T cells enhanced activation of PKCθ downstream TCR/CD28 stimulation, which has been directly related to increased NF-κB-mediated transcription (94). Luciferase studies in SNX27-silenced Jurkat T cells confirmed an increased NF-κB activation that mirrored the one observed upon DGKζ silencing. Dual silencing of SNX27 and DGKζ had no additive effect, suggesting that SNX27 interaction with DGKζ sustained its function as a negative regulator of DAG metabolism (44). This is in accordance with our observation that SNX27 facilitates the control exterted by DGKζ on the correct formation of a synaptic DAG-gradient. In the current study, we further investigated the transcriptional regulation by SNX27 in IS-forming TPR cells. SNX27-silenced T cells stimulated with TCS-CD86 display increased AP-1 and NF-κB-dependent transcription, as well as augmented IL-2 secretion compared to control cells, an effect similar to that described for DGKζ-silenced TPR cells (73). The use of this model confirms previous luciferase studies in CD3/CD28-stimulated Jurkat T cells and demonstrates the strict regulation of NF-κB transcription by SNX27. Although IL-2 has been reported to focus at the IS closely associated with the MTOC, our data indicate that MTOC polarization is not required for the secretion of this cytokine. This finding is supported by previous studies showing enhanced IL-2 and IFN-γ secretion by T cells with impaired MTOC synaptic translocation (74, 95).

SNX27-silenced TPR cells display decreased NFAT-dependent activation upon TCS-CD86 engagement. Of interest, silencing of the polarity regulator Apc leads to deficiencies in microtubule organization in T cells, which in turn impair NFAT nuclear translocation and its mediated transcription (70, 71). In addition, other polarity proteins such as Dlg1 and ezrin control NFAT activation by alternative p38 activation (68, 72). In this study we show that SNX27 is involved in microtubule remodeling and synaptic organization of p-LAT microclusters. Therefore, we suggest that SNX27 silencing could be triggering a decreased NFAT activation through similar mechanisms as the described for the aforementioned polarity regulators. Further research will help to shed light to this issue.

In summary, our study reveals several meaningful details about the function of SNX27 to maintain a polarized intracellular organization, constituting an important regulator of cytoskeletal organization and T cell activation during IS formation. These results could also be of relevance in the analogous neuronal synapse. It is remarkable that some of the interactors identified in the Jurkat proteomic study are proteins with critical functions in centrosome orientation, whose defects are related to human and mice microcephaly due to impaired centrosomal localization during neurogenesis. This is the case of CENPJ where mutations are associated with microcephaly and Seckel syndrome (96, 97); citron kinase whose loss of activity leads to human microcephaly (98), and a malformative syndrome in mice (99); as well as β-PIX and GIT1 where mutations have been linked to intellectual disability and microcephaly (100–104). Additional research on SNX27-regulated functions will likely shed additional light on immune and neuronal synapse function and dysfunction.
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Integrins in effector T cells are crucial for cell adhesion and play a central role in cell-mediated immunity. Leukocyte adhesion deficiency (LAD) type III, a genetic condition that can cause death in early childhood, highlights the importance of integrin/kindlin interactions for immune system function. A TTT/AAA mutation in the cytoplasmic domain of the β2 integrin significantly reduces kindlin-3 binding to the β2 tail, abolishes leukocyte adhesion to intercellular adhesion molecule 1 (ICAM-1), and decreases T cell trafficking in vivo. However, how kindlin-3 affects integrin function in T cells remains incompletely understood. We present an examination of LFA-1/ICAM-1 bonds in both wild-type effector T cells and those with a kindlin-3 binding site mutation. Adhesion assays show that effector T cells carrying the kindlin-3 binding site mutation display significantly reduced adhesion to the integrin ligand ICAM-1. Using optical trapping, combined with back focal plane interferometry, we measured a bond rupture force of 17.85 ±0.63 pN at a force loading rate of 30.21 ± 4.35 pN/s, for single integrins expressed on wild-type cells. Interestingly, a significant drop in rupture force of bonds was found for TTT/AAA-mutant cells, with a measured rupture force of 10.08 ± 0.88pN at the same pulling rate. Therefore, kindlin-3 binding to the cytoplasmic tail of the β2-tail directly affects catch bond formation and bond strength of integrin–ligand bonds. As a consequence of this reduced binding, CD8+ T cell activation in vitro is also significantly reduced.
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1 Introduction

The ability of leukocytes to traffic into tissues and to make contact with other cells depends chiefly on β2 integrins, which are expressed exclusively on leukocytes (1). The αLβ2 integrin, commonly called leukocyte function-associated antigen 1 (LFA-1), is the most abundant and widespread in expression of the four members of the β2 family (1, 2). LFA-1 is expressed by all leukocytes and binds to members of the intercellular adhesion molecule (ICAM) family (1). This integrin mediates the firm adhesion of leukocytes to the endothelial cells surrounding blood vessels and is necessary for leukocyte extravasation at the inflammatory site (3). The adhesion of murine effector T cells, generated in vitro, which play a central role in cell-mediated immunity, to ICAM-1 is completely dependent on β2 integrins (4).

The fundamental importance of β2 integrins is highlighted in the pathologies of several diseases and genetic syndromes, such as leukocyte adhesion deficiency (LAD) (1). LAD can be divided into three different subtypes, LAD-I–III, depending on the causative mutation (5), with types I and III being the most common. Patients who suffer from LAD-I have mutations that lead to a deficiency or absence of β2 integrin expression (1). Therefore, patients suffer from recurrent bacterial and fungal infections, delayed wound healing, and periodontitis (1). LAD-III, a variant of LAD-I, causes patients to present with similar symptoms to patients with LAD-I but with the added complications of a Glanzmann-type bleeding disorder and, in some cases, osteopetrosis (1). Mutations in the signalling protein kindlin-3 have been found to be the cause of LAD-III, thus preventing integrins from becoming fully activated, leading to deficiencies in T cell adhesion and homing (1, 6, 7).

Interaction of kindlin-3 with the β2 integrin in effector T cells is necessary for integrin-mediated adhesion to endothelial cells (6). Through mutating the TTT motif in the β2 integrin cytoplasmic domain, Morrison et al. generated a knock-in (KI) mouse where integrin binding to ICAM-1, T cell trafficking into lymph nodes and inflammatory sites, and T cell activation were severely diminished (7–9). The TTT/AAA mutation abolishes the interaction between integrin and kindlin-3 (7). However, the mechanism by which kindlin-3 affects integrin binding to ligand is still under debate, and it is currently unclear whether integrin/kindlin interactions affect integrin affinity, clustering, or other events involved in cellular adhesion (10–12).

In this paper, we directly assess the effect of mutation of the kindlin-3 binding site in LFA-1 on LFA-1/ICAM-1 bonds. We present an optical-tweezer-based approach for the quantification of the LFA-1–ICAM-1 bond rupture force. Primary murine effector T cells from wild-type and TTT/AAA-beta2-integrin KI mice were allowed to bind to ligand-coated silica beads, and the rupture force of LFA-1–ICAM-1 bonds at a specific pulling rate was measured. The results reveal that mutation of the kindlin-3 binding site in the β2-integrin results in a significantly lower rupture force of integrin–ligand bonds, indicating deficiency in integrin–ligand catch bond formation and resulting in lower bond strength. In addition, we show that this results in reduced cellular adhesion to coated ICAM-1 and in reduced CD8+ T cell activation in vitro. These findings thereby shed light on the role of kindlin-3 in regulation of LFA-1 function in T cells.



2 Materials and Methods


2.1 Effector T Cell Generation

Effector T cells were generated as in Lek et al. (4). Briefly, splenocytes from either wild-type (WT) or TTT/AAA- β2 integrin knock-in (KI) mice were activated with 0.5 μ g/ml anti-CD3 (clone 2C11, R&D Systems, Minneapolis, MN, USA) together with 20 ng/ml IL-2 (R&D Systems). After 2 days, cells were washed free of activating agent and then maintained in 20 ng/ml IL-2 to be used for experimental purposes on days 6–8 of the culture. Throughout the culture, cells were passaged every 2 days, as well as the day before use in an experiment, to ˜1 x 106 cells per ml.



2.2 Static Adhesion Assay

Adhesion assays of effector T cells to coated ICAM-1 were performed as in Lek et al. (4).



2.3 T Cell Activation

CD8+ T cells were isolated using a MACS kit. Purified cells were suspended at 1 million cells/ml in medium and activated with 2.5 μg/ml soluble anti-CD3 antibody (clone 2C11, R&D systems) for the indicated times, followed by flow cytometry to detect the expression of activation markers or ELISA to detect the expression of cytokines, as previously (7).



2.4 ICAM-1 Bead Coating

Silica beads with a diameter of 2.56 μm were coated with 2 μg/ml ICAM-1 (R&D Systems). A large excess of ICAM-1 relative to beads was used to ensure full coating of the beads. Beads were washed twice in 1 ml PBS, by resuspending the beads in 1 ml PBS followed by centrifugation at 13,000 rpm for 1 min in an Eppendorf centrifuge and collecting the beads. After this, beads were resuspended in 500 μl of PBS with 2 μg/ml ICAM-1 and incubated, on rotation, at 4°C for at least 1 h. After incubation, beads were washed 3 times in PBS as above, to remove any excess ICAM-1 from solution.



2.5 Sample Preparation

Samples were prepared by mixing 15 μl of cells with 5 μl of silica beads. The mixture was placed between two microscope coverslips, separated by a 100-μm-thick vinyl spacer. Cells were left to settle for 15–30 min at room temperature before adhesion experiments. This allowed cells to settle on the coverslip, ensuring they were neither pushed away by the bead, nor attracted to the optical trap.



2.6 Experimental System

A force measuring optical tweezers (Figure 1) was constructed by expanding the beam from a 1.5-W (maximum output) 1,064-nm laser (Laser Quantum ventus 1064, Laser Quantum, Stockport, United Kingdom) to overfill the back aperture of a Nikon 1.25 NA 100x oil immersion objective (Spectra Services, Ontario, NY, USA). Samples were placed on a Thorlabs MAX302/M NanoMax piezoelectric stage (Thorlabs, Newton, NJ, USA), which was connected to a Thorlabs MDT630A 3-Axis piezo controller. The trap was imaged, via a Mitutoyo 0.55 NA 100x long working distance objective, onto a quadrant photodiode (QPD). The 2-mm-diameter InGaAs QPD (Hamamatsu, G6849, Hamamatsu Photonics, Hamamatsu, Japan) was used in back focal plane interferometry mode (13) and was connected to custom-built transimpedance amplifiers, which in turn were connected to a National Instruments SCB-68A connector block (National Instruments, Austin, TX, USA). Signals were collected via a National Instruments PCI-6250 data acquisition card and analysed using an in-house LabVIEW program.




Figure 1 | Force measuring optical tweezer system used for static adhesion assays. OBJ 1, Nikon 1.25 NA 100x oil immersion objective; OBJ 2, Mitutoyo 0.55NA 100x long working distance objective. DIC, dichroic mirror; QPD, quadrant photodiode; L, lens; M, mirror. Application-specific optics refer to expansion and beam steering optics. The sample was placed on a Thorlabs MAX302/M NanoMax piezoelectric stage, which was connected to a Thorlabs MDT630A 3-Axis piezo controller.





2.7 Adhesion Measuring Program

The binding between cell and bead was measured using a five-step process, illustrated in Figures 2A–E, via LabVIEW. Before executing the program, a bead was trapped with ˜200 mW and positioned ˜10 μm from a cell. Trap stiffness was determined by sampling the QPD at 100 kHz, in 4-s intervals for 20 s. Power spectra were calculated from the average signal of five intervals with the corner frequency, and hence trap stiffness, determined through a non-linear least square fitting of a Lorentzian function (14) (Figure 1 inset). After determining trap stiffness, the cell and bead make contact, pushed together with ˜5 pN for 1 s, and then separated. While the data sampling rate from the QPD remained constant, the sample number was decreased to 8,000 samples per interval using the cell-bead approach, allowing for pseudo-real-time bead displacement monitoring. An integrin–ligand bond is broken when the bead jumps back into the centre of the trap, producing a similar QPD voltage trace to that of Figure 2F.




Figure 2 | LFA-1–ICAM-1 adhesion measurement. (A–E) show the five steps of an adhesion measurement: (A) trap stiffness; (B) approach; (C) stick; (D) pull; and (E) bond break. Arrow donates direction of stage/cell movement. (F) Typical force versus time graph obtained for an integrin–ligand unbinding event. The large peak, enlarged in the inset, represents the maximum unbinding force required to disrupt an integrin–ligand bond. The jagged profile of the peak is due to the piezo stage moving in “steps.”.





2.8 Single Bond Frequency

Three outcomes were possible when performing an adhesion measurement: the bead and cell did not stick; the bead and cell remained stuck together; or the bead would jump into the trap, breaking the bond with the cell. Successful adhesion events occurred with an average frequency of 25% for WT cells and 22% for KI cells. Due to Poisson distribution statistics (15, 16), this is indicative of a single LFA-1–ICAM bond probability for WT cells of 86.3%, while 12.4% will be double bonds and ˜1% will have 3 or more bonds (17). The slightly lower average binding frequency for KI cells gives bond probabilities of 88.7%, 10.5%, and ˜1% for, respectively, single, double, or three or more bonds.




3 Results and Discussion

As we have previously shown (4), murine effector T cells display high spontaneous adhesion to coated ICAM-1 under static conditions, which could not be significantly upregulated with phorbol ester, anti-CD3, or Mg-treatment of the cells (Figure 3). Mutation of the kindlin-3 binding site in the integrin results in significantly reduced adhesion (Figure 3), as we have also previously shown with other immune cell types. However, how this mutation affects integrin–ligand bonds has remained unclear and has here been investigated utilizing optical trapping. The data presented in Figure 4 show that LFA-1 on both WT and KI murine effector T cells can form spontaneous adhesive contacts to ICAM-1, its corresponding ligand, under force. An average integrin–ligand unbinding force of 17.85 ± 0.63 pN (mean ± std. error, N = 91) (most likely representing a single LFA-1-ICAM-1 bond) was measured for WT cells at an average force loading rate cell of 30.21 ± 4.35 pN/s. As expected, the unbinding force of the KI cells was significantly lower (p << 0.01, two tailed two-sample t-test), with an average unbinding force of 10.08 ± 0.88 pN (mean ± std. error, N = 49) at the same force loading rate. No bonds were measured as forming between uncoated silica beads.




Figure 3 | Adhesion of WT and KI cells to coated ICAM-1, as measured by static adhesion assay. Pooled data from 3 independent experiments, each with 2 technical replicates. ****p < 0.0001.






Figure 4 | Unbinding force of integrin–ligand pairs for both WT and KI cells, as measured by an optically trapped 2.56-μm bead, coated with 2 μg/ml ICAM-1, in contact with the cell for 1 s. WT unbinding force was measured as 17.85 ± 0.63 pN (N = 91), with KI unbinding force significantly lower at 10.08 ± 0.88 pN (N = 49) (mean ± std. error, p << 0.01) at an average force loading rate on the cell of 30.21 ± 4.35 pN/s.



The significant reduction of kindlin-3 binding to the integrin, achieved through the mutation of the TTT motif in the β2 integrin cytoplasmic domain, is mirrored in the reduction of rupture force of the integrin–ligand bonds when external force is applied. Integrins form so-called catch bonds, which are strengthened under force, until a limit is reached, breaking the bond. Under force, LFA-1 unbends from the closed conformation, allowing catch bond formation, as the applied force “pulls” the integrin open (18). The significantly lower rupture force of integrin–ligand bonds for the KI cells under force highlights the necessity of kindlin 3– β2 interaction for such catch bonds to form. Previous work by Morrison et al. showed that there was not a significant decrease in integrin expression of KI effector T cells (7); therefore, this is not a contributing factor for decreased integrin-mediated adhesion of these cells. However, Morrison et al. showed that, under shear flow (e.g., force), effector T cells with the TTT/AAA-mutated integrins were not able to form stable adhesion with ICAM-1 but were able to mediate cell rolling (7). Together with the results presented here, these results strongly indicate that the LFA-1–kindlin-3 interaction is necessary for LFA-1 catch bond formation.

Integrin-mediated ligand binding is important not only for recruitment of T cells from the blood stream but also for other T cell functions. For example, optimal T cell activation is known to require LFA-1. To investigate whether the integrin/kindlin interaction, and therefore strong integrin–ligand bonds, is required also for CD8+ T activation, we performed T cell activation studies in vitro. Purified CD8+ T cells were activated in vitro utilizing soluble anti-CD3 antibodies, a mode of activation which requires functional integrins (7). During activation with soluble anti-CD3 antibodies, the T cells form cell–cell aggregates involving LFA-1–ICAM-1 bonds, which is necessary for optimal T cell activation. We therefore employed this T cell activation assay, to correlate LFA-1 bond strength with a biological outcome. Indeed, as shown in Figure 5, when the integrin/kindlin interaction is disrupted, T cell activation in vitro (e.g., expression of activation markers CD69, CD25, and CD44, and production of the cytokine IFNgamma, but not IL-2) is significantly reduced.




Figure 5 | Activation of WT and KI CD8+ T cells following stimulation with anti-CD3 stimulatory antibodies for 1-6 days in vitro. Pooled data from 2 independent experiments, each with 2 biological replicates (donor mice). *p < 0.05; **p < 0.01; ****p < 0.0001; ns, non significant.



In conclusion, we have shown that kindlin 3– β2 integrin interaction affects integrin–ligand catch bonds of effector T cells and that firm adhesion of WT integrin–ligand pairs relates to an unbinding force of 17.85±0.63 pN at an average force loading rate on the cell of 30.21 ± 4.35 pN/s. By reducing the kindlin 3– β2 interaction, integrin–ligand unbinding force fell significantly, to 10.08±0.88 pN. This confirms that there is still an integrin–ligand interaction without kindlin-3 binding but that kindlin-3 indeed is required for optimal integrin–ligand catch bond formation.

How might kindlin-3 affect LFA-1 catch bond formation? Integrin activation can be achieved by extracellular forces but, in addition to this, also by cytoskeletal forces (pulling on the integrin from the inside of the cell) (19). LFA-1 on the surface of effector T cells is not in an active conformation (20), but effector T cell adhesion to ICAM-1 under shear flow, e.g., catch bond formation, requires an intact actin cytoskeleton (4). Interestingly, the TTT/AAA mutation in the integrin tail disrupts the interaction of the integrin with the actin cytoskeleton (21). We therefore postulate that kindlin-3 affects LFA-1 catch bonds by indirectly mediating its connections with the actin cytoskeleton within the cell. These interactions would allow anchoring LFA-1 within the cell, and catch bond formation in the presence of ligand.

We note that there is still significant scope to expand the observed results in terms of exploring behaviour as a function of loading rate and also experiments with changes in ligand concentration to clarify the nature of the single and multiple bond response.

This study brings new information about the role of kindlin-3 in regulating LFA-1-mediated T cell adhesion events necessary for proper immune system function, through allowing for LFA-1 catch bond formation. In the future, it will be interesting to expand these studies to examine the exact mechanisms involved in kindlin-3-regulated LFA-1 binding to ICAM-1 in T cells, as well as in other cell types.
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Interactions among immune cells are essential for the development of adaptive immune responses. The immunological synapse (IS) provides a specialized platform for integration of signals and intercellular communication between T lymphocytes and antigen presenting cells (APCs). In the T cell the reorganization of surface molecules at the synaptic interface is initiated by T cell receptor binding to a cognate peptide-major histocompatibility complex on the APC surface and is accompanied by a polarized remodelling of the cytoskeleton and centrosome reorientation to a subsynaptic position. Although there is a general agreement on polarizing signals and mechanisms driving centrosome reorientation during IS assembly, the primary events that prepare for centrosome repositioning remain largely unexplored. It has been recently shown that in resting lymphocytes a local polymerization of filamentous actin (F-actin) at the centrosome contributes to anchoring this organelle to the nucleus. During early stages of IS formation centrosomal F-actin undergoes depletion, allowing for centrosome detachment from the nucleus and its polarization towards the synaptic membrane. We recently demonstrated that in CD4+ T cells the reduction in centrosomal F-actin relies on the activity of a centrosome-associated proteasome and implicated the ciliopathy-related Bardet-Biedl syndrome 1 protein in the dynein-dependent recruitment of the proteasome 19S regulatory subunit to the centrosome. In this short review we will feature our recent findings that collectively provide a new function for BBS proteins and the proteasome in actin dynamics, centrosome polarization and T cell activation.
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Introduction

The immunological synapse (IS) is a specialized interface formed by T lymphocytes with antigen presenting cells (APCs) bearing a cognate peptide-major histocompatibility complex (pMHC) that allows for information exchange and execution of effector functions (1, 2). In its canonical configuration the IS is characterized by concentric Supra Molecular Activation Clusters (SMACs) differing in composition and function (3, 4). Ligand-bound antigen T cell receptors (TCRs) and associated signaling molecules occupy the central SMAC (cSMAC), which is surrounded by a peripheral SMAC (pSMAC) enriched in adhesion molecules, such as the integrin LFA-1, and an outer distal SMAC (dSMAC), where filamentous actin (F-actin) and CD45 are concentrated (4, 5). Immune cell interactions rely on continuous cytoskeleton remodeling events, which not only shape the T cell-APC interface, but also asymmetrically distribute molecules and organelles within the lymphocyte, leading to the establishment of transient polarity (6, 7). Cytoskeleton remodeling is one of the earliest events induced by TCR signaling (8) and culminates in the formation of a synaptic F-actin ring, allowing the centrosome to polarize to the IS (9) together with the Golgi apparatus, endosomal and secretory compartments, multivesicular bodies (MBVs) and mitochondria (10–14). This polarized configuration is instrumental in the directional delivery of TCR+ recycling endosomes to the synaptic membrane (15–17) that thus is refilled of signaling-competent receptors as exhausted TCRs are internalized to be sorted for recycling or lysosomal degradation (18, 19). Alternatively, post-endocytic TCRs are directed to MVBs and incorporated in intraluminal vesicles (ILVs), which are released into the synaptic cleft as exosomes and taken up by APCs (20). Mitochondria are also mobilized towards the APC contact site, where they contribute to IS formation and TCR signaling by providing a local source of ATP and modulating the concentration of intracellular calcium (13, 21, 22).

The rapid repositioning of the centrosome following F-actin depletion from the IS center highlights a spatiotemporal coordination between the actin and microtubule cytoskeletons during IS formation. Interestingly, recent studies have unveiled a new feature of the interplay between F-actin dynamics and centrosome repositioning during IS assembly, demonstrating that the balance between F-actin polymerization and depolymerization at the centrosome is crucial for its ability to untether from the nucleus and polarize to the IS. Here, we will summarize how actin dynamics at the synaptic and centrosomal areas regulate IS assembly. We will then describe the emerging role of the ubiquitin-proteasome system (UPS) in centrosomal F-actin remodeling, focusing on our recent findings that identify the ciliary protein Bardet-Biedl Syndrome 1 (BBS1) as a new regulator of T cell polarity during IS formation (23).



Regulation of Centrosome Polarization by the Actin Cytoskeleton


Synaptic F-Actin Controls Centrosome Repositioning to the IS and Microtubule-Driven Exocytosis

TCR engagement by cognate pMHC promotes profound cytoskeletal changes, achieved via the coordinated reorganization of the actin and microtubule cytoskeletons at the IS. Actin remodeling is triggered within seconds after TCR stimulation (8) and precedes centrosome translocation towards the IS (9). Imaging cortical actin at the T cell IS using super-resolution microscopy techniques has revealed the coexistence of distinct actin-based networks in the three concentric regions, or SMACs, featured by the IS: from the outer edge to the center, a lamellipodial branched actin network (dSMAC), the lamellar acto-myosin network (pSMAC), a network consisting of actin foci spread throughout the dSMAC and pSMAC, and an hypodense actin network at the center (cSMAC) [synaptic actin networks are extensively reviewed in (24, 25)]. Another category of actin-based structures, the microvilli, has been described at the T cell surface (26). Although these microvillar extensions are a feature of resting T cells, their study has been recently extended to activated cells based on the observation that TCRs cluster at microvillar tips (27). T cell microvilli had been initially considered as sensors during antigen survey on APCs. However, the discovery of T cell microvillar particles (TMP) deposited on the APC surface has suggested the possibility that they may act as “immunological synaptosomes” that deliver a new class of membrane vesicles as a means of intercellular communication (28, 29).

TCR signaling is the main extrinsic cue for centrosome reorientation to the IS (30), with the second messenger diacylglycerol (DAG), which forms a gradient centered at the cSMAC, acting as a polarity determinant (31, 32). Multiple signaling pathways initiated at the IS by the TCR, the integrin LFA-1 and the co-stimulatory receptor CD28 coordinate the activation of several actin-regulatory proteins that promote F-actin polymerization, feeding back for optimal TCR signaling, integrin activation and T cell spreading over the APC (33, 34). Interestingly, both disruption of synaptic actin networks and depletion of F-actin nucleators (e.g. the formins diaphanous 1 and formin-like-1) result not only in impaired centrosome mobilization but also in defective TCR signaling, suggesting an indirect role of actin in centrosome repositioning. The physical interaction between microtubule (+)ends and branched F-actin network at the IS periphery, which is mediated by molecular linkers that include the IQ domain-containing GTPase-activating protein, ezrin and Cdc42-interacting protein 4 (35–37), provides an additional function for actin in centrosome polarization by generating tension on microtubules.

Centrosome repositioning is considered a hallmark of T cell polarity during IS assembly. The reorientation of this organelle is accompanied by the polarization of other intracellular compartments, including secretory and recycling endosomes that require microtubule tracks for delivery to the IS and focalized exocytosis. Emerging evidence indicates an early participation of F-actin in polarized recycling. F-actin polymerizes at recycling endosomes through the assistance of the F-actin regulator Wiskott-Aldrich Syndrome protein and SCAR Homology (WASH) and its partner FAM21 to help membrane scission of nascent vesicles carrying recycling cargo, including the TCR, LFA-1, CD28 and the glucose transporter GLUT-1. These receptors exploit the recycling pathway to accumulate at the IS, where they participate in mature IS formation and maintenance, as well as in the metabolic reprogramming of activated T cells (38). The role of actin in the final steps of vesicle fusion and exocytosis at the IS is less clear-cut. Initially, cortical actin has been regarded as a barrier that prevents vesicle exocytosis. Consistent with this view, in TH cells the focalized release of IFN-γ at the IS was found to be impaired in Cdc42-silenced T cells due to their failure to form a synaptic actin ring (39). Moreover, lattice-light-sheet microscopy of CTL-target cell conjugates showed that at mature synapses F-actin is cleared from the cSMAC before lytic granule secretion, and that lytic granule release triggers F-actin recovery at the lytic synapse blocking further lytic granule exocytosis and serial killing (40, 41). However, a more in-depth analysis of actin dynamics at the lytic synapse using super-resolution microscopy has revealed that the cSMAC is not entirely free from F-actin, but rather occupied by a hypodense actin network (42–44). Upon cell activation, holes of a size compatible with the access of lytic granules to the plasma membrane for docking and fusion have been observed (42, 44). Hence actin plays a dual role during secretion depending on the maturation stage of the lytic synapse: at immature synapses a dense actin cortex blocks secretion, while in mature, actin-hypodense synapses nanoscale actin filament dynamics fine-tunes regulated lytic granule exocytosis (45).



A Centrosome-Associated F-Actin Pool Contributes to Lymphocyte Polarization

Although the centrosome is the major microtubule-organizing center, F-actin and microtubules coexist at the centrosomal area. Proteomic analyses have documented the presence of actin and actin-associated proteins at the centrosome (46–51) and different actin structures have been reported in association with the centrosome and the nucleus in different cell types (52–55). Recent studies carried out on B lymphocytes have revealed that the centrosome is surrounded by a local, cloud-like meshwork of F-actin. A central function of this F-actin pool is to anchor the centrosome to the nucleus via the Linker of Nucleoskeleton and Cytoskeleton (LINC) complex (51). Moreover, centrosome-associated F-actin can prevent microtubule growth from the centrosome, as supported by in vitro reconstitution assay on purified centrosomes (56), suggesting that synaptic F-actin clearance is not sufficient for centrosome polarization to the IS. Of note, the centrosome-associated F-actin network undergoes a dynamic turnover though repeated cycles of polymerization and depolymerization. Upstream centrosome polarization to the IS, the balance between F-actin assembly and disassembly is tilted towards the latter leading to a local depletion of centrosomal F-actin, which facilitates centrosome detachment from the nucleus and its subsequent translocation towards the IS. In B cells this occurs through a reduced recruitment of the actin nucleator Arp2/3 at the centrosome (Figure 1) in favor of its synaptic localization (51).




Figure 1 | Regulation of centrosomal F-actin clearance in lymphocytes. Recent studies carried out on B and T lymphocytes have implicated three discrete pathways in centrosomal F-actin clearance and centrosome polarization during early stages of IS assembly. (1) In B lymphocytes the recruitment of the branched F-actin nucleator Arp2/3 to the IS upon BCR activation leads to a local depletion of centrosome-associated Arp2/3 that results in reduced F-actin polymerization at the centrosome, allowing for centrosome untethering from the nucleus and its repositioning to the B cell IS (51). (2) In T lymphocytes protein kinase C-δ (PKCδ) has been identified as a novel regulator of centrosomal F-actin remodeling, beyond its role in cortical actin reorganization at the IS. Following TCR triggering, PKCδ phosphorylates the scaffold protein paxillin, which localizes at the centrosome where it contributes to centrosome translocation to the T cell IS by promoting a local F-actin clearance through an unknown mechanism (57). (3) An alternative pathway, based on the proteolytic activity of a centrosome-associated proteasome, controls F-actin clearance from the centrosome to enable its dissociation from the nucleus and polarization to the nascent IS. This pathway is exploited by both B and T lymphocytes with some cell type-dependent features. In B lymphocytes the intracellular distribution of the proteasome is regulated by the proteasome adapter and scaffold protein Ecm29 during B cell IS formation, allowing a sequential recruitment of the proteasome to the centrosome and then to the IS, which is crucial for F-actin reorganization at both locations (58, 59). In T lymphocytes proteasome-mediated degradation of unknown targets at early stages of IS assembly is dependent on the transport of the 19S regulatory particle (RP) to the centrosome, which is paralleled by an active degradation of K48-linked polyubiquitylated proteins (K48 Ub) (23). The contribution extent as well as the sequential implication of these pathways to the process remain to be elucidated.



A more recent study on Jurkat T cell-APC conjugates has demonstrated that centrosome-associated F-actin remodeling is a mechanism controlling centrosome polarization also in T lymphocytes (57). A pathway involving protein kinase C-δ (PKCδ), which is activated downstream TCR engagement, has been proposed to regulate centrosomal F-actin in T cells (Figure 1). The PKCδ-mediated phosphorylation of the cytoskeleton adaptor protein paxillin, which is associated with the centrosome under resting and stimulating conditions, has been related to F-actin clearance around the centrosome and its polarization to the IS (57), however the underlying mechanism remains to be elucidated. Since paxillin interacts with several signaling and cytoskeletal proteins (60, 61), it is likely that paxillin directly or indirectly binds to one or more actin regulators. Furthermore, paxillin associates with the microtubule cytoskeleton (62, 63), suggesting that it might play a role in the actin-microtubule interplay that drive centrosome repositioning to the IS. An interesting aspect in the model proposed by Bello-Gamboa et al. is that the reorganization of the actin cytoskeleton at the centrosome occurs in a coordinated fashion with synaptic F-actin remodeling. In fact, PKCδ was found to phosphorylate another substrate, the formin-like molecule FMNL1β, that is recruited to the IS (57), where membrane-bound formins generate bundles of linear actin filaments across the dSMAC (64, 65).




The Ubiquitin-Proteasome System (UPS) and BBS1 Cooperate in Centrosomal F-Actin Clearance in T Cells

In recent years new, unexpected players have been identified in the mechanisms that regulate centrosomal F-actin clearance and centrosome polarization during IS assembly. We and Ibañez-Vega et al. have implicated the ubiquitin-proteasome system (UPS) in this process (23, 58, 59) (Figure 1). The UPS is a major degradation pathway in eukaryotic cells and is responsible for proteolysis of cytosolic proteins regulating a variety of cellular processes. This system consists of ubiquitin ligases that target proteins for degradation by covalently adding ubiquitin to proteasome substrates, allowing for their recognition by the 26S proteasome. The 26S proteasome is a multisubunit complex, composed by the 19S regulatory particle (RP) and the 20S core particle (CP), which identifies, unfolds, and degrades ubiquitinated proteins in an ATP-dependent manner (66). Accumulating evidence suggests a role for the proteasome in centrosome proteostasis (67), and thus in centrosome-related functions, including cell polarity in neurons (68, 69), growth and signaling function of the primary cilium in ciliated cells (70–74), and differentiation and metabolic profile of CD8+ T cells (75, 76).

Although the proteasome is largely cytosolic, a proteasomal pool is associated with the centrosome, as witnessed by a local accumulation of proteasome subunits and proteasomal substrates around the centrosome (67). Recently, it has been reported that in B cells proteasome relocalization from the centrosome to the IS is required for the spatiotemporal coordination of centrosomal and synaptic F-actin depolymerization (58, 59). In T lymphocytes a proteomic analysis of centrosomes purified from activated cells has revealed a local enrichment of proteasomal components (77). Consistent with this evidence, we observed that the centrosomal 19S RP pool increases early during IS formation, to progressively return to baseline with IS maturation (23). Additionally, we found that the centrosome failed to polarize to the IS in T cells pre-treated with proteasome inhibitors and that the mislocation of the centrosome in these cells is paralleled by F-actin accumulation at the centrosome, supporting a role for the centrosomal proteasome in IS formation. The mechanisms linking the centrosomal proteasome to the local F-actin pool remain unknown. While actin depletion is regulated by the balance in the depolymerization and de novo synthesis of actin filaments, proteasome-regulated and centrosome-associated actin nucleators, such as Arp2/3 and its activator WASH [assembly and activity of the WASH complex are extensively reviewed in (78)], which become depleted during IS assembly (23), may represent potential targets of the centrosomal proteasome. Particularly interesting candidates are the proteasome-regulated E3 ligase TRIM27, which activates WASH through K63 mono-ubiquitination (79), and the centriolar satellite protein PCM1 (80), which recruits Arp2/3 and WASH to the T cell centrosome (50). Whether these are actual targets of the centrosomal proteasome, and the relative contribution of degradation versus changes in subcellular localization to the centrosomal depletion of Arp2/3 and WASH as well as to the resulting local decrease in F-actin during IS formation, are important issues to be addressed.

An expected twist in the proteasome-dependent regulation of centrosomal F-actin was the identification of the ciliopathy-related protein BBS1 as a novel player in T cell IS assembly (23). The BBS complex, or BBSome, is an evolutionary conserved octameric complex that regulates cilia-based signaling pathways by acting as an adaptor between the Intraflagellar transport-B (IFT-B) complex and membrane proteins, of which activated G protein-coupled receptors (GPCRs) are the main group, for their ciliary exit (81, 82). Several ciliogenesis proteins and ciliary signaling pathways are important regulators of different steps in T cell IS assembly (83, 84) and the BBSome core component BBS1 is no exception. In our recent work we demonstrated that BBS1 controls a key event in IS formation, i.e. centrosome polarization, on which the synaptic recruitment of endosomal TCRs and accumulation of tyrosine phosphoproteins depend. Having ruled out an early TCR signaling defect as the cause of the inability of the centrosome to polarize to the IS in BBS1-depleted T cells, we hypothesized alternative explanations. Centrosomal F-actin clearance appeared an interesting possibility, since in BBS4-, BBS6- or BBS9-depleted cells ciliogenesis is compromised due to increased F-actin polymerization (85). Indeed, we found that F-actin failed to be cleared from the centrosome in the absence of BBS1 and that the persistence of a F-actin meshwork at the centrosome was paralleled by a local accumulation of WASH (23). Our results identify a novel cilium-independent function for BBS1 in the clearance of centrosomal F-actin, due at least in part to local depletion of WASH. This is expected to result in impaired F-actin nucleation that is not able to counterbalance the continuous depolymerization of pre-existing filaments, eventually leading to centrosome disengagement from the nucleus and its polarization to the IS. A more in-depth investigation of the molecular mechanism by which BBS1 controls centrosomal F-actin dynamics in T cells revealed that, consistent with the BBSome function in dynein-dependent retrograde transport of ciliary cargo to the base of the cilium (82), BBS1 acts as a dynein adaptor coupling the 19S RP with dynein allowing for its transport to the centrosome. Consistent with this function, a lesser recruitment of 19S RP to the centrosome and an increased centrosomal accumulation of K48-polyubiquitylated proteins were observed in conjugates of BBS1-deficient T cells (23).

Taken together, our findings indicate that, similar to B cells, T cells exploit a proteasome-mediated pathway for centrosomal F-actin clearance, allowing for centrosome polarization to the IS. In this context, the ciliary protein BBS1 regulates the local activity of a centrosome-associated proteasome by coupling the 19S RP to dynein to allow for its retrograde transport to the centrosome (Figure 2).




Figure 2 | Cytoskeleton-driven events leading to centrosome polarization during T cell IS assembly. (1) Migrating T cells exhibit an actin-rich leading-edge and a uropod protruding from the rear of the cell. The centrosome localizes at the trailing edge of the cell and is tethered to the nucleus by a F-actin pool associated with the centrosome. (2) Upon antigen presenting cell (APC) encounter, actin polymerizes and accumulates at the contact site to drive the spreading of the T cell across the APC. On the contrary, centrosomal F-actin undergoes depletion during IS formation to allow for centrosome detachment from the nucleus and its translocation to the nascent IS. Centrosome-associated proteasome, which is endowed of enhanced proteolytic activity within the first minute of IS assembly (23), plays a key role in this process by shifting the balance between polymerization and depolymerization of centrosomal F-actin towards the latter, thus leading to its clearance from the centrosome. The activity of the centrosome-associated proteasome is controlled by the ciliary protein BBS1, which regulates the traffic of the proteasome 19S regulatory particle (RP) to the centrosome by coupling 19S RP with the molecular motor dynein. (3) The centrosome moves from a site proximal to the IS close to the plasma membrane as cortical F-actin reorganizes into the distal SMAC (dSMAC), leaving a hypodense central SMAC (cSMAC) actin network at the mature IS. Microtubule tethering to the actin network (35–37, 86), capture of (+)ends by dynein at the synaptic membrane and microtubule dynamics (77, 87–90) contribute to the full polarization of the centrosome. In association with the centrosome, other organelles, such as the Golgi apparatus, the endosomal and recycling compartments, multivesicular bodies (MVBs) and mitochondria, converge to the IS to sustain TCR signaling and metabolic reprogramming leading to T cell activation.





Conclusions and Future Directions

While cortical F-actin remodeling has been long considered sufficient for centrosome polarization (40), the existence of a F-actin meshwork around the centrosome, the clearance of which is required for centrosome polarization during IS assembly, has added a new level of complexity to the regulation of this process. Currently, three major pathways have been implicated in the depletion of the centrosome-associated F-actin pool and centrosome polarization in lymphocytes. Despite these recent advances, major questions remain to address. For example, whether at some point these pathways intersect converging on shared regulators, or whether they are distinct pathways that sequentially participate in centrosome repositioning to the IS. Imaging studies of the kinetics of centrosome polarization suggested that this process consists of two steps: a relative fast reorientation of the centrosome towards the IS, followed by a slower approach of the centrosome to the synaptic membrane (87). One possibility might be that the dynein- and -BBS1-mediated centrosomal recruitment of either the proteasome or its regulatory component occurs early during centrosome polarization promoting a partial centrosomal F-actin depletion, concomitant with centrosome mobilization to the IS. When the centrosome is in the correct orientation relative to the IS, the synaptic recruitment of the Arp2/3 complex or the PKCδ-dependent phosphorylation of paxillin might complete centrosomal F-actin clearance allowing a full polarization of the centrosome towards the synaptic membrane. Since centrosome polarization can be triggered both by TCR and non-TCR signals (91, 92), we can speculate that a rapid translocation of the centrosome to the IS is driven by TCR-independent signals or minimal TCR signals, while a slower movement of the centrosome towards the maturing IS is tightly controlled by the TCR signaling pathway.

Another major challenge due to the tight squeezing of organelles around the centrosome in the cytoplasm-poor lymphocyte is to image centrosomal F-actin in T cell-APC conjugates at a super-resolution level to confirm that the changes observed in the centrosomal F-actin meshwork are restricted to the centrosome without any involvement of membrane-bound organelles, such as the pericentrosomal endosomal compartment, which is also a site of active actin dynamics. Additionally, super-resolution live-cell imaging is expected to elucidate the interplay of centrosomal F-actin and microtubules during their coordinated reorganization. These considerations suggest novel, exciting directions to be explored in order to better characterize the role of F-actin in centrosome polarization and to identify new regulators of cell polarity during IS formation. Our implication of a BBSome component in IS assembly in the non-ciliated T cell, which further supports the homology of this structure with the primary cilium (83, 84) opens the possibility that other BBS proteins or ciliogenesis proteins functionally related to the BBSome may participate in these processes.
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The role of RhoG in T cell development is redundant with other Racs subfamily members, and this redundancy may be attributed to redundant signal transduction pathways. However, the absence of RhoG increases TCR signalling and proliferation, implying that RhoG activity is critical during late T cell activation following antigen–receptor interaction. Moreover, RhoG is required to halt signal transduction and prevent hyper-activated T cells. Despite increase in TCR signalling, cell proliferation is inhibited, implying that RhoG induces T cell anergy by promoting the activities of transcription factors, including nuclear factor of activated T cell (NFAT)/AP-1. The role of NFAT plays in T cell anergy is inducing the transcription of anergy-associated genes, such as IL-2, IL-5, and IFN-γ. Although information about RhoG in T cell-related diseases is limited, mutant forms of RhoG, Ala151Ser and Glu171Lys have been observed in thymoma and hemophagocytic lymphohistiocytosis (HLH), respectively. Current information only focuses on these two diseases, and thus the role of RhoG in normal and pathological circumstances should be further investigated. This approach is necessary because RhoG and its associated proteins represent prospective targets for attack particularly in the therapy of cancer and immune-mediated illnesses.
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1 Introduction

RhoG belongs to the Rho family of small GTPases, specifically the Rac subfamily. The Rho family is involved in actin–cytoskeletal rearrangements, intracellular membrane trafficking, cell cycle progression, and transcriptional activation (1, 2). According to their sequence similarity and biological roles, the Rho family can be divided into the Rho-, Rac-, Cdc42-, RhoU/RhoV-, Rnd-, RhoD/RhoF-, RhoBTB-, and RhoH subfamilies (3). Classical or typical small Rho GTPases are from the Rho-, Rac-, and Cdc42 subfamilies. The other small Rho GTPases are called non-classical or atypical small Rho GTPases because they cannot hydrolyze GTP in contrast to typical small Rho GTPases (4, 5).

Three Rac1, Rac2, Rac3 share 89% sequence similarity, except the C-terminal region (3, 6), whereas RhoG shares only 70%–72% sequence similarity with the other three Racs and may thus act differently within the subfamily. Typically, Rac-subfamily proteins stimulate the formation of membrane ruffles and lamellipodia by interacting with a panel of effector proteins, such as Wiskott–Aldrich syndrome protein (WASP) and p21-activated kinases (PAK) (7, 8). These interactions activate the Arp2/3 complex and subsequently induce actin polymerization (9–12).

The “on” and “off” states of RhoG are constrained to two flexible loop regions: switch 1 and switch 2, which acquire conformations in the GTP-bound state that enable downstream effector proteins to recognize and interact with small Rho GTPases (13). Additionally, the intrinsic GDP/GTP switching of RhoG is slow and requires three distinct types of regulatory proteins to function, namely, guanine nucleotide exchange factors (GEFs), GTPase-activating proteins (GAPs), and guanine nucleotide dissociation inhibitors (GDIs). GEFs enhance GDP dissociation and the binding of the more abundant GTP in the cytoplasm, allowing RhoG to become active and bind to its specific effectors and hence activating signalling pathways (14). By contrast, GAPs are responsible for terminating RhoG signalling by increasing the intrinsic GTPase activity of RhoG, thereby inducing GTP to GDP hydrolysis (15). Finally, GDIs are bifunctional negative regulators required to keep RhoG GDP-bound and physically sequester it from membranes by interacting with its geranyl–geranyl group (16).



2 Functions of RhoG in T Cell Homeostasis


2.1 Role of RhoG in the Growth and Maturation of Thymocytes

The thymus is the site of T cell growth and maturation, which is critical to the sustenance of the peripheral immune system. The abnormal activities of small Rho GTPases, including RhoA (17), Rac1, Rac2 (18, 19), Cdc42 (20), and RhoH (3) are linked to thymocyte defects in vitro and in vivo. These deficiencies can be caused by defective RhoGEFs, such as Vav1, or missense mutations occurring within small Rho GTPases. For instance, loss of Vav1 in mice inhibits T cell positive and negative selection, and this process is affected by the activation status of its interacting proteins (21). Additionally, point mutations within the GEF interaction region of Rac2, such as Asp57Asn and Pro24His mutations, impair T cell development (22, 23). This finding supports the notion that proper small Rho GTPase activation is required for T cell development and maturation.

Either Rac1 or Rac2 deletion has no effect on thymocyte development, but simultaneous Rac1 and Rac2 deletions have a significant impact (18). Meanwhile, lack of RhoG has no effect on T cell formation, but it marginally increases T cell proliferation during antigen–receptor cross-linking. This finding suggests that the involvement of RhoG in T cell development is redundant compared with that of other Rac subfamily members (18), and this redundancy may be attributed to redundant signal transduction pathways (24). Both Racs and RhoG induce membrane ruffling despite their different subcellular localizations, indicating that they regulate similar signalling cascades. Nonetheless, enhanced T cell proliferation implies that RhoG has a negative impact on immune responses and its activity is crucial to the later phases of T cell activation upon antigen–receptor contact (25).



2.2 RhoG in Peripheral T Cell Activation


2.2.1 RhoG’s Function in Proximal TCR Signalling

RhoG is involved in TCR internalization from the immunological synapse (IS) and is necessary to major histocompatibility complex (MHC) uptake in antigen-presenting cells (APCs). IS is a structured interface between a T cell and an APC, and TCR internalization at IS is required for successful T cell activation and long-term TCR engagement and signalling. However, the significance of IS in TCR activation regulation is controversial because TCR can be triggered prior to or in the absence of IS formation (26). Martínez-Martín et al. (2011) discovered that TCR endocytosis and signal extinction can occur at IS, indicating that not only IS is required to enhance TCR signalling in response to a small amount of peptide antigen-major histocompatibility complex (pMHC) ligand but also suppresses signalling by downregulating TCR in response to a high concentration of pMHC (27). The reason is that non-engaged TCRs continue to be internalized and recycled to the membrane through dynamin-dependent clathrin-mediated endocytosis (CME) in the absence of pMHC or stimulation. However, when TCRs are coupled with pMHC, their membrane expression is reduced because of enhanced TCR endocytosis, which can be regulated by CME and clathrin-independent endocytosis (28).

Martínez-Martín et al. found that RhoG enables TC21 (Rras2), a small GTPase-related to the R-RAS subfamily, to regulate TCR internalization through clathrin-independent endocytosis (26). This process may require both small G proteins to cycle between an active GTP-bound state and an inactive GDP-bound state because dominant inactive (Thr17Asn) and constitutively active (Gln61Leu) mutants cannot block TCR endocytosis. RhoG involvement in endocytosis is observed not only in T cells but also in macrophage (29) and caveolar endocytosis (30). Notably, RhoG and TC21 are associated with TCR-mediated peptide:MHC trogocytic absorption, which is needed for intercellular communication and immunological control (28). Trogocytosis is the exchange of intact membrane fragments across cells and is critical to T cell and APC activation modulation (31). Interestingly, Boccasavia et al. reported that when an antigen is introduced to naive CD4+ T cells by pMHC-II-dressed CD4+ T cells, the naive CD4+ T cells transform into pathogenic Th17 cells, and the process can be mediated by RhoG trogocytosis (32). This is because the loss of RhoG limits Th17 proinflammatory cell differentiation and promotes resistance to experimental autoimmune encephalitis development (32).



2.2.2 RhoG’s Function in Distal TCR Signalling

Interestingly, immunoglobulin (Ig)G1 and IgG2b levels increase in RhoG–deficient mice, indicating an increase in humoral immune response to antigens (24). This finding suggests that RhoG is required for signal transduction to terminate and for the prevention of T- or B cell hyperactivation and control of autoimmunity. However, given that its subfamily member Rac2 regulates Ca2+ influx in response to antigen stimulation (33), RhoG may regulate Ca2+ influx as well, which is required for T cell-dependent immune responses and rapid cytoskeleton remodelling (34). Nonetheless, only a slight drop in Ca2+ influx was observed in RhoG-deficient mice upon TCR stimulation, hinting that RhoG plays a role in Ca2+ influx regulation (24). Notably, nuclear factor of activated T cell (NFAT) activation is dependent on Ca2+ mobilization, specifically through calcium–calcineurin signalling. In this signalling pathway, Ca2+ influx via Ca2+ release-activated Ca2+ (CRAC) channels is required to activate calmodulin (CaM) and the serine/threonine phosphatase calcineurin. Calcineurin then dephosphorylates serine/threonine residues in the regulatory domain of NFAT, exposing nuclear localization signals and thus promoting NFAT nuclear localization. Surprisingly, the elevation of intracellular Ca2+ promotes T cell anergy, a state in which a TCR becomes uncoupled from its downstream signalling pathways. This result suggests that RhoG and NFAT play critical roles in T cell tolerance induction (27).

Vigorito et al. discovered that RhoG can enhance NFAT/AP-1-induced interleukin (IL)-2 or interferon-gamma (IFN-γ) transcription (35), and both cytokines are related to T cell anergy (36). Numerous studies have established a link between NFAT signalling and T cell unresponsiveness or reduced responsiveness to subsequent physiological outputs, such as T cell proliferation or differentiation. This T cell unresponsiveness can be induced by inducing the transcription of anergy-associated genes, such as IL-2, IL-5, and IFN-γ or disrupting the interaction between NFAT and AP-1 (36, 37) (Figure 1). The latter part is predicted because RhoG contains an NLS motif at Pro179 and Ile182 residues, implying that it might regulates the activities or interactions of transcription factors (35, 38). Apart from regulating NFAT activity, RhoG may also promote T cells in a quiescent state by regulating the activities of other transcription factors, including Stat3, as RhoG promotes the transcriptional activation of Stat3 in murine fibroblasts (38). Increased Stat3 activity limits T cell proliferation by up-regulating Class-O Forkhead transcription factors (FOXO) (39). The role of RhoG in T cell anergy is supported by Martínez-Martín et al., who discovered that T cell proliferation decreases as TCR proximal signalling increases in RhoG-deficient mice (26). However, Vigorito et al. demonstrated that RhoG deficiency enhances T cell proliferation (24). Difference in T cell proliferation rate is unexpected given that TCR signalling increases. Nevertheless, these data show that RhoG is required for successful TCR signalling activation. The contradictory results observed in both studies can be explained by the fact that the doses or affinity of peptide antigens used in each research varies (40).




Figure 1 | Potential role of RhoG in the regulation of NFAT transcription activity in anergic T cell in canonical and alternative pathways. (A) In the classical pathway, antigen receptor stimulation causes the synthesis of inositol-1,4,5-triphosphate (IP3), which opens IP3 receptor channels in the ER. The drop in ER Ca2+ concentration activates STIM1 and STIM2, which are needed to bind to and open CRAC channels generated by ORAI1 and ORAI2 proteins in the plasma membrane. CaM and the serine/threonine phosphatase calcineurin are then activated by Ca2+ inflow via CRAC channels. Calcineurin dephosphorylates numerous serine/threonine residues in the regulatory domain of NFAT, causing a conformational shift, nuclear localization signal exposure, and NFAT nuclear import. Increased nuclear localization of NFAT may thereby potentiate the NFAT-induced-anergy-associated gene. (B) Meanwhile, in an alternate pathway, Jak3 phosphorylates a single tyrosine residue within the regulatory domain of NFAT, downstream of the IL-7 receptor, causing nuclear translocation and activation of NFAT in thymocytes independent of Ca2+ signals and calcineurin. Jak3 may activate RhoG via Vav, causing NFAT to be localized in the nucleus. ER, endoplasmic reticulum; NFAT, nuclear factor of activated T cells; STIM, stromal interaction molecule; CRAC, Ca2+ release-activated Ca 2+; CaM, calmodulin; Jak3, Janus kinase 3; IL-7, interleukin-7. Created with BioRender.com.



Additionally, RhoG may impact TCR signalling and the NFAT nuclear translocation in a calcium–calcineurin-independent manner. This process can be induced by Jak3 kinase as NFAT2 nuclear translocation is dependent on Jak3 phosphorylation upon IL-7 activation. The process then leads to the nuclear translocation and activation of NFAT2 (27). Incidentally, JAK3 is necessary for optimal Rac1 activation (41), and given that RhoG and Rac1 are 70% identical (3), Jak3 may influence RhoG activation through Vav1 (42) and affect NFAT nuclear translocation (Figure 1). This finding is supported by Martínez-Martín et al., who found that RhoG must be capable of cycling between active and inactive states to regulate TCR internalization and activation (26). However, Puga et al. discovered that caspase 3 cleavage inactivates Vav1 in anergic T cells (43), indicating that the RhoG activation cycle is disrupted and it may exist primarily in an inactive GDP-bound state.




2.3 RhoG’s Role in Controlling the Actin–Cytoskeleton and Migration of T Cells

Similar to other small Rho GTPases that are strongly associated with leukocyte transendothelial migration, RhoG is involved in the regulation of T cell migration, which requires a series of coordinated stages, complex modulation of integrin activation by chemokines, and cooperative action of adhesion molecules on endothelial cells and leukocytes (44). However, the involvement of RhoG in the control of actin–cytoskeleton complex is redundant. Nevertheless, it enhances NFAT-induced production of IFN-γ and promotes T cell recruitment to inflammatory sites (35). Additionally, the T cell production of IFN-γ is necessary for neutrophil chemotaxis to damage sites (45). Interestingly, the role of IFN-γ in the control of T cell or lymphocyte migration necessitates the modification of the expression of numerous integrins, including α4 (ITGA4), β7 (ITGβ7), and αvβ3 (35, 46, 47). For instance, upon IFN-γ stimulation, α4 and β7 expression increase, whereas αvβ3 expression decreases, and thus lymphocyte migration is promoted. These results show that RhoG has an indirect role in the control of integrin expression, as evidenced by its capacity to stimulate NFAT.

Upstream involvement of RhoG is necessary to the regulation of the activities of Cdc42 and Rac1, which are required for the production of membrane ruffles and filopodia (48). These characteristics are critical during cell migration and necessitate the participation of filamentous actin (F-actin). Reduced F-actin levels then influence the shapes of cells and the creation of force during cell migration and division. Interestingly, GTP-bound Rac1 regulates F-actin polymerization in lamellipodia (49), which may need the RhoG effector, ELMO, and the ELMO-binding protein Dock180 and Dock4, both of which are Rac1-specific GEFs (50). When RhoG is activated, the Dock-ELMO complex translocates to the plasma membrane, activating Rac1 and resulting in cell migration. This finding indicates that RhoG acts upstream to Rac1 and its activation is required for Rac1 activity, particularly cell motility. Interestingly, the absence of RhoG also inhibits RhoA activation, thereby decreasing the overall F-actin level (51). Altogether, these findings suggest the role of RhoG in T cell migration is regulating the activation of other small Rho GTPases.




3 RhoG Activity Is Dysregulated in T Cell-Related Disorders


3.1 Thymoma

According to the cBioPortal and TCGA datasets (accessed December 2021), RhoG is frequently altered by amplification, deletion, or mutation, and aberrant RhoG gene expression has been observed in various malignancies, including thymoma. Thymoma is a relatively uncommon tumour of thymic epithelial cells. Various abnormalities have been described in thymomas and affect normal T cell development by distorting tumour architecture and inhibiting MHC class II expression, autoimmune regulator gene expression, and formation of regulatory T cells (52). RhoG has been implicated in thymoma in type AB thymoma (cBioPortal) caused by a RhoG mutation at Ala151Ser.

Interestingly, RhoH Ala151Val mutation produces a loss-of-function effect, implying that a RhoG mutation at the same location may have the same effect. However, both RhoH and RhoG only share 40% sequence similarities (3), indicating that it may give a different effect. Most of the literature indicates that RhoG plays an active role in cancer progression by promoting cell migration, proliferation, and angiogenesis, and its absence is related to the reduction of cancer characteristics. Nonetheless, given the evidence of RhoG’s involvement in thymoma and lack of its function in the regulation of thymocyte development, RhoG Ala151Ser mutation may affect the activities of other small Rho GTPases, such as Rac1 and Cdc42, leading to impaired thymocytes development.



3.2 Hemophagocytic Lymphohistiocytosis

Hemophagocytic lymphohistiocytosis (HLH) is a potentially fatal disease characterized by a generalized inflammatory response caused by abnormal immune activation. The estimated prevalence of HLH cases in different regions worldwide varies from 1 to 10 in 1,000,000 of people. However, the reported data might have been underestimated because of scarce documentation (53–56). In general, HLH can be distinguished into primary (or familial) that is inheritable, whereas secondary HLH (predominantly endured by adult individuals) are mostly triggered by three main factors: infections, autoimmune diseases, and neoplasms (56, 57). Secondary HLH particularly induced by infection is almost similar to sepsis according to abnormal inflammatory syndrome as a consequence of infection and leads to organ dysfunction resulting from a “cytokine storm.” Given that HLH syndrome can be nearly identical to sepsis, it may unintentionally lead to the death of individuals who were misdiagnosed with sepsis (58). Mechanistically, this immunological disorder is characterized by systemic inflammation produced by the defective exocytosis of cytotoxic granules (CG), required for lymphocytes to eliminate infected or malignant cells (51).

Recently, a missense mutation, Glu171Lys in RhoG has been found to impair cytotoxic T lymphocyte (CTL) and natural killer (NK) cell exocytosis, resulting in the development of a severe HLH (51). RhoG knockout promotes deleterious effects on human NK and CD8+ T cell exocytosis as manifested by impaired cytoskeletal and cell morphology and abnormal migratory capacity (51). The data hence suggest the critical role of RhoG in CG docking to the membrane of cytotoxic lymphocytes.




4 Conclusions and Future Perspectives

RhoG is a critical component of T cell signalling and may be used or targeted therapeutically in cancer and immune-related diseases. However, existing understanding is insufficient and requires additional comprehensive experimental validation. Besides, inquiry into various illnesses and biological functions is also needed to enhance the knowledge of the therapeutic utility of targeting RhoG signalling axes.

The role of RhoG in thymocyte development is redundant compared with the roles of other members in the subfamily. Nonetheless, RhoG may be crucial to the control of T cell anergy through NFAT transcriptional activity or TCR endocytosis from the IS. Thus, further research into the role of RhoG in the control of T cell anergy may aid the development of therapeutic targets for the rescue of anergic T cells in human diseases, such as cancer, autoimmune disease, and viral infection. However, targeting a signalling node protein required for normal physiology is difficult, justifying the need for substantial research before identifying and designing the most effective attack points for treating RhoG-associated diseases.
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Efficient scanning of tissue that T cells encounter during their migratory life is pivotal to protective adaptive immunity. In fact, T cells can detect even a single antigenic peptide/MHC complex (pMHC) among thousands of structurally similar yet non-stimulatory endogenous pMHCs on the surface of antigen-presenting cells (APCs) or target cells. Of note, the glycocalyx of target cells, being composed of proteoglycans and bulky proteins, is bound to affect and even modulate antigen recognition by posing as a physical barrier. T cell-resident microvilli are actin-rich membrane protrusions that puncture through such barriers and thereby actively place the considerably smaller T-cell antigen receptors (TCRs) in close enough proximity to APC-presented pMHCs so that productive interactions may occur efficiently yet under force. We here review our current understanding of how the plasticity of T-cell microvilli and physicochemical properties of the glycocalyx may affect early events in T-cell activation. We assess insights gained from studies on T-cell plasma membrane ultrastructure and provide an update on current efforts to integrate biophysical aspects such as the amplitude and directionality of TCR-imposed mechanical forces and the distribution and lateral mobility of plasma membrane-resident signaling molecules into a more comprehensive view on sensitized T-cell antigen recognition.
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Introduction

The adaptive immune response is an extraordinarily complex process involving a multitude of different cell types, transmitters, and effector molecules performing their intended function in diverse tissue environments, some of which are altered by disease and infection. Slight deviations within the involved mechanisms can lead to severe medical complications, namely, allergies, autoimmune diseases, hypo- or hyper-reactions to invading pathogens, and the development of cancer. The degree of fine-tuning required for immune protection becomes apparent at multiple regulatory levels controlling T-cell activation. The pivotal event preceding many of the ensuing cellular interactions concerns the specific molecular recognition of processed pathogenic peptides displayed in the context of the major histocompatibility complex (MHC and peptide-presenting MHC; pMHC) by T cells via their clonotypic and genetically recombined T-cell antigen receptors (TCRs).

Interactions between stimulatory pMHCs and TCRs are highly specific and confer exquisite T-cell antigen sensitivity, a sine qua non considering the consequences of recognition failure. It is, however, not yet clear how such a level of specificity and sensitivity is maintained, since measured biochemical affinities between TCRs and pMHCs are astonishingly low. A number of models have been conceived and tested in the last two decades. Experimental efforts focused on revealing the molecular machinery involved in antigen recognition events and led to the formulation of concepts implicating kinetic segregation, kinetic proof-reading, co-receptor involvement, ligation-triggered conformational changes, serial engagement, and the contribution of mechanical forces in early recognition events [reviewed in (1)]. These models have their merits, and the ground truth will very likely be a combination of their aspects.

The complex interaction of naïve antigen-inexperienced T cells with antigen-presenting cells such as dendritic and B cells can be described on different spatial and temporal scales (see Figure 1 for an illustration of these processes). Highly dynamic cellular interactions involving massive cytoskeletal rearrangements transpire during the entirety of the cell–cell contact. Before antigen recognition, pre-existing membrane protrusions such as microvilli scan the surface of the target cell in search of their cognate antigen (2–5). As a result, physical barriers such as the glycocalyx of the target cell are overcome by the surveilling microvilli. During scanning, surface receptors at the tip of the microvilli are subject to a large range of mechanical forces such as tensile, compressive, and shear stresses (6). Once a specific recognition event is established, the T cell receives a movement arrest signal and the two interacting cells start reorganizing their conjugation plane, which involves massive membrane undulations and the formation of other membrane projections such as invadosome-like structures (2, 7–9). Proteins within the entire conjugation plane become spatially reorganized, forming the immunological synapse with a central and peripheral domain (10).




Figure 1 | Illustration of the membrane organization of scanning and activated T cells and the accompanying possible mechanical forces affecting surface receptors. (A) During immune surveillance, T cells scan target cells via microvillar protrusions. The first physical barrier they encounter is the glycocalyx of the target cell. Antigen scanning speed is impacted by the glycocalyx physicochemical properties such as stiffness, density, and matrix composition, but also by the migrational speed of the T cell itself and its microvillar dynamics. (B) As soon as surface receptors on the microvillar tips interact with their ligands on the opposing membrane, the formed bonds experience a force vector with normal and tangential components. The surface stiffness of the target cell and the microvillar elasticity also influence the interacting receptor–ligand pairs. (C) Upon recognition of a cognate antigen, T-cell activation starts. Surface receptor molecules build signaling platforms while the two participating plasma membranes approach each other, compressing the remaining glycocalyx components. (D) After the initiation of TCR signaling, the zonal organization of the immunological synapse is established and signaling foci, called microclusters, are pulled by the actin cytoskeleton toward the center of the cell. This dragging motion is also causing mechanical strain on the involved receptor–ligand pairs. APC, antigen-presenting cell.



The unique two- and three-dimensional properties of immune synapses are likely to influence the dynamics of intrinsic receptor–ligand interactions (11). For example, massive membrane rearrangements ensue after initial contact and produce spatial constraints that eventually result in the molecular segregation of membrane receptors and ligands based on the size of their extracellular domains (12). Signal-maintaining microclusters are formed, containing ligated TCRs, which are subsequently dragged by the cytoskeleton toward the center of the synapse (13–17). This active process creates drag on other constituents, causing membrane undulations due to elastic deformation and relaxation (18). In this fashion, measurable pulling forces are exerted by the regulated, centripetal flow of the cortical actin cytoskeleton (19).

Considering the temporal flow of events, one must consider that signaling events during T-cell activation are divided into early recognition events, which eventually lead to motility arrest, and signal-maintaining events. Early recognition events fulfill the purpose of fast and efficient antigen screening (20, 21), whereas later events are needed to maintain a steady T-cell response at a continuous antigenic stimulus (14, 17, 22, 23).

In this review, we highlight the cell biological and biophysical features of T-cell microvilli, which act as antigen-sensing units and, in turn, reevaluate the impact of physical barriers and mechanical forces on immune surveillance.



Antigen Scanning Entities: Microvilli of T Cells

T cells are exceptionally motile as they roam a multitude of different environments during their life cycle (24, 25). After differentiation and selection in the thymus, naïve T cells move into the blood and lymphatic system to reach secondary lymphoid systems. In doing so, T cells are exposed to strong shear forces caused, for example, by the dynamics of the blood flow. To leave the blood stream, T cells perform a complex maneuver along the endothelial wall, comprising a selectin-mediated rolling and adhesion cycle that eventually leads to diapedesis. After entering a lymph node or tissue of interest, T cells start migrating through dense three-dimensional extracellular matrices while continuously screening antigen-presenting cells (APCs) or target cells, which they continuously encounter for cognate antigen. Upon stimulation, T cells switch their migration mode and form cell–cell interfaces, which, depending on tissue properties, are termed immunological kinapses or synapses. Subsequently, they start proliferating, and eventually start their surveilling migration anew throughout the body. Further triggering of an antigen-experienced T cell leads to the fulfillment of its effector function according to the subtype of the T cell.

During immune surveillance, the membrane ultrastructure of scanning T cells is especially dynamic in order to guarantee adaptation to different physical environments and functions. Prominent structures are the actin-rich membrane protrusions called microvilli, which play a central role in antigen surveillance.


Physical Barriers in Immune Surveillance

An interesting aspect of T-cell interactions concerns the biophysical environment T cells experience while they are scanning their surroundings. T cells are actively probing for pathogen-derived or otherwise atypical or non-endogenous peptides presented on the surface of cells that they encounter in their migratory life. However, cells are protected by the glycocalyx, a dense and wide coat of extracellular polysaccharides and proteins, which creates a physical barrier, preventing the close apposition of the cellular membranes and, consequently, any intercellular ligand–receptor interaction (26–28). To deal with this, T cells feature membrane protrusions that can puncture through the cell-resident glycocalyx to efficiently scan large portions of a large variety of cells and drive TCR-specific signaling (2, 4, 7, 29). The glycocalyx is a naturally occurring physical barrier made of extracellular branched carbohydrates, glycolipids, glycoproteins, and proteoglycans that covers the plasma membrane of cells (30). The involved carbohydrates (i) can be directly linked to their respective anchor molecules via N- or O-glycosidic bonds or are independent entities within the matrix, (ii) are continuously remodeled by cellular enzymes, (iii) are primarily negatively charged, and (iv) play an important role in cellular processes such as signal amplification, adhesion, migration, and cell death (31). The complexity and height of this dense, gel-like coating can vary from 250 to >500 nm (32) and it is filled with ions, growth factors, chemo- and cytokines.

The exact composition of the glycocalyx has been characterized in detail for endothelial cells: prominent membrane-anchored proteoglycan groups are syndecans and glypicans, whereas other proteoglycans such as mimecan, perlecan, and biglycan are actively secreted into the extracellular space and blood stream (33). These proteoglycans form a dense network by associating with glycosaminoglycans (GAGs) such as heparan sulfate, dermatan sulfate, chondroitin sulfate, and hyaluronic acid, to name a few ubiquitous GAGs. Apart from these components, a large variety of glycoproteins such as selectins, integrins, and immunoglobulin-like proteins also participate in forming a dense extracellular network (33). It is beyond the scope of this review to discuss all the participating glycocalyx players, but it is important to note the existence of a complex, multi-layered, and highly dynamic layer beyond the plasma membrane that impacts any cell–cell interaction.

The glycocalyx of the T cell consists mainly of a few prominent surface proteins with large extracellular domains, namely CD43 and CD44, and the protein tyrosine phosphatases CD45 and CD148. These proteins' extracellular domains are 3–4 fold larger in length than the physiological intermembrane distance, allowing for a pMHC–TCR bond (~15 nm) (26, 34), and resemble stiff rod-like structures that are unlikely to bend in response to external tensile forces (35). Similarly, CD148 and CD45 also carry large extracellular domains but fulfill additional signaling functions in the wake of TCR triggering. During the immune synapse formation, these proteins and integrin LFA-1 binding to ICAM-1 are positioned in distinct zones creating varying intermembrane distances. This zonal reorganization after TCR triggering leads to steep membrane curvatures accompanied by dynamic membrane tension profiles in the contacting APC and T cell membranes [reviewed in (34)]. Not much is yet known with regard to the presence of typical membrane-anchored and secreted proteoglycans and glycoproteins in the glycocalyx of T cells, yet one study investigated the upregulation of Mucin-1 (a very large glycocalyx-building proteoglycan) after mitogenic stimulus in activated T cells (36) and another study detected hyaluronan (a prominent GAG) on the surface of T cells in certain conditions (37). However, given their migratory lifestyle and the necessity to visit and scan a large variety of tissues, the presence of a bulky glycocalyx network seems disadvantageous and may only be upregulated in certain scenarios such as trafficking and homing. Also, T cells exhibit a stiffness modulus of only ~85 Pa, which is very soft in comparison to other cell systems (38). This has implications for cell–cell interactions, as the cell with the lower rigidity spreads at the interface. Recent rheological measurements of the viscoelastic properties of T cells during activation show a 2–3 fold increase in stiffness after stimulation with an activating microbead (39). The authors also performed AFM experiments with T cell–APC conjugates and concluded that mechanical changes occur within seconds of initial contact (39).

The glycocalic layers of professional APCs have so far been investigated to a much lesser extent, and given the migratory life of these cells, it is unclear if the glycocalyx layers are up or downregulated in their immature/mature states or the varying lymphoid environments they reside in. One study showed the presence of Mucin-1 on dendritic cells in vivo (40). Also, a recent publication investigated the contribution of hyaluronan (HA) to the glycocalyx layer of migratory DCs and discovered a 400–500 nm thick glycocalyx layer anchored and regulated by the HA-receptor CD44 (41). The study also showed that the HA content within the glycocalyx was upregulated for mature DCs compared to immature DCs, and consequently, that the presence of HA glycocalyx is necessary for trafficking over the lymphatic endothelium and allowing crawling along the endothelia (41, 42). This aspect becomes crucial considering that long-lived MHC-dependent T cell–DC interactions occur on the luminal side of afferent lymphatic capillaries (43, 44).

An interesting mechanism was recently uncovered in the work of Imbert et al., characterizing the immune-modulatory impact of the glycocalyx on the target cell during phagocytosis in in vitro and in vivo settings (45). The elegant experiments showed that the presence of a repulsive glycocalyx on target cells prevents phagocytosis, leading to effective immune evasion, and that, similarly the upregulation of glycocalyx layers on the phagocyte itself led to the same inhibition of phagocytosis. The study clearly showed that glycocalyx layers can actively prevent immune recognition and the triggering of surface receptors by restricting their accessibility. Along this line of thought, cancerous cells have been shown to alter their glycocalyx composition (46, 47), in that they vary its height and other biophysical parameters, thereby promoting their immune evasion capabilities (48, 49).

Biophysical parameters of the glycocalyx have been measured using AFM nano-indentation (50), resulting in an elastic modulus of around 0.39 kPa. The plasma membrane lacking a glycocalyx has been found to be less flexible with an elastic modulus of about 3 kPa. The corresponding stiffness of cells has been experimentally determined to be in the range of 10 Pa to 10 kPa, the variability resulting from different cell types and confounding parameters like intracellular pressure and actin–myosin contractility of the underlying cytoskeleton and differences in methodology (51). Interestingly, spread mesenchymal stem cells exhibit a larger stiffness modulus than rounded ones, with 3.2 and 2.5 kPa, respectively (52). The stiffness of monocyte-derived dendritic cells has been reported to be in the range of 0.5 kPa, with their stiffness changing upon inflammation (38), whereas another study reports a 2–3 fold increase in stiffness for maturing DCs (within the range of 2 to 8 kPa) (53).

All these aspects become relevant when considering the sensitivity of the T cell toward different substrate stiffnesses. The stiffness and porosity of the glycocalyx of both T cell and APC may hence be critical for antigen accessibility, whereas the APC cortex stiffness may be critical for antigen sensitivity and subsequent signaling (54). It has been comprehensively shown that the stiffness of the ligand-presenting surface impacts T cell signaling, proliferation, and differentiation (54–59). Some of these studies report a positive correlation between the substrate stiffness and T-cell activation (55–57), while others show an inverse correlation (54, 58). The investigated stiffness ranged from a few Pa to MPa, while most studies report a maximum cellular response at a substrate stiffness of 100 kPa. In a more physiological setting, Blumenthal et al. investigated the impact of the cortical stiffness of dendritic cells on the T-cell response (53): by varying the stiffness of stimulatory hydrogels in the physiological range of immature and mature DCs (2 to 8 kPa, respectively), the authors showed an increase in CD4+ T-cell antigen sensitivity and responses under stiffness conditions reflecting that of mature DCs. Strikingly and in contrast, CD8+ T cells only showed modest sensitivity toward stiffness. By substituting pMHC as a stimulatory ligand for activating antibodies, the authors revealed a dependence of the stiffness response on the type of TCR–ligand engagement. Within the measured physiological stiffness range (2–8 kPa), this limitation dramatically affected T-cell responsiveness, as only treatment with pMHCs but not with antibodies triggered T-cell activation under these conditions, except for very high ligand densities (53). Considering the effect of substrate stiffness on T-cell effector function, recent studies reporting on the vulnerability of cancer cells to T-cell cytolytic activity showed a positive correlation between immune response and cellular rigidity (60). As a consequence, cancer cells may actively evade antitumor immune responses by softening their cortical actin cytoskeleton.



Microvilli Dimensions and Localization

In the mid-1970s to 1980s, efforts were made to morphologically characterize lymphocytes using the then newly developed technique of scanning electron microscopy, and consequently, microvillar protrusions were discovered covering the surface of lymphocytes (61–63). These membrane structures were described as being dynamic and dependent on the cell cycle, temperature, inter-cell contact, and even antigenic stimulus (64). Twenty-five years later, it was possible to detect the presence of membrane protrusions on the surface of circulating T cells (65), and prior to engagement with antigen-presenting cells (2, 4, 66) and within lymph nodes (3). These studies demonstrated the existence of such membrane protrusions during initial contact formation. Cai et al. quantified the occurrence of microvillar protrusions via Lattice Light Sheet Microscopy: the cell membrane is densely packed with highly dynamic microvillar protrusions that cover 98% of the cellular surface over a time period of 1 min (2). After the formation of the immunological synapse, the membrane structure ultimately becomes more planar, creating wider close-contact zones between the participating cell membranes (66, 67). Leukocyte microvillar protrusions, used for initial tethering to and rolling along the endothelia within the high shear force conditions of the blood stream (9, 68, 69), will not be the focus of this review in view of their largely different functions and surface receptor composition.

Electron-microscopic snapshots of T cells interacting with antigen-presenting cells allow the characterization of the morphology of membrane protrusions on resting, scanning, and activating T cells. The protrusions are 300–400 nm long (median, up to 4 µm has been reported) and 70–350 nm in diameter with a density of 3–4 protrusions per µm2 on a resting T cell (3, 5, 7, 65, 70). So far, we are not aware of any comparative study quantifying the abundance of microvilli on circulating and scanning T cells. Interestingly, the dimensions of microvillar protrusions are similar when comparing murine and human blood-isolated lymphocytes, even though human lymphocytes are in general twice as large in cell diameter (65). This conserved feature size of the microvilli indicates the existence of a common physical parameter T cells must overcome during their life time, e.g., the thickness of the glycocalyx during immune surveillance or similar shear forces during rolling tethering in the blood stream. Upon contact formation with a professional antigen-presenting cell, the protrusion tips form close contacts with the opposing cellular membrane in an antigen-independent manner, i.e., the interaction frequency and protrusion density remain unchanged during surveillance and immune synapse formation (2). Upon TCR ligation, however, the ensuing antigen-specific interactions appear to lead to a longer dwell time of the microvilli tip in the synaptic area (2) and may even deform the target cell membrane, forming invadosome-like structures (4). It still remains to be investigated whether microvilli and invadosome-like structures are in fact morphologically and functionally similar protrusions. Recent studies from the Husson as well as the Hivroz group (71–73) have revealed the formation of large membrane protrusions after synapse formation, the physiological role of which remains unknown, but may not be confused with microvillar protrusions during diapedesis and immune surveillance.

Microvilli were described as continuously forming under the leading edge of the lamellipodium of migrating T cells. Upon antigen encounter and synapse formation, membrane protrusions can be preferentially observed forming at the synaptic periphery of the T cell–APC interface (4). Importantly, the transient interactions scanning microvilli form with their target surface do not cease after antigen-dependent triggering of the T cell (2), much in line with the findings that synapse maintenance depends on continuous recruitment of new TCR–pMHC interactions (14, 17, 74, 75).

Monitoring and characterizing of T cell microvilli during antigen scanning remains a big challenge within the otherwise extensively researched field of T-cell activation. Previous investigations are confounded by varying cell types, T-cell receptors, and presented ligands, but ultimately by the applied techniques and stimulation platforms. Studies were especially hindered by the lack of methods to investigate three-dimensional and highly dynamic nanostructures on living cells (7). A few research groups applied indirect observation methods to prove the existence of membrane protrusions within the immunological synapse, such as confocal microscopy (4), total internal reflection microscopy (TIRF) (5, 70, 76), and super-resolution techniques (3, 77). Other techniques like lattice light-sheet microscopy and synaptic contact mapping allow a more direct assessment of the membrane structure of activating T cells (2).



Distribution of Signaling Molecules on Microvillar Protrusions

As extensively reviewed by Orbach and Su (78), microvilli are well-equipped for antigen recognition, and recent studies show that microvillar protrusions are indeed the antigen-sensing entities driving immune surveillance (79–81). In short, TCRs and CD4 coreceptors, CD2 adhesion molecules and essential proteins for T-cell activation, such as Lck and LAT, have been found enriched in microvilli (80). Jung et al. investigated the impact of membrane ultrastructure on TCR distribution on T cells and observed TCR pre-clustering on resting T cells (3). Interestingly, no TCR clusters were observed when T cells were allowed to flatten out on non-activating surfaces (82). Recently, the Ley group observed CD45 exclusion from microvilli tips before antigen recognition (83), whereas Razvag et al. observed an exclusion of CD45 shortly after contact formation (77). Considering the kinetic segregation model, which postulates that T-cell activation is induced by the spatial separation of phosphatases such as CD45 from the phosphorylation sites of TCRs, this implies a high sensitivity of tip-resident TCRs toward antigenic pMHC. Indeed, contacts between microvilli and stimulating surfaces were found to be sufficient for T-cell activation (76, 84). What drives the organization of signaling molecules in microvilli has so far remained elusive, but it is speculated that the extreme membrane curvature and the lipid composition, in particular cholesterol content, may play a role (78). Furthermore, it is generally accepted that microvillar protrusions contain parallel bundles of actin filaments (2, 65) and may colocalize often, but not necessarily always, with TCR molecules [(2) and reviewed in (78)].

In summary, it is evident that microvilli form a restricted reaction volume harboring the necessary molecules for T-cell activation. An exciting observation was recently made by Klotzsch and colleagues, who demonstrated the ability of the T cell to reach into narrowly confined spaces and who showcased the very dynamic nature of their microvillar protrusions and their ability to scan for occluded antigens (85). Interestingly, when T cells reached into micropits below 200 nm in diameter, a slight yet quantifiable antigen-independent cytokine upregulation started. This observation indicates that the signaling molecules within the limited reaction volume of microvilli may be sufficient for cell-body independent signal amplification or, alternatively, that T cells may reach an even higher degree of antigen sensitivity when the dimensions of their microvilli are severely restricted. Effective T-cell activation may hence be aided by enforcing the spatial proximity of signaling molecules downstream of the TCR.



Microvilli Scanning Speed on Artificial and Natural APCs

The fractal arrangement of microvilli enables T cells to efficiently scan the surfaces of antigen-presenting cells (2). Scanning human CD4+ T cells move with a mean velocity of ~3 µm/min over cell surfaces (4). T cells perform immune surveillance in lymph nodes in the presence of antigen with a scanning speed of 2.6 to 5.4 µm/min in a random walk fashion (86, 87), and a dendritic cell typically interacts for ~3 min with individual T cells (88). In resting murine OT-1 TCR-transgenic T cells, microvilli were found to move at an average speed of 5.2 ± 0.4 μm/min, resulting in a 98% coverage of the T cell surface within 1 min. Similarly, the leading edge of the lamellipodium of migrating fibroblasts moves at a velocity of 6.3 µm/min (89). Note that comparable migration velocities have been observed for TCR microclusters in Jurkat T cells (8.4 ± 0.36 μm/min) (90). The mean velocity of actin retrograde flow in Jurkat T cells stimulated with a strong agonist has been recorded to be ~4.8–5.4 µm/min (91, 92), with faster velocities observed for weaker agonists (92).

Motion of any biological membrane in a perpendicular direction to the plane of the receptor–ligand interaction occurs at high frequencies and in the range of tens of nanometers due to thermal fluctuations or stochastic membrane displacement (reviewed in (34)). Perpendicular fluctuations of microvilli tips of about 67 nm were observed within 1 second-long observation windows (70). The lateral movement of microvilli within this experimental setup across a non-activating surface was however minimal, and only rarely spurts of tenths of a micrometer could be observed (70). These results indicate that microvilli move perpendicularly toward a cell surface and retract without much lateral movement to reappear at a different position to continue probing the APC surface. This observation of dynamic microvilli behavior is intriguing, considering that T cells must overcome the glycocalyx in order to probe for surface receptors. Lateral movement through the dense surface layer may be energetically disadvantageous. Also, the geometry of the antigen-presenting surface is likely to influence scanning membrane protrusions (4, 93).

In 2012, Sage et al. performed a series of experiments aimed at determining the depth and width of “invadosome-like” podosomes (ILPs). Although the depth of these structures was found to be stimulus-independent, the width showed a significant decrease in the presence of a specific antigen (4). The authors also showed that calcium flux is initiated ~25 s after the first appearance of an ILP. Interestingly, the presence of antigen caused a substantial stabilization of the ILP lifetime (4), i.e., the transient nature of the scanning ILP ceased to exist after contact with cognate antigen. Cai et al. observed rapid scanning of the opposing surface by microvillar structures and their subsequent arrest or stabilization upon encountering cognate antigen (2). This process seemed, however, to be independent of downstream signaling. A theoretical model has been proposed, attributing the microvilli contact stabilization to the formation of catch bonds (non-covalent bonds whose lifetime increases under force) between TCR and MHC loaded with stimulatory peptide (21), implying a critical role of mechanical forces exerted via microvilli in antigen discrimination. The suggested mechanism is in agreement with the finding that microvilli stabilization is independent of actin (2). Further theoretical work indicated that the antigen-dependent arrest of microvilli may indeed be essential for ligand discrimination (94): Within their framework, which was based on kinetic segregation, Fernandes and coworkers found specific TCR triggering if (i) close contact areas between T cells and APCs persisted for at least two seconds and (ii) the radius of the area was smaller than 220 nm.

Considering the mobility of pMHCs on APCs as an additional parameter for T-cell recognition, the field has not yet reached a consensus on to what extent the laterally immobile or the mobile fraction of pMHCs lead to efficient triggering in vivo (95–97). Several studies have identified the velocity and quantified the mobile fraction within the membranes of APC (98–100), but to our knowledge, none has shown the functional connection to T cell activation of either fraction. From our own experiments using activating adhesion-competent gel-phase and fluid-phase glass-supported lipid bilayers, we do know that T cells scan and activate efficiently on both surfaces (101), but we could observe a slight delay in response on laterally immobile surfaces, most likely due to a stalled microcluster formation. These results were corroborated by other studies (102, 103). A faster moving pMHC molecule would increase the likelihood of encountering the microvilli tips, which becomes important when contemplating scenarios with very low densities of cognate antigens (21). On the other hand, slower moving or immobilized pMHCs may facilitate rebinding events if microvilli tips stay in close proximity (21), which could influence antigen recognition thresholds (104).



Force Profile of Membrane Protrusions

As motile entities, T cells experience considerable strain. T-cell protrusions share many properties with filopodia, which are actively used by other motile cells when they screen the surroundings for biochemical and mechanical cues through environment-sensing receptors residing on their tips (105). Filopodia generation requires 5–30 pN (piconewton) of protrusion force (106). Once formed and anchored to cortical actin, they can exert extensive pulling forces on their own (79, 107). Podosome protrusion force was quantified using monocyte-derived cells spreading on a deformable artificial membrane: an average of 29 to 155 nN pushing force was measured, which was positively correlated with substrate rigidity (108). Interestingly, podosomes could adjust their core elasticity toward the substrate rigidity, maintaining a constant indentation depth. Similar results were obtained for podosomes of fibroblasts pushing against SLBs (109). The latter study quantified the molecular tension exerted by individual integrin molecules using DNA-based tension-gauge tethers, hence confirming the tendency of podosomes to predominantly exert perpendicular forces.

Via 3D traction force microscopy employing beads bound to an elastic hydrogel, forces of up to several hundred piconewtons exerted by single microvilli were observed (79). Force application via membrane protrusions was found to be crucial for the cytotoxic activity of CD8+ T cells (110): Knocking out the cytoskeletal regulator WASP not only led to diminished forces and deformation of target cells, but also to a 50% reduction in killing efficiency at low antigen levels.




Mechanical Forces in T-cell Antigen Recognition

For decades, scientists have attempted to tackle the mystery surrounding the high sensitivity and specificity of T cells for their cognate antigen and have naturally created a multitude of T-cell activation models, each with their own merits and weaknesses. These early models mainly investigated biochemical aspects of the TCR–pMHC interaction, such as the multimeric state of the ligands, the required ligand density for activation, or the influence of co-receptor binding on triggering potency. However, it quickly became apparent that all these models could not sufficiently explain the high sensitivity and specificity of the TCR–pMHC interaction. Eventually, a new parameter entered the field. In 2001, the Dustin group observed that different experimental methods led to marked differences in the measured kinetic parameters of the TCR–pMHC interaction. Consequently, it was hypothesized that the koff may increase due to mechanical force in a 2D setting, where settling T cells interact with immobilized ligands on a surface (111). The intuitive explanation for this phenomenon was the involvement of dynamic cellular processes in destabilizing the TCR–pMHC interaction. Indeed, ten years later, Huppa et al. observed a significant difference in 2D and 3D binding kinetics and, additionally, a pronounced increase in TCR–pMHC interaction lifetime upon the destabilization of the cortical cytoskeleton, indicating that mechanical forces impact T-cell antigen recognition and triggering (112).

The advancement of new techniques followed, with the purpose of identifying the impact of mechanical forces on/during T-cell activation (see Figure 2 for an overview of the most prominent methods). For this review, we will discriminate between the effects of externally applied mechanical forces and forces exerted through the TCR itself.




Figure 2 | Technical approaches for quantifying mechanical forces exerted on TCR–pMHC pairs. (A) Optical tweezer setup: ligand-coated beads are spatially fixed by an optical trap. Upon TCR engagement, the bead is moved out of the laser focus. The deflection indicates the TCR-imposed mechanical force. (B) Biomembrane Force Probes: A T cell and a red blood cell are aspirated and held in place via a micropipette setup. A ligand-coated bead is attached to the surface of the red blood cells. Upon T-cell contact, altered thermal fluctuation of the bead indicates TCR–ligand engagement. Forces can be exerted by retracting the micropipette. (C) Atomic Force Microscopy: A ligand-coated cantilever tip is brought into close proximity of the T cell surface. Upon TCR engagement, the deflection of the cantilever indicates force generation. (D) Digital Molecular Force Sensors (MFS): A ligand is attached to a fluorescently labeled MFS unit. In their folded state, the fluorescence is entirely quenched. Such sensors can withstand a certain threshold of strain before (Fr) unfolding. Upon TCR engagement and force generation, the digital MFS unfolds, reducing the quencher efficiency and leading to a quantifiable increase in fluorescence. (E) Analog MFS: A ligand is attached to a fluorescently labeled spring unit framed with a FRET (Förster resonance energy transfer) pair. In its coiled state (F=0) the fluorophores are in close proximity and the FRET efficiency is high. Upon TCR engagement and force generation (F1<F2) the spring unit uncoils continuously decreasing the FRET efficiency between the two fluorophores. AFM, Atomic Force Microscopy; F, Force; Fr, hairpin rupture force.




Impact of Externally Applied Mechanical Forces on T-Cell Activation

In a multitude of studies, mechanical forces were applied to the TCR–pMHC bond to characterize the TCR as a mechanosensor. Different approaches were devised to stretch the bond in a defined manner (see overview in Table 1):


Table 1 | Overview of published articles investigating the impact of mechanical forces on T-cell activation.



One of the first experimental strategies was to confront T cells with a bead coated with a defined number of TCR–ligands, followed by targeted force application and simultaneous recording of TCR-downstream signaling. A force of as little as 50 pN applied to the pMHC-coated bead in a tangential but not normal orientation with regard to the T cell surface turned out to be sufficient to activate T cells (113). A subsequent study determined the effect of applied shear and pulling forces on the TCR–pMHC bond using artificial APCs and demonstrated that mechanical forces can activate T cells as well in a cell–cell conjugate (114). Forces of as little as 10 pN were found sufficient to induce signaling when imposed through pMHCs or TCR/CD3-specific antibodies (122). Combined, these studies are consistent with the notion that triggering thresholds are not only defined by the intrinsic biochemical properties of TCRs and pMHC but also by force load and directionality. Interestingly, the latter study revealed that forces applied to no more than 1 molecule at the bead–cell interface could not trigger a robust T-cell response, whereas forces applied over 2 bonds resulted in T-cell activation. Given that the physiological concentration of presented antigen via pMHCI is estimated to be around 10–100 per interface (124), and as few as 3–10 bonds are sufficient to trigger cytotoxicity (125), these insights let mechanical forces in the context of scanning microvilli tips shine in a new light.

Adding to the multitude of unique insights, the study by Feng et al. provided the first clear evidence that forces applied over multiple bonds at the bead–cell interface are being distributed (122). A prerequisite to load distribution would be the physical coupling of the involved surface area. Along this line of reasoning, the biophysical parameters of membrane curvature and tension recently emerged as a possible mechanism influencing T-cell motility, protrusion, and immune synapse formation (reviewed in (126)). The decisive physical parameter in this model is the modulation of membrane tension and tension decay at the triggering point, which could even be used to explain certain aspects of ligand discrimination (127) and synapse breaking (128).

By measuring TCR–pMHC dissociation kinetics under load with the use of a biomembrane force probe (BFP), Zhu and colleagues found a correlation between the bond lifetime and stimulatory potency (116, 117, 119, 129). BFP probes were used to apply mechanical forces to CD8+ (117) and CD4+ T cells (119, 123), and showed that for agonistic antigens, forces up to 10 pN prolong the interaction lifetime, forming ‘catch bonds,’ while non-stimulatory pMHCs give rise to much reduced lifetimes under load (‘slip bonds’). By using an optical tweezer setup (118), catch-bond characteristics of stimulatory TCR–pMHC interactions were also observed by others. Furthermore, the directionality of externally applied forces probing the TCR–pMHC interaction impacts the antigen sensitivity of the T cell (122). Therefore, one prevalent model in the field describing antigen discrimination concerns the mechanical probing of each TCR–pMHC interaction. The TCR-imposed molecular forces exerted by the structural dynamics of the cellular membrane help in probing the ligand–receptor interaction, and only strong agonists allow the necessary resistance (life-time) to trigger activation (117, 122). It seems, therefore, plausible that linking forces to synaptic lifetime and the stimulatory potency of a given TCR–pMHC pair manifests as a major principle underlying antigen discrimination in the physiological context of T-cell antigen recognition. However, this has been contested by the recent observation that even agonist pMHCs coated on beads and interacting with a TCR-coated surface exhibited a clear slip bond behaviour behavior under defined flow-generated force in an in vitro experiment without cells (130).



Force Amplitude of TCR-Imposed Mechanical Forces

Adhesion-related forces of about 1–2 nN have been reported within cell–cell contacts. However, measured values varied significantly depending on the cell line under investigation (131, 132). Moreover, net adhesion forces recorded between the conjugated cells correlated with the stimulatory potency of the pMHC (132). Several attempts have since been made to assess forces imposed on a truly molecular level (see Table 2).


Table 2 | Overview of published articles investigating mechanical forces exerted by T cells.



Husson et al. (71) adapted the BFP technology with single-molecule detection to visualize the temporal response of single T cells to glass beads functionalized with anti-CD3 and covalently attached to the surface of a red blood cell. Force generation was monitored by the elongation of the red blood cell. In this fashion, distinct pulling and pushing phases could be observed in receptor-engaged T cells.

Traction force microscopy (TFM) has been applied to assess forces related to T-cell adhesion and activation. This methodology involves tracking the force-induced displacement of fluorescent beads embedded in a matrix of defined stiffness resulting from cells crawling or spreading thereon. From such studies, it was concluded that T cells adapt their signaling response according to substrate stiffness. TFM provided the net amplitude and directionality of averaged cellular mechanical forces. With the use of elastic pillars coated with pMHC or activating antibodies, Bashour et al. visualized and quantified TCR-imposed forces (133): T cells deflected pillars with approximately 200 pN per pillar in an antigen-dependent manner. However, the exact number of participating molecular bonds could not be determined. A similar TFM experiment conducted with Jurkat T cells revealed that activating surface conditions (anti-CD3 antibodies) produce higher deforming forces than non-activating conditions (56).

Atomic force microscopy (AFM) using pMHC-coated cantilevers confronting the T cell surface showed distinct pushing and pulling phases without further application of external force (19). The net pulling forces of activating T cells were stronger for high affinity antibodies than for pMHC and absent for control antibodies. Similarly, T cells immobilized on AFM cantilevers exhibited both pushing and pulling forces when contacting activating supported lipid bilayers (76).

Intra- and extracellular molecular force sensors (MFSs) are recent technological additions to the field of nano-mechanosensors and can either have an analog (for peptide/PEG-based sensors) or digital readout (for DNA-based sensors). By defining the mechanical force necessary to unzip a DNA hairpin spanned between a fluorescent dye and a quenching gold particle, Salaita and colleagues successfully measured the range of forces exerted by a defined number of TCR. CD8+ T cells were shown to unzip pMHC-carrying hairpins of 12 pN but not of 19 pN resistance, and CD4+ T cells unzipped hairpins of 4.7 pN resistance (134, 135). In this follow-up study by the same group, force probe-decorated gold particles were anchored to a fluid lipid bilayer (135). Although this system can be considered mobile, the force probe itself was still immobilized on a rigid surface, resulting in a high counter force. Furthermore, the same technique was applied to gain insights into the mechanical sampling of antigenic peptides of varying potency. The authors reported a correlation between tension, potency, and successful TCR triggering (136).

The shortcomings of digital MFSs can be mitigated by using peptide-based analog MFSs. These contain a flexible peptide whose extension is a continuous function of the applied force. Like a macroscopic spring, the higher the pulling force is exerted, the larger the end-to-end distance of the peptide becomes, allowing for direct measurement of the force. This approach has been showcased by the quantification of forces exerted by single integrins by Morimatsu et al. in 2013 (137). Reasonable estimates of single integrin forces were between 2 and 40 pN (AFM rupture forces), and maximal transmitted forces were measured by a digital DNA-based force sensor to be 20–30 pN. However, peptide-based analog force sensors reported only 1–5 pN (extrapolated from bulk measurements) (137) and 1–3 pN (determined by single-molecule FRET measurements) (138) for individual integrins. There is a considerable difference between the results of these studies depending on the acquisition method. Given the more direct method of data acquisition with single-molecule resolution, the latter studies likely approach the ground truth.

Using an analog peptide-based MFS, we recently quantified the mechanical forces exerted by single TCRs and found a striking difference between activating and scanning conditions (101). We developed a quantitative FRET-based force sensor for application within the immunological synapse, which operates at the single-molecule level (101). As a spring element, we employed a peptide derived from the flagelliform spider silk protein with known elastic properties (139, 140). The biotinylated spring peptide was conjugated to either (i) a stimulating single-chain antibody fragment derived from the TCRβ-reactive H57 monoclonal antibody or (ii) the natural ligand, an MCC-presenting MHC protein. The sensor fits well within the immunological synapse, as it only spans 8 nm in its collapsed configuration (2, 141). We observed 5 to 8 pN force-peaks per TCR for T cells engaging gel-phase and ~2 pN for fluid-phase glass-supported lipid bilayers using the H57-derived MFS, and T cells stimulated with the natural ligand exerted an average force of ~2 pN on gel-phase surfaces. The functional consequences of mechanical forces along the bond axis remain to be investigated, but this study suggests that perpendicular endogenous forces seem negligible. Additionally, temporal single-molecule force profiles revealed a strong molecular force peak of 7.5 pN in early contact situations while T cells scan for antigen and a late arising force peak of 5.6 pN after T-cell activation (101). These results clearly show that force profiles experienced by individual TCR–ligand pairs differ during antigen surveillance and synapse formation. The analog MFS further enabled us to record the time course of force application. We observed linearly increasing forces at a rate of 1.5 pN/s for 2–3 s, followed by a sudden drop to zero, which we speculate is due to TCRs losing their frictional coupling to the actin cytoskeleton.



Force Orientation During TCR Triggering

The impact of the orientation of the force vector on mechanotransduction is another hotly debated topic in the immune surveillance and T-cell triggering fields. The aforementioned experiments using optical tweezers to pull a bead tangentially or perpendicularly with respect to the T cell surface (113) yielded the first insights into a differential response toward the directionality of externally applied forces. Here, non-agonistic antibodies binding to the CD3ϵγ subunit of the TCR could be used for triggering if pulled tangentially, but not normally with respect to the cell surface. A recent study by the Salaita group yielded the latest insights into the force vector directionality for triggering of TCRs by applying a newly developed technique named SIM-MFM, in which polarization-modulated structured illumination is combined with DNA-based membrane force sensor technology (142). Using an activating antibody against CD3ϵ, they found no preferred direction of TCR-imposed forces. Although these results do not answer the question of force orientation during immune surveillance, the reported method provides a first step toward resolving the force direction required for TCR triggering.



Impact of Mechanical Forces After Immunological Synapse Formation

Investigating mechanical forces during T-cell activation lays bare numerous differences in the mechanisms employed by various T cell lineages and subtypes. Adhesion cascades, cytoskeletal rearrangement, and, consequently, synapse shape and dynamics are very much dependent on the encountered cellular target. LFA-1 conformation and function clearly depend on the retrograde flow of the actin cytoskeleton and impacts T-cell activation via co-stimulation (143, 144). Naïve T cells scanning DCs within the lymphoid tissue experience a rapid LFA-1 maturation cascade in view of the ligand rigidification on the DC membrane (53, 98). The latter study showed that for a DC subset, MHC mobility remained unchanged upon DC cell differentiation (98). Whether MHC molecules also experience mobility changes during or as a result of certain signaling events or synapse formation remains to be addressed (143). Another prominent example of how mechanical forces act during T-cell activation concerns target cell killing by CD8+ T cells. As shown by Huse and colleagues, antigen-experienced cytolytic T cells massively strain and deform the target cell membrane surface and promote in this fashion perforin function (145).




Concluding Remarks

T cells feature specialized membrane protrusions in varying environmental contexts. In the last few years, membrane protrusions have received much attention for their active role during immune surveillance. Microvilli provide the platform for exerting forces based on their cytoskeletal core and their dynamic nature. So far, the community has gained the following insights into the topic:

	(i) Microvilli are important for fast and efficient antigen scanning and sampling.

	(ii) Microvilli carry all molecules necessary for adhesion and initiating TCR-proximal signaling.

	(iii) Microvilli form limited reaction volumes, which may sensitize T cells for antigen.

	(iv) Microvilli may not only be involved in the biochemical probing of the environment but may also be necessary for testing the biomechanical properties of the target cells and tissues.

	(v) Glycocalyx and cellular stiffness parameters affect TCR triggering.

	Considering the dynamic cellular processes surrounding mechanosurveillance, a precise temporal control of the triggering event is a sine qua non for further insights in the field, and based on the aforementioned studies, a number of conclusions can already be drawn:

	(i) Tensile forces do affect early T cell activation.

	(ii) Force transduction is TCR- and peptide-dependent.

	(iii) Shear forces or torque affect T cell activation more strongly than normal forces.

	(iv) Generated tensile forces are invariably tied to physiological T cell recognition and precede T cell activation.

	(v) Individual molecules at protrusion tips are subject to pulling and pushing forces in the pN range.

	(vi) Tensile forces are generated internally by rearrangements of the actin cytoskeleton and do not involve the action of acto-myosin motor proteins.

	(vii) Immune synapse formation generates mechanical forces that activate ligand-bound integrins.

	(viii) T cell-imposed forces deform target cells and promote their killing.





Open Questions

	(i) Are there any lateral movements of antigen-bound microvilli tips? What resistance does the glycocalyx pose to the lateral movement of microvilli? Can the microvillar scanning process be imagined more like a “dragging through the waves” or more like a repeated “poking through the barrier”?

	(ii) There is conflicting evidence for increased microvilli life- or dwell times upon antigen encounter. Does antigen binding lead to an arrest of microvilli dynamics? Are such arrests only happening for triggering interactions or also for probing events?

	(iii) Is the glycocalyx posing a resistance to microvilli penetration?

	(iv) At what point is the force vector reversed from pushing to pulling? How are adhesive interactions influencing this process? Is this process used for ligand discrimination by mechanical probing?

	(v) What is the fate of microvillar protrusions after TCR triggering? Are the protein platforms at the microvillar tips evolving to microclusters? What is the impact of LFA-1 maturation on signaling within microvillar protrusions?

	(vi) Is the mobility of the pMHCs decisive for the interaction probability and/or rebinding in the context of microvillar scanning? Are target cells mechanically altering their presenting surfaces to allow or inhibit efficient scanning of the surface?

	(vii) How are microvilli recognition events coupled to the movement of the entire cell body? How are these signals communicated within the T cell?
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Naïve T cell activation in secondary lymphoid organs such as lymph nodes (LNs) occurs upon recognition of cognate antigen presented by antigen presenting cells (APCs). T cell activation requires cytoskeleton rearrangement and sustained interactions with APCs. Enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) proteins are a family of cytoskeletal effector proteins responsible for actin polymerization and are frequently found at the leading edge of motile cells. Ena/VASP proteins have been implicated in motility and adhesion in various cell types, but their role in primary T cell interstitial motility and activation has not been explored. Our goal was to determine the contribution of Ena/VASP proteins to T cell–APC interactions, T cell activation, and T cell expansion in vivo. Our results showed that naïve T cells from Ena/VASP-deficient mice have a significant reduction in antigen-specific T cell accumulation following Listeria monocytogenes infection. The kinetics of T cell expansion impairment were further confirmed in Ena/VASP-deficient T cells stimulated via dendritic cell immunization. To investigate the cause of this T cell expansion defect, we analyzed T cell–APC interactions in vivo by two-photon microscopy and observed fewer Ena/VASP-deficient naïve T cells interacting with APCs in LNs during priming. We also determined that Ena/VASP-deficient T cells formed conjugates with significantly less actin polymerization at the T cell–APC synapse, and that these conjugates were less stable than their WT counterparts. Finally, we found that Ena/VASP-deficient T cells have less LFA-1 polarized to the T cell–APC synapse. Thus, we conclude that Ena/VASP proteins contribute to T cell actin remodeling during T cell–APC interactions, which promotes the initiation of stable T cell conjugates during APC scanning. Therefore, Ena/VASP proteins are required for efficient activation and expansion of T cells in vivo.
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Introduction

T cells patrol the body for signs of infection and cancer by recirculating through the blood and lymph and homing to secondary lymphoid organs (SLOs) such as lymph nodes (LNs). While patrolling, T cells scan antigen presenting cells (APCs) for the presence of their cognate peptide antigens bound to proteins encoded in the major histocompatibility complex (MHC). To scan for antigen within the LN, migrating T cells utilize the fibroblastic reticular cell (FRC) network and the associated network of lymphoid resident dendritic cells (DCs) as guiding structures for otherwise stochastic exploration (1–3). Naïve T cell motility is driven by chemokine receptor signaling, which stimulates actin polymerization. This actin polymerization is then translated into forward movement by the frictional interface mediated by low affinity integrin adhesion (4) and through interactions with the local environmental topography (5). T cells undergo rapid, amoeboid movement within LNs, and significant alterations in T cell speed and directionality can skew APC scanning and lead to defects in T cell priming (6, 7). Indeed, actin retrograde flow promoted by CCL19 enhances the crawling/scanning behavior of naive T cells and optimizes interactions with APCs, leading to a higher frequency of T cell encounters with rare cognate antigen in vitro (8).

Upon encounter with cognate antigen-bearing APCs, T cells receive “stop signals” by which the T cell decelerates and eventually arrests as actin polymerization is translated towards the development of a stable interaction between the T cell and APC instead of into forward motility (9, 10). This can occur gradually and sequentially as T cells accumulate activation signals over multiple short serial interactions with APCs (11, 12). These serial interactions function to initiate the process of T cell activation, accumulating signals that lead to changes within the T cell necessary to override the pull of chemokine mediated motility. For example, T cell receptor (TCR) signaling leads to the downregulation of CCR7 and the conversion of LFA-1 into a high affinity conformation (13). This decreases chemokine mediated motility and increases adhesion between T cells and APCs, facilitating the transition into long-lasting and stable interactions.

To maintain sustained T cell–APC interactions, T cells undergo extensive actin reorganization and form an immunological synapse (IS). The IS is comprised of distinct zones of filamentous actin (F-actin) composition, which also structurally facilitates the organization, movement, and internalization of TCRs and co-receptors (14–16). Within these synapses, microclusters of TCRs, co-stimulatory molecules, and adhesion receptors engage their ligands on the APC surface to trigger downstream signaling, resulting in T cell activation and proliferation (17). Actin cytoskeletal effectors, such as formins and WASP, have been shown to contribute to the formation of actin structures important for TCR centralization and to actin retrograde flow important for regulating integrin function and T cell–APC interactions (18–23). The classic, TCR monofocal configuration of the IS is typically observed in artificial synapses created with supported lipid bilayers or in synapses with APC cell lines (24, 25). However, physiological interactions between T cells and DCs often lead to multifocal synapses, in which there are multiple local ensembles of TCR, co-receptors, and adhesion molecules (26). While there have been many effector molecules identified as essential for these processes in in vitro systems, there is still more to uncover in detailing the specific proteins responsible for actin rearrangement throughout T cell activation. In particular, the function of specific cytoskeletal effectors of actin remodeling in primary T cell activation in vivo is still mostly unknown.

The spatial and temporal organization of the actin cytoskeleton is regulated at many levels: cells rely on effectors of actin polymerization to efficiently nucleate and elongate actin filaments, actin filament capping proteins to stop polymerization, and severing proteins to break filaments (27, 28). Branched actin networks are initiated through the actin-related protein 2/3 (Arp2/3) complex, which binds to pre-existing actin filaments to nucleate new filaments at an angle of 70 degrees. In T cells, linear actin polymerization is conducted by two major families of effector proteins: the formin family and the enabled/vasodilator-stimulated phosphoprotein (Ena/VASP) family. The formin family, which can both nucleate new linear actin filament production and elongate actin filaments, has been implicated in T cell activation, egress from the thymus, and activated T cell trafficking to inflamed tissues (29–32). Ena/VASP proteins enhance barbed-end elongation and prevent capping proteins from binding. Although Ena/VASP proteins are not actin polymerization nucleators, they participate in forming branched actin networks by linearly elongating filaments nucleated by Arp2/3, and in linear actin networks by elongating formin-initiated filaments (33, 34). The Ena/VASP family is composed of three members—Mena (mammalian Ena), Ena/VASP-like (EVL), and VASP—though only EVL and VASP are expressed in hematopoietic cells (35). EVL and VASP share significant structural homology including an N-terminal EVH1 domain, which regulates cellular localization, and a C-terminal EVH2 domain, which mediates interactions with actin (36). EVL and VASP localize to lamellipodia, filopodia tips, and adhesive sites such as fibroblast focal adhesions (36–43). Fibroblasts lacking Ena/VASP produce shorter filopodia and a slower moving lamellipodium, which paradoxically leads to enhanced fibroblast motility (44). In other cell types, however, loss of Ena/VASP impairs the generation of traction forces as well as integrin-mediated adhesion and can impair motility (45). Further, metastatic cancers express higher levels of EVL, and small-molecule inhibitors of the EVH1 domain impair invasion and extravasation of breast cancer cells (46, 47).

While the roles of the Ena/VASP protein family in the motility, adhesion, and sensory capacity of many cell types are well defined, they have not been studied extensively in T cells. Data from experiments using Jurkat cells in vitro suggests that EVL plays a role in actin remodeling downstream of TCR signaling (40, 48), but this has not been confirmed in primary cells or in vivo. Previous work from our lab indicates that EVL and VASP play a role in the expression and function of the integrin alpha-4 subunit (CD49d), and are therefore required for activated T cell transendothelial migration and trafficking, but are not necessary for naïve T cell trafficking to LNs and spleen (49). This previous work also showed that EVL and VASP can compensate for each other since only EVL/VASP doubly deficient T cells show a trafficking defect (49).

Given the roles of the Ena/VASP protein family in other cell types, coupled with the understanding that actin remodeling has key effects on T cell activation, we sought to explore the role of the Ena/VASP protein family in the cytoskeletal rearrangements necessary for T cell navigation in LNs, finding and engaging APCs, and activation in vivo. In this paper, we demonstrate that EVL/VASP proteins contribute to the accumulation of T cells during an immune response. Further, we find a novel role for the Ena/VASP protein family in facilitating the initiation and stability of T cell–APC interactions, and in mediating actin polymerization at the IS.



Results


Ena/VASP Deficiency Reduces T Cell Expansion in Response to Listeria monocytogenes Challenge

Since EVL/VASP proteins can promote actin polymerization in response to CD3 stimulation in Jurkat T cells (48) and effector T cell trafficking and integrin function are modulated by Ena/VASP proteins (49), we investigated the role of Ena/VASP proteins in T cell responses and differentiation in vivo. We thus analyzed the effect of EVL/VASP deletion in naïve CD8+ T cell expansion following Listeria monocytogenes (LM) infection. To assess T cell intrinsic effects, we adoptively co-transferred low numbers (to approximate physiological conditions) of naïve WT and EVL/VASP double knockout (dKO) Ovalbumin (OVA)-specific CD8+ OT-I T cells into WT recipient mice (Figures 1A, B). First, we established that under homeostatic conditions naïve WT and EVL/VASP dKO OT-I T cells had similar homing and persistence in the spleen (Figure 1C). Next, we infected recipient mice with LM expressing OVA (LM-OVA). On day 6 after the infection, we found that the number of EVL/VASP dKO OT-I T cells in the spleen was significantly reduced compared to their WT counterparts (2.6-fold average reduction compared to WT) (Figure 1D). We next analyzed T cell proliferation on day 3 post-LM infection by proliferation dye dilution. Our data showed a significantly reduced number of divided T cells in the EVL/VASP dKO population (Figure 1E). These data suggest that EVL/VASP proteins play an important role in CD8+ T cell expansion and accumulation in response to LM infection. Additionally, in the EVL/VASP dKO population there was a small but significant reduction in the number and percentage of short-lived effector cells (SLECs), characterized by KLRG1hi CD127lo expression (Figure 1F).




Figure 1 | Ena/VASP deficiency reduces T cell accumulation in response to Listeria Monocytogenes challenge. Congenically distinct naïve WT CD45.1/.2 OT-I and EVL/VASP dKO CD45.2/.2 OT-I T cells were isolated from donor mice and transferred at a 1:1 ratio I.V. into WT CD45.1/.1 recipient mice. (A) Graphical schematic of the experimental method. (B) Representative flow cytometry gating scheme used to detect transferred T cells. (C) WT and EVL/VASP dKO naïve T cells have similar persistence in vivo. 1×106 WT and EVL/VASP dKO naïve OT-I CD8+ T cells, were co-transferred I.V. into uninfected WT CD45.1/.1 recipient mice and spleens were harvested 6 days later to determine a persistence baseline. (D–F) EVL/VASP dKO T cells have reduced proliferation and accumulation in response to LM challenge. 10,000 of each naïve WT CD45.1/.2 OT-I and EVL/VASP dKO CD45.2/.2 OT-I T cells were co-transferred I.V. into WT CD45.1/.1 recipient mice one day before infection with LM-OVA (2×103 PFUs). Spleens from recipient mice were then harvested 3 or 6 days later for analysis by flow cytometry. (D) T cell numbers recovered from the spleen at day 6 post LM infection (left) and ratios of EVL/VASP dKO/WT CD8+ T cells (right). EVL/VASP dKO T cell numbers were normalized to the ratio of EVL/VASP dKO/WT T cells recovered from spleens of uninfected recipient mice at day 6 from the same experiment [i.e., homing ratio in (C)]. (E) Example CTV proliferation dye dilution curves and quantification of the average number of divided cells, determined by CTV dilution, from spleens on day 3 post LM-OVA infection. (F) Representative histograms of KLRG1 and CD127 expression, and flow cytometry contour plots showing the gates used to identify SLECs (KLRG1hi CD127lo). The number (normalized to uninfected mice) and percent of WT and EVL/VASP dKO SLEC T cells are plotted. Data are from ≥9 experiments each with ≥2 mice per group/experiment, except for (E), (F), which are from 3 independent experiments with ≥2 mice per group/experiment. Significance was defined by paired t tests (for T cell numbers) and one sample t tests compared to a hypothetical value of 1.0 (for the EVL/VASP dKO/WT ratios); ns is not significant, * is p < 0.05, ** is p < 0.01, and **** is p < 0.0001.





EVL/VASP dKO T Cells Defects Are not Due to Thymic Priming Differences

We previously showed that T cell subset development is largely normal in the EVL/VASP dKO mice (49). However, since EVL/VASP dKO mice are germline double knockouts, their thymic epithelial cells and DCs are also deficient in EVL/VASP, which may alter T cell signaling and priming during thymocyte development. Thus, to ensure that phenotypic differences observed in EVL/VASP dKO T cells were T cell-intrinsic and not due to T cell development in an EVL/VASP-deficient thymic environment, we created bone marrow chimeras. We transferred bone marrow from WT or EVL/VASP dKO OT-I mice into separate WT recipients, such that both control and EVL/VASP dKO T cells matured within WT thymuses. After ≥8 weeks, we isolated peripheral EVL/VASP dKO and WT OT-I T cells from the LNs and spleen of bone marrow chimeras and adoptively co-transferred them into WT recipient mice for LM-OVA infection (Supplementary Figure 1A). We then compared T cell numbers in the spleens 6 days after LM-OVA infection as described above. Regardless of whether T cells matured in bone marrow chimeras or endogenously in intact mice, EVL/VASP dKO T cell responses were similarly impaired compared to WT T cells (Supplementary Figure 1B). These results indicate that EVL/VASP dKO T cell expansion defects are T-cell intrinsic, and not due to differences in the thymic environment in which they develop.



Ena/VASP Deficiency Reduces T Cell Expansion Following Immunization With Dendritic Cells

To investigate the cause of the T cell expansion defect, we next established an in vivo system in which we could activate T cells while also being able to visualize the interaction of T cells with APCs in the physiological environment of a LN. For this purpose, we used antigen-pulsed bone marrow-derived dendritic cells (BMDCs) as a stimulus (Figure 2A). First, similar to the LM infection experiments, we confirmed that WT and EVL/VASP dKO T cells had comparable homing to LNs under homeostatic conditions in the absence of antigen stimulation (Figure 2B). We then analyzed T cell responses by subcutaneously injecting mature, LPS-activated, SIINFEKL peptide-pulsed BMDCs into mice bearing co-adoptively transferred WT and EVL/VASP dKO OT-I T cells (Figure 2A). We analyzed T cell proliferation 3 days post BMDC immunization and found a significant reduction in the percentage of divided EVL/VASP dKO T cells (Figure 2C). We also performed a time-course analysis and determined that this experimental system confirmed the T cell expansion defect seen with LM challenge. Specifically, upon BMDC immunization we detected significantly fewer EVL/VASP dKO T cells at the peak of the T cell effector response in draining LNs (Day 4–7: 1.9–3.5-fold less) as well as in the blood (Day 5–7: 3.4–4.0-fold less) once the activated T cells began exiting the LNs (Figures 2D, E). These differences in EVL/VASP dKO T cell numbers were also similar in highly vascularized organs such as the spleen, liver, and lungs (data not shown).




Figure 2 | Ena/VASP deficiency reduces T cell expansion in response to stimulation with bone marrow-derived dendritic cells in vivo. Congenically distinct naïve WT CD45.1/.2 OT-I and EVL/VASP dKO CD45.2/.2 OT-I T cells were isolated from donor mice and co-transferred I.V. into WT CD45.1/.1 recipient mice. (A) Graphical schematic of the experimental method. (B) WT and EVL/VASP dKO T cells have similar homing to LNs and persistence in the blood. 1×106 WT and EVL/VASP dKO naïve OT-I CD8+ T cells, were co-transferred I.V. into unimmunized WT CD45.1/.1 recipient mice and LNs and blood were harvested 24 hours later to determine a homing and persistence baseline. (C–E) EVL/VASP dKO T cells have reduced proliferation and expansion in response to BMDC stimulation. 10,000 of each naïve WT CD45.1/.2 OT-I and EVL/VASP dKO CD45.2/.2 OT-I T cells were co-transferred I.V. into WT CD45.1/.1 recipient mice. 24 hours later, 2.5×105 mature, LPS-activated OVA-pulsed BMDCs were injected subcutaneously into both hind footpads of recipient mice. At the indicated time-points, mice were euthanized and the draining popliteal LNs and blood were collected for analysis by flow cytometry. (C) Reduced proliferation of EVL/VASP dKO T cells. Example CTV proliferation dye dilution curves and quantification of the average percent of T cells divided, 3 days post BMDC immunization. (D, E) Reduced expansion of EVL/VASP dKO T cells. T cell numbers in draining popliteal LNs and blood measured at days 4–7 after stimulation with BMDCs (left) and ratios of EVL/VASP dKO/WT T cells (right). EVL/VASP dKO T cell numbers were normalized to the ratio of EVL/VASP dKO/WT T cells recovered from the equivalent tissue of unimmunized recipient mice from the same experiment. Data shown are means ± SEM from ≥3 experiments with ≥2 mice per group. Significance was assessed by 2-way ANOVA (for T cell numbers) and one sample t test compared to a hypothetical value of 1.0 (for the EVL/VASP dKO/WT ratio); ns is not significant, * is p < 0.05, ** is p < 0.01, *** is p < 0.001, and **** is p < 0.0001.





EVL/VASP dKO Naïve T Cells Navigate the LN Normally Under Homeostatic Conditions

We then inquired if the T cell expansion defect was in part due to reduced ability of naïve EVL/VASP dKO T cells to migrate within lymph nodes and thus encounter APCs and be activated. Therefore, we compared EVL/VASP dKO and WT naïve T cell motility in the LN under homeostatic conditions in the absence of cognate antigen. Analysis of T cell motility in lymph nodes showed no significant differences in the speed, displacement, straightness, or arrest coefficient between WT and EVL/VASP dKO naïve T cells (Supplementary Figure 2, Supplementary Movie 1). This suggests that an inherent motility defect is not the cause of impaired T cell expansion of the EVL/VASP dKO naïve T cells.



EVL/VASP dKO T Cells Have Impaired APC Interactions In Vivo

We next sought to assess whether EVL/VASP dKO T cell expansion defects originate during the T cell priming phase in vivo. For these experiments, we used fluorescent BMDCs to stimulate adoptively transferred differentially dye-labeled WT and EVL/VASP dKO OT-I T cells along with polyclonal T cell controls (experimental setup similar to that depicted in Figure 2A). While imaging experiments typically rely on high numbers (≥2×106) of transferred T cells (1–3, 11, 12, 50–54), we maintained the more physiological low T cell numbers (2×104) established in our in vivo T cell activation experiments. This required collecting a large amount of time-lapse data from multiple recipient mice in order to acquire a sufficient number of T cells for analysis, given the low precursor frequency of antigen-specific T cells used. We visualized T cell–APC interactions during the early stages of T cell activation in vivo by two-photon microscopy 13-19 hours post BMDC transfer (Figure 3A and Supplementary Movies 2, 3). Previous work suggests that depending on the time-point and T cells analyzed, a variety of both transient and sustained interactions with DCs can be visualized (11, 12, 55). However, since data from in vivo imaging with physiologically low numbers of antigen-specific T cells is lacking, it was unknown what kind of T cell–APC interaction dynamics should be expected.




Figure 3 | EVL/VASP dKO T cells have impaired APC interactions in vivo. Naïve WT OT-I and EVL/VASP dKO OT-I T cells were isolated from donor mice, differentially dye labeled with CTV or CTFR, and 20,000 of each were co-transferred into WT recipient mice. In a subset of experiments, 200,000 polyclonal WT T cells dye labelled with CFSE were also co-transferred with the OT-I T cells. 24 hours later, OVA-pulsed tdTomato-BMDCs were injected subcutaneously into recipient mice. After 13–19 hours, mice were euthanized and the draining popliteal LNs were harvested and analyzed by time-lapse two-photon microscopy. T cells were tracked and their interactions with BMDCs were also quantified. (A) Representative snapshot from a movie depicting the movement of EVL/VASP dKO OT-I T cells (green), WT OT-I T cells (cyan), polyclonal control T cells (yellow), and BMDCs (red). Track lines show the path of T cell movement imaged over 30 minutes. Scale bar, 50 µm. (B) Mean velocities of WT OT-I, EVL/VASP dKO OT-I, and polyclonal control T cells in the presence of antigen-pulsed BMDCs. Each dot represents a single T cell. (C) Frequency distribution of T cell speed. (D) Mean square displacement (MSD, +/-SEM) over time of WT OT-I, EVL/VASP dKO OT-I, and polyclonal control T cells. (E) Average arrest coefficient (percentage of time that a T cell’s instantaneous velocity <2 μm/min) of WT OT-I, EVL/VASP dKO OT-I, and polyclonal control T cells. Mean +/- SEM. (F) Total number of WT and EVL/VASP dKO OT-I T cells interacting (for at least 2 minutes) and non-interacting with APCs. n=130 WT cells and 128 EVL/VASP dKO cells. (G) Distribution of T cell–APC interaction times shown by graphing percent of WT and EVL/VASP dKO OT-I T cells interacting with BMDCs for given durations. (H) Quantification of non-productive T cell–APC interactions: graph of percent of interactions that occurred in which T cells disengaged from APCs within 2 minutes. (I) Quantification of CD69 expression in T cells from the LNs of the imaging experiments. Immediately following two-photon microscopy, imaged LNs were digested and analyzed by flow cytometry. Data in (B–G) are from ≥5 experiments each with ≥2 mice per group, data in (H) are from 3 experiments, as experiments with <20 cells were excluded, and data in (I) are from 4 experiments. Significance was assessed by 1-way ANOVA (B, E), 2-way ANOVA (D, G), paired t test (H, I), and Fisher’s exact test (F); ns is not significant, * is p < 0.05, ** is p < 0.01, and **** is p < 0.0001.



Quantification of T cell motility parameters in the presence of antigen-pulsed BMDCs indicated that EVL/VASP dKO OT-I T cells had higher average motility rates, greater displacement, and reduced arrest compared to WT OT-I T cells (Figures 3B–E), displaying an intermediate phenotype in-between WT antigen-specific and non-antigen-specific polyclonal T cells. These motility data also showed that EVL/VASP dKO cells decelerated less than WT cells, suggesting reduced frequency and/or duration of interactions with APCs. Indeed, in examining the frequency distribution of T cell speeds, we found that a subset of dKO cells had higher speeds, more similar to the polyclonal T cells, and this higher speed subset was practically absent from the antigen-specific WT T cell population (Figure 3C). The higher variability in the displacement of the EVL/VASP dKO population (Figure 3D) further suggests that these data likely represent a mixed population of dKO T cells—some interact with APCs while others do not. Thus, a subset of EVL/VASP dKO T cells exhibited motility patterns similar to the WT OT-I T cells while other EVL/VASP dKO T cells exhibited motility similar to the polyclonal T cell population. We next directly analyzed T cell–APC interactions in LNs. Our data showed that a greater percentage of WT OT-I T cells interacted for at least 2 minutes with BMDCs compared to EVL/VASP dKO OT-I T cells (Figure 3F). Additionally, significantly more WT OT-I T cells formed contacts with BMDCs that lasted for at least 10 minutes; however, the frequency of T cell–APC interactions longer than 30 minutes was similar for EVL/VASP dKO T cells (Figure 3G). Finally, we also found that of the T cells that did contact BMDCs, a greater percentage of T cell–APC interactions were non-productive (lasting less than 2 min) amongst EVL/VASP dKO T cells compared to their WT counterparts (Figure 3H). Together this suggests a defect in the ability of a subset of EVL/VASP dKO T cells to shift from an initial contact to a stable T cell–APC interaction. Overall, these motility and T cell–APC interaction data support that a driving factor leading to the difference between WT and EVL/VASP dKO OT-I T cell interactions with BMDCs is in their ability to stop migrating and form a stable interaction in vivo.

We next sought to gain a readout of the potential functional consequence of the impaired in vivo APC interactions of EVL/VASP dKO T cells during this early priming phase. Thus, immediately following two-photon microscopy, the imaged LNs were digested, and T cells were analyzed by flow cytometry to assess their activation status. Expression of the early T cell activation marker CD69 was significantly reduced in the EVL/VASP dKO T cells, consistent with the observed reduction in T cell–APC interactions (Figure 3I).



EVL/VASP dKO T Cell Signaling and Proliferation In Vitro Are Normal

Having determined that EVL/VASP-deficient T cells have an expansion defect following in vivo pathogen challenge and reduced ability to form conjugates with APCs in vivo, we asked whether EVL/VASP dKO T cells have generalized impaired signaling and/or ability to proliferate. To assess whether the Ena/VASP family plays a role in the signaling required for T cell activation, we stimulated WT and EVL/VASP dKO OT-I T cells with WT splenocytes as APCs pulsed with varying concentrations of SIINFEKL peptide in vitro, and spun APCs and T cells together to enforce T cell–APC encounters. Then, to evaluate TCR signaling, nuclei from the T cell–APC conjugates were isolated and analyzed by flow cytometry to quantify translocation into the nucleus of transcription factors associated with T cell activation, NFAT1 and NFκB, as previously described (56) (Figure 4A). For both transcription factors, there was no difference in nucleus translocation between WT and EVL/VASP dKO T cells at various antigen concentrations (Figure 4B). To evaluate proliferation capacity, WT and EVL/VASP dKO OT-I T cells were stimulated in vitro with antigen-pulsed splenocytes and cultured for 3 days, and cell division was quantified by dilution of CellTrace Violet (CTV) proliferation dye. No difference between WT and EVL/VASP dKO T cell proliferation was detected in this setting (Figure 4C). Taken together, these results demonstrate that EVL/VASP dKO T cells do not have an inherent/intrinsic proliferation defect. Furthermore, in these in vitro conditions, EVL/VASP dKO T cell stimulation is also normal, indicating that Ena/VASP proteins are not required for TCR-mediated signaling leading to NFAT1 and NFκB translocation or proliferation.




Figure 4 | EVL/VASP-deficient T cell signaling and proliferation in vitro are normal. Naïve WT and EVL/VASP dKO OT-I T cells were CTV dye-labeled, mixed with antigen-pulsed WT splenocytes, centrifuged, and cocultured. (A) Representative flow cytometry gating scheme used to identify isolated T cell nuclei in (B). (B) T cells were incubated with splenocytes for 45 minutes, and nuclei were isolated for analysis of nuclear translocation of transcription factors by flow cytometry. Left: Representative histograms of NFAT1 (top) or NFκB (bottom) fluorescence in WT and EVL/VASP dKO T cell nuclei. Right: Dose response plots of the percentage of NFAT1+ (top) or NFκB+ (bottom) T cell nuclei. (C) T cells were cocultured with SIINFEKL-pulsed splenocytes for 3 days, and proliferation was assessed by CTV dye dilution. Left: representative histograms of CTV dilution; right: dose response plot shows quantification of % of T cells divided. Data shown are means ± SEM; averaged from ≥3 experiments each with ≥3 replicates per group. There was no significant difference between WT and EVL/VASP dKO T cells, as assessed by two-way ANOVA interaction effects.





EVL/VASP dKO T Cells Have Impaired F-Actin Polarization at the Immune Synapse and Form Conjugates With APCs That Are Less Stable

Our in vivo imaging data supports that EVL/VASP-deficient T cells have an impairment in establishing stable interactions with APCs. First, we tested whether there were any differences in the ability of EVL/VASP dKO T cells to form conjugates with APCs in vitro when the cells were spun together to facilitate contacts (Figure 5A left panel). At all concentrations of antigen tested, EVL/VASP dKO and WT OT-I T cells had similar conjugation efficiency in vitro (Figure 5B). Given that Ena/VASP proteins participate in actin network remodeling, we asked if EVL/VASP dKO T cells were impaired in actin polymerization upon encountering antigen-bearing APCs. Using the same in vitro setup for conjugate formation, we stimulated WT and EVL/VASP dKO OT-I T cells with splenocytes pulsed with varying concentrations of SIINFEKL peptide in vitro, and quantified actin polymerization in the T cell–APC conjugates. Using phalloidin to stain for F-actin we found a strong impairment in actin polymerization in the EVL/VASP dKO T cell–APC conjugates by flow cytometry (Figures 5A, C). To explore whether this impaired actin polymerization correlated with differences in stability of T cell–APC conjugates, we repeated the conjugate formation experiment, but disrupted the conjugates by vortexing to dissociate those with weak interactions before fixation. Indeed, the EVL/VASP dKO T cells lost slightly, but significantly, more conjugates after disruption than WT T cells, implying that the EVL/VASP dKO conjugates are less stable (Figure 5D).




Figure 5 | EVL/VASP-deficient T cells have impaired actin polymerization during conjugation with APCs and form fewer stable conjugates. Naïve WT and EVL/VASP dKO OT-I T cells were dye-labeled with CTV and mixed with CFSE-labeled WT splenocytes pulsed with SIINFEKL peptide. T cells and APCs were centrifuged together, cocultured for 2 minutes, and stained for F-actin with phalloidin. (A) Left; gating used to identify T cell–APC conjugates. Right; example histograms of phalloidin staining in the conjugates formed by WT and EVL/VASP dKO T cells. (B) Quantification of the % of naïve WT and EVL/VASP dKO OT-I T cells that formed conjugates with APCs. No significant difference (ns) determined by 2-way ANOVA. (C) F-actin polymerization in T cell–APC conjugates. Graph depicts the fold change in phalloidin (GMFI) in WT and EVL/VASP dKO T cell conjugates compared to conjugates that formed in the absence of antigen (0 pM). Data are from 3 experiments each with ≥2 replicates per group. Significance was assessed by 2-way ANOVA; * is p < 0.05, *** is p < 0.001. (D) T cell conjugate stability was quantified by comparing T cell–APC conjugates (using 1000 pM OVA peptide) fixed immediately after 2-minute incubation (- Conjugate Disruption) or disturbed by briefly vortexing tubes before fixation (+ Conjugate Disruption). Graph depicts fold change in % of conjugates from the undisrupted control. Data are from 3 experiments with 3 replicates per group. Significance was assessed by paired t test; ** is p < 0.01.



Furthermore, using the ImageStream platform for high throughput imaging of T cell–APC conjugates, we analyzed F-actin specifically at the immune synapse of WT and EVL/VASP dKO OT-I T cells. Our data show a reduction in the level of actin polymerization at the T cell–APC interface formed by EVL/VASP dKO T cells compared to their WT counterparts (Figure 6). This observation suggests that EVL/VASP proteins play a role in actin polymerization at the IS during T cell–APC interactions. To garner further insight into how T cell–APC conjugate stability may be modulated by Ena/VASP proteins, we analyzed the accumulation of the TCR complex and LFA-1 integrin at the IS in WT and EVL/VASP dKO OT-I T cells (Figures 7A, B). While our data showed equivalent CD3 accumulation at the synapse, we found a small but significant reduction in the amount of LFA-1 that polarized to the T cell–APC interface (Figure 7C). Overall, these data suggest that Ena/VASP proteins promote conjugate stability through actin polymerization and integrin recruitment at the immunological synapse.




Figure 6 | Ena/VASP proteins contribute to actin rearrangement at the immunological synapse. CTV-labeled WT or EVL/VASP dKO naïve OT-I T cells were conjugated with antigen-loaded CFSE-labeled APCs and stained for F-actin. (A) Representative ImageStream images of WT and EVL/VASP dKO T cell–APC conjugates stained for phalloidin. Number in yellow indicates phalloidin GMFI measured at the immune synapse. (B) Left; quantification of median phalloidin intensity at the immunological synapse divided by the synapse area. Right; quantification of the EVL/VASP dKO/WT fluorescence intensity ratio at the synapse. Data represent averages from 4 independent experiments with ~1000–7000 conjugates analyzed per sample. Statistics were performed using one-tailed paired t test and one sample t test compared to a hypothetical value of 1.0; * is p < 0.05.






Figure 7 | EVL/VASP dKO T cells polarize less LFA-1 at the immunological synapse. Mature, LPS-activated, OVA-pulsed tdTomato-BMDCs were adhered to chamber slides. Naïve WT and EVL/VASP dKO OT-I T cells were added to the chamber slides to form conjugates. Conjugates were then fixed and stained for CD3 and LFA-1. (A) Example images of conjugates stained for CD3 (top) or LFA-1 (bottom). (B) Examples of regions drawn to assess polarization of receptors at the immunological synapse. (C) Quantification of receptor polarization at the immune synapse. The mean fluorescence intensity (MFI) of the contact region at the synapse was divided by the MFI of the region defined at the back of the cell. Each dot represents an individual T cell–APC conjugate, data are pooled from 3 independent experiments. Significance was assessed by unpaired t test; ns is not significant, and ** is p < 0.01.



EVL has been implicated in actin polymerization downstream of TCR stimulation in Jurkat cells (40), but this had not previously been assessed for VASP or in primary T cells. VASP activation is modulated by phosphorylation at multiple sites and the Serine 153 (S153) site has been shown to control subcellular localization of VASP to the cell membrane (43). Thus, to assess whether TCR engagement can activate VASP and trigger recruitment of VASP to the synapse, we next stimulated polyclonal T cells using anti-CD3/CD28 conjugated beads, and quantified VASP phosphorylation at the S153 site. Indeed, VASP S153 phosphorylation was significantly elevated after CD3/CD28 stimulation (Figure 8), suggesting that TCR engagement by APCs can recruit VASP to the T cell membrane for actin remodeling.




Figure 8 | VASP is activated downstream of CD3/CD28 stimulation in T cells. In vitro activated T cells were stimulated with control or anti-CD3/CD28 beads and VASP phosphorylation at S153 was determined by western blotting. Left; example western blot showing detection of total VASP and pVASP-S153. Arrowheads point to the VASP protein doublet: the bottom band is the non-phosphorylated isoform, and the top band is phosphorylated. Right; quantification of pVASP signal intensity, normalized to GAPDH intensity. Data is from a total of 3 independent experiments. Statistics were performed using a one-way repeated measures ANOVA; * is p < 0.05.






Discussion

The goal of this work was to determine whether actin polymerization mediated by the Ena/VASP protein family plays a role in T cell priming and expansion in vivo. Using T cells from EVL/VASP double-knockout mice, we demonstrate that Ena/VASP proteins play an important role in the accumulation of T cells over the course of an immune response following either L. monocytogenes infection or subcutaneous immunization with BMDCs. We also found that the Ena/VASP family promotes efficient T cell scanning and interactions with APCs in vivo, resulting in fewer activated EVL/VASP dKO T cells, supporting a role for Ena/VASP proteins in optimizing T cell priming. Investigating the potential mechanisms through which EVL and VASP regulate T cell–APC interactions, we determined that T cells deficient in Ena/VASP proteins form T cell–APC conjugates with less F-actin and that are less stable than WT conjugates. Importantly, the stability and duration of T cell–APC conjugates can affect the ensuing T cell response (51, 57, 58). We thus conclude that Ena/VASP family-mediated actin polymerization downstream of TCR signaling plays an important role in the initiation and stabilization of T cell–APC conjugates, which likely drives the impaired Ena/VASP-deficient T cell accumulation phenotype.

The microenvironment of the LN is relatively permissive for migration, but an environment characterized by large numbers of tightly packed motile cells constantly exposes T cells seeking interactions with APCs to mechanical stresses. Not unlike navigating through a dense crowd with a partner at a concert, where staying still and together can be difficult, the motion of all proximal cells in a LN is interdependent and maintaining adhesive cell-cell interactions with APCs can be mechanically challenging. Furthermore, the chemokine milieu in LNs is favorable for rapid T cell motility. In fact, CCR7 signals have been demonstrated to override ‘stop signals’ from peptide-MHC in vitro (59). However, CCR7 chemokines can also promote transient tethering of T cells to neighboring chemokine-coated cells, which then favors subsequent interaction with antigen-bearing APCs (60). Thus, sustained interactions with APCs must be able to overcome motility signals as well as be strong enough to withstand the physical and mechanical forces of the surrounding environment. Throughout the early phases of priming, T cells engage in both transient and sustained interactions with APCs (11, 12, 51, 55). Additionally, T cells engage in motile interactions, termed kinapses, in which T cells continue migrating over the surface of an APC (61, 62). Eventually, activation signals from TCR and costimulatory receptors accumulate over time and serve as ‘stop signals’ by inducing cellular changes (13), mediated primarily by actin rearrangement, necessary to establish tight binding and sustained T cell–APC interactions. For example, actin polymerization mediated by PKCθ inhibition and WASp activation favors stable IS formation over migration (63, 64). High-affinity antigen signals induce actin-related protein 2/3 complex (Arp2/3) activity, which has also been shown to promote arrest in vitro (65). Furthermore, formin-mediated actin flow sweeps the integrin LFA-1 towards the center of the immune synapse, activating and stabilizing its high affinity conformation to enable tight binding to ICAM-1 on APCs, which controls the stability and duration of T cell–APC contacts (21, 22, 66–68).

Based on our observations, EVL/VASP-deficient T cells interact less effectively with APCs in vivo during initial phases of T cell priming. Given that homeostatic intranodal motility is normal in naïve EVL/VASP dKO T cells, this defect does not stem from the inability to cover sufficient ground in the LN, but instead is likely an impairment in a T cell’s ability to stop and to form or maintain interactions with cognate APCs. Studies in Natural Killer (NK) cells identified a role for EVL in the generation of F-actin at the cytotoxic synapse impacting NK cell–target cell adhesion in vitro (69). In T cells, multiple molecules that have been implicated in maintaining the stability of T cell–APC interactions, including the actin bundling protein L-Plastin and ADAP, ultimately play roles in the organization, localization, and stability of LFA-1 (67, 68, 70). We have previously demonstrated a role for Ena/VASP proteins in the expression and function of the α4 integrin (CD49d) in T cells (49). Additionally, VASP has been associated with integrin activation in other cell types, including αIIbβ3 activation in platelets (71). Thus, we assessed F-actin and LFA-1 enrichment at the immunological synapse in EVL/VASP dKO T cells. We show that EVL/VASP dKO T cells exhibit impaired actin polymerization and a small but significant reduction of LFA-1 localization at the IS. This suggests that EVL/VASP proteins promote conjugate stability through actin polymerization and integrin recruitment. Nevertheless, future studies should more closely explore the role of EVL/VASP proteins in LFA-1 clustering and stability at the IS.

During the first few hours of T cell interactions with antigen-bearing DCs in vivo, T cells progressively receive activation signals that can lead to CD69 upregulation (11, 12). We observed fewer EVL/VASP dKO T cells expressing CD69 after initial priming, which supports our observation that the EVL/VASP dKO T cells interact less effectively with APCs. Furthermore, it has been demonstrated that biasing towards transient interactions and signaling, as opposed to prolonged contacts, can lead to abortive T cell activation (58, 72). Our quantification of non-productive T cell–APC contacts (lasting less than 2 min) showed that EVL/VASP dKO T cells have an increased rate of aborted T cell interactions. It is possible that over time, most EVL/VASP dKO T cells will form enough interactions with APCs to trigger the start of activation, but having a higher frequency of non-productive interactions with APCs, their activation signals may not be sufficient for a robust proliferative response in vivo. Our in vitro proliferation data suggest that EVL/VASP-deficient T cells can proliferate normally. Thus, the reduced number of EVL/VASP dKO T cells is not related to intrinsic defects in cell division, but likely compounds from reduced T cell accumulation over time in the in vivo setting due to inefficient stimulation. Given that Ena/VASP-deficient T cell proliferation is already impaired by 72 hours after stimulation, these deficits can intensify over time and contribute to the significant reduction of EVL/VASP dKO T cells by the peak of the immune response. It will be interesting for future studies to explore the strength of activation signals in EVL/VASP dKO T cells under physiological in vivo conditions.

The experiments we conducted in vitro were used to assess whether Ena/VASP deficiency plays a role in T cell activation signals and the maintenance of interactions. In these experiments, T cell–APC contact was enforced by spinning them down together. Because previous experiments have demonstrated that T cells need approximately 2–3 minutes to “decide” whether to initiate conjugation (73), we assessed actin polymerization after 2 minutes of coculture with cognate APCs. We found clear differences in actin polymerization in EVL/VASP dKO T cells, indicating that EVL and VASP mediate actin rearrangement during T cell–APC interactions. However, the formation of conjugates, downstream signaling, and proliferation were unimpacted in these in vitro conditions. These data support that when T cell–APC interactions are forced by centrifugation or by high cell numbers and proximity in vitro, Ena/VASP proteins are dispensable for T cell activation. Thus, we posit that these in vitro systems lack the necessary physiological microenvironment to identify the requirement for EVL/VASP function in T cell activation. In particular, in vitro models are insufficient at encompassing the processes of T cell–APC scanning and interactions within tissues. However, in physiological in vivo conditions, we find that T cell stopping and conjugate formation with APCs is impaired by Ena/VASP deficiency. Thus, we conclude that a key function of Ena/VASP proteins in naïve T cell activation is in the establishment of T cell–APC interactions in vivo. Our data demonstrating that VASP is activated by CD3+CD28 stimulation and that Ena/VASP protein deficient T cell–APC conjugates are less stable than their WT counterparts further support that reduced actin polymerization and LFA-1 accumulation contribute to the EVL/VASP dKO T cell’s impaired ability to form conjugates with APCs in vivo.

There are still open questions regarding the specific location and contribution of Ena/VASP proteins in T cell–APC interactions and IS formation and organization. In subsequent studies, these parameters should be assessed under physiological in vivo conditions, and thus standard in vitro methods for visualizing the IS may not be appropriate. Furthermore, while this work clearly demonstrates a role for Ena/VASP proteins in mediating naïve T cell–APC interactions and activation, productive T cell–APC contacts are also essential for activated T cell functions. Thus, future studies could explore the functional implications for EVL/VASP dKO T cells in downstream effector functions and protective immunity. For example, it would be interesting to assess whether EVL/VASP dKO T cells exhibit defects in cytokine production, pathogen clearance, and memory formation.

While Ena/VASP proteins have been described to play varying roles in enhancing or suppressing motility in different cell types (35, 42, 44–46), our work is the first to explore Ena/VASP proteins in naïve T cell motility. We demonstrate that Ena/VASP proteins are dispensable for homeostatic naïve T cell intranodal migration. Ena/VASP proteins have also been implicated in regulating adhesion in other cell types (37, 40, 45), but our work uncovers a previously unidentified role for Ena/VASP proteins in stabilizing initial T cell interactions with APCs. Additionally, while EVL was suggested to play a role in actin polymerization downstream of CD3 engagement in Jurkat cells (48) and in Natural Killer cell cytotoxicity (69), our work identifies a role for Ena/VASP proteins in actin polymerization in response to antigen-bearing APCs in primary T cells. Finally, we also demonstrate a novel role for Ena/VASP proteins in promoting T cell activation and accumulation in vivo.



Methods


Mice

EVL KO mice were generated by Kwiatkowski et al. (74) and VASP KO mice were generated by Aszodi et al. (75). EVL/VASP dKO mice (originally on a 129/C57BL/6 mixed background) were a gift from Dr. Frank Gertler (MIT). The EVL/VASP dKO mice were backcrossed to C57BL/6 at least 8 times and then crossed with OT-I TCR transgenic mice (also on the C57BL/6 background). CD45.1 congenically-marked C57BL/6 recipient mice were purchased from Charles River (Strain #564). WT OT-I T cells were isolated from transgenic OT-I CD45.1/.2 C57BL/6 mice, and EVL/VASP-deficient OT-I T cells were isolated from transgenic EVL-/- VASP-/- OT-I CD45.2/.2 C57BL/6 mice, unless otherwise specified. This study and mouse protocol were reviewed and approved by the Institutional Animal Care and Use Committees at the University of Colorado Anschutz Medical Campus and at National Jewish Health, and all efforts were made to minimize mouse suffering.



Bone Marrow Chimeras

Bone marrow chimeras were generated by γ-irradiating CD45.1/.1 congenically-marked C57BL/6 recipient mice at 500 Rads twice, four hours apart. Immediately following the second irradiation treatment, mice were reconstituted by I.V. injection of at least 1×106 cells from bone marrow isolated from either transgenic OT-I CD45.1/.2 C57BL/6 mice or transgenic EVL-/- VASP-/- OT-I CD45.2/.2 C57BL/6 mice. Bone marrow chimeras were given at least 8 weeks to mature before use in experiments. Both WT and EVL/VASP dKO OT-I T cells reconstituted recipient mice equivalently and averaged at least 90% reconstitution by the donor cells based on congenic marker expression.



Flow Cytometry

Activation and expansion of T cells was assessed via Flow Cytometry on a Fortessa flow cytometer (Beckton Dickinson) or an Aurora spectral flow cytometer (Cytek). T cell numbers were determined using CountBright Absolute Counting beads (Invitrogen, Cat. C36950) and proliferation was assessed by Cell Trace Violet (CTV, Thermo Fisher Scientific) dilution. The following antibodies/dyes were used throughout this project:



Infection and Immunization

Congenically distinct WT (CD45.1/.2) and EVL/VASP dKO (CD45.2/.2) OT-I T cells were isolated using negative selection with an EasySep Mouse CD8+ T cell isolation kit (STEMCELL Technologies, Cat. 19853) from either endogenously matured or bone marrow chimera matured mice and co-transferred into CD45.1/.1 WT recipient mice (10,000 T cells of each for day 6 LM-OVA and BMDC time course experiments; 20,000 T cells of each for two-photon imaging experiments and day 3 harvests). To assess proliferation on day 3 in both LM-OVA and BMDC time course experiments, prior to transfer T cells were first dye-labeled with 2.5 μM CellTrace Violet in PBS for 20 minutes. 24 hours post T cell transfer, recipient mice were immunized or infected.


 




 



For infection experiments, mice were injected with 2×103 CFUs recombinant L. monocytogenes expressing full-length OVA (LM-OVA) and an erythromycin (Erm) resistance (ErmR) marker through the lateral tail vein (76). LM-OVA was grown and titrated as previously described (77): 1×108 mouse-passaged LM-OVA aliquots were frozen at −80°C, thawed, and used to inoculate 10 mL of fresh Brain Heart Infusion (BHI) broth with Erm, grown at 37°C in a shaker overnight, then split into fresh BHI broth without Erm and grown for 2–3 hours to log phase. Titer estimates were determined by OD600 values, and 2×103 CFU injections were prepared in PBS. Spleens were harvested 3 or 6 days after immunization for analysis by flow cytometry. T cell numbers were determined by flow cytometry, and total T cell numbers for a given tissue were calculated using CountBright Absolute Counting beads (Invitrogen, Cat. C36950). To account for potential differences in the actual T cell injection ratio and/or homing and survival of WT vs. EVL/VASP dKO T cells in vivo, we normalized the T cell numbers for each organ (i.e. spleen or LN) from immunized mice to the ratio of dKO/WT T cells in the equivalent organ and timepoint from non-immunized mice. Specifically, to normalize, we divided the EVL/VASP dKO numbers in the immunized organ by the dKO/WT ratio in the respective unimmunized organ.

For footpad immunizations, tdTomato-BMDCs were generated by culturing bone marrow from 3.5–8 week old B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Rosa-Red mice) mice (Jackson Strain #007914) (in which the stop cassette was floxed-out in the germline) for 7–9 days in the presence of GMCSF. IL-4 was added to cultures to mature DCs 48 hours prior to use. Purity was typically more than 95%. BMDCs were pulsed and activated with 2 ng/mL OVA257–264 peptide and 1 mg/mL LPS for 1 hour and washed 3x before subcutaneous (s.c.) injection. Mice were anesthetized with isoflurane, and 2.5×105 mature, antigen-pulsed activated BMDCs in a total volume of 25 μL PBS were administered s.c. in the hind footpads of mice. T cell numbers in each organ were measured and analyzed as described above for the LM experiments. OVA257–264 peptide (SIINFEKL) was purchased from Chi Scientific or Genscript and LPS was purchased from Invitrogen (Cat. 00-4976-93). GMCSF and IL-4 were made in house using G6 and I3L6 cell lines respectively (a gift of Dr. Matthew Krummel, UCSF).



Isolation of Cells

For isolation of T cells from draining LNs or spleens at timepoints 72 hours or less after immunization, footpad immunized and LM-OVA infected mice were first euthanized by CO2 at the indicated time points, and the draining popliteal LNs and spleens were then removed and minced in 500 μL HBSS (Life Technologies) +10% FBS containing 1 mg/mL Collagenase D (Roche) and 50 μg/mL DNase I (Worthington Biochemical) per LN to break up T cell–APC conjugates. After a 30 minute incubation at 37°C, one volume of 0.1 M EDTA was added, and cells were incubated 5 additional minutes. Dissociated cells were then washed with HBSS containing 5 mM EDTA and forced through 70 μm strainers to generate single cell suspensions. After digestion, T cells from LM-OVA infected spleens at day 3 were enriched by negative selection using the following antibodies (see table below) and streptavidin beads (Biolegend, Cat. 480016). Finally, the remaining splenocytes were stained for flow cytometry analysis as above.

For isolation of T cells from the spleen and LNs of immunized and infected mice at later time points, organs were harvested dissociated and forced through 70 μm strainers to generate single cell suspensions. For collection of T cells in the blood, ~1 mL of blood was collected by cardiac puncture immediately after euthanasia and RBCs were lysed in 175 mM NH4Cl.



In Vitro Activation and Proliferation

Spleens from C57BL/6 mice were harvested and red blood cells lysed for 2.5 minutes in 175 mM NH4Cl. Splenocytes were pulsed with various concentrations of SIINFEKL for 30 minutes, and washed 3 times. WT and EVL/VASP dKO OT-I T cells were isolated from lymphocytes via negative selection with a CD8+ EasySep kit. OT-I T cells were dye-labeled with CTV (1.67 μM in PBS) for 20 minutes, quenched with FBS for 5 minutes and washed 2 times. WT and EVL/VASP dKO OT-I T cells were plated in separate wells with peptide-pulsed splenocytes at a 1:3 ratio in 100 μL in a round bottom 96 well plate. Cells were fed at 48 hours by adding to each well 1 volume of fresh media and 10 U/mL IL-2 (obtained through the AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH from Dr. Maurice Gately, Hoffmann - La Roche Inc.). On day 3, cells were analyzed by flow cytometry. FlowJo’s (Beckton Dickinson) proliferation tool was used to analyze CTV dilution and quantify % of cells divided.



Nucleus Flow Cytometry

Nuclei isolation and flow cytometry staining of OT-I T cells stimulated in cocultures were performed as previously described (78). Briefly, WT and EVL/VASP dKO OT-I CD8+ T cells were negatively enriched from LNs and spleens (using CD8+ EasySep kits) and labeled with 2.5 μM CTV dye for 15 minutes prior to mixing with peptide-pulsed splenocytes at a 3:1 ratio of APCs to T cells. Cells were briefly/gently spun together in FACS tubes (214 g for 1 minute) and cocultured for 45 minutes at 37°C with 10% CO2. For nuclei isolation, cells were treated and washed with sucrose and detergent buffers (78). The nuclei were fixed in 4% paraformaldehyde, and then intranuclear staining was performed with a 0.3% Triton-X 100 detergent PBS buffer.



In Vivo Two-Photon Microscopy

CD8+ T cells were isolated from WT OT-I or EVL/VASP dKO OT-I mice (using CD8+ EasySep kits), labelled for 15–25 minutes at 37°C with 2.5 μM CTV or 0.2 μM CellTrace Far Red (CTFR, Thermo Fisher) and 20×103 of each WT and EVL/VASP dKO OT-I T cells were transferred into WT recipient mice by injection into the tail vein. Fluorescent dyes were swapped between WT and EVL/VASP dKO T cells between experimental repeats to control for potential effects from the dyes. In a subset of experiments, 200×103 polyclonal WT T cells dye-labelled with Carboxyfluorescein succinimidyl ester (CFSE) were also co-transferred with the OT-I T cells as a negative control. The following day, tdTomato-BMDCs were pulsed with 2 ng/mL OVA257–264 and activated with 1 μg/mL LPS. 2.5×105 BMDCs in 25 μL PBS were injected into the hind footpads of recipient mice. Between 13–19 hours following immunization, mice were euthanized and their draining popliteal LNs were surgically removed for imaging [similar to (79)]. Explanted LNs were immobilized on coverslips with the efferent lymphatics adhered to the coverslip with Vetbond (3M). Mounted LNs were positioned on a heated flow chamber from Warner instruments (PH-1). During imaging, LNs were maintained at 35–37°C in a flow chamber perfused with RPMI medium without phenol red (Gibco) saturated with 95% O2/5% CO2. Two-photon imaging was done using a Leica SP8 DIVE upright two-photon microscope with a SpectraPhysics InsightX3 dual line (tunable 680–1300 nm and 1045 nm) IR laser with pre-chirp compensation, 4 tunable non-descanned detectors, galvanometer confocal scanner and high-speed resonant confocal scanner. Time-lapse image acquisition was done by repeated imaging of XY planes of 512x512 pixels at 1.16 μm/pixel and Z-steps of 3 μm with XYZ stacks acquired every 30–60 sec for 30–60 min.



Two-Photon Image Analysis

Image analysis was performed using Imaris (Bitplane) and MATLAB (MathWorks). Images were linearly unmixed for possible bleed-over between channels, as previously described (80). Cells in lymph nodes that could be tracked for ≥10 minutes were used to obtain mean square displacement (MSD), speed, and arrest coefficient (time spent migrating at <2 µm/min). The Imaris ‘surface’ function was used to create a volume rendering of the T cells and BMDCs. T cell and BMDC motility was then tracked and T cell–APC interaction frequency and duration were calculated with a custom MATLAB script using a maximum distance between cells of 1 pixel (1.16 µm), with a minimum interaction of two minutes to be defined as an interaction.



Conjugate Assays and Actin Polymerization

CD8+ T cells were negatively enriched from OT-I spleens (using CD8+ EasySep kits) and labeled with 2.5 μM CTV in PBS for 15 min. For APCs, spleens were harvested from CD45.1/.1 WT mice, RBCs lysed for 2.5 minutes in 175 mM NH4Cl, and the splenocytes dye-labeled with 1 μM CFSE in PBS for 15 minutes. Splenocytes were pulsed with various concentrations of OVA peptide for 30 minutes, washed, and mixed with T cells at a 3:1 ratio of APCs to T cells (600,000:200,000 in 100 μL). Cells were briefly spun together in FACS tubes (214 g for 1 minute) and cocultured at 37°C with 10% CO2. After 2 minutes, cells were fixed with 2% (w/v) paraformaldehyde (Electron Microscopy Sciences) in PBS for 10 minutes. The percentage of T cells that formed conjugates with APCs was then measured by flow cytometry. For actin polymerization analysis, cells were subsequently permeabilized with 0.5% (w/v) saponin (Millipore-Sigma) and stained with phalloidin-Alexa647 (ThermoFisher, Cat. A22287). Actin polymerization was assessed by flow cytometry and ImageStream (see next section). Fold change in phalloidin staining for both WT and EVL/VASP dKO T cell conjugates was calculated by normalizing phalloidin GMFI to respective conjugates that formed in the absence of antigen (“0 pM”). For conjugate stability experiments, splenocytes were pulsed with 1000 pM OVA peptide, and after a 2 minute incubation, T cell–APC co-cultures were vortexed (at a speed of 7/10 on a Vortex-Genie2 by Scientific Industries) for 1 second before adding PFA (2%) to fix conjugates. The change in frequency of T cell–APC conjugates was then measured by flow cytometry.



ImageStream Analysis

Cells from the same samples analyzed by flow cytometry in the conjugate assays and actin polymerization section were analyzed by imaging flow cytometry. Data was acquired and analyzed similarly to (81). In brief, images were collected on an ImageStream X cytometer for brightfield (BF), side scatter (SSC), CTV, CFSE, and Phalloidin-AlexaFluor-647 fluorescence. The gating strategy for analysis involved first selecting focused cells, via the ‘gradient RMS’ of the BF image, then an aspect ratio to include only doublet events. To refine the selection further, we then gated on CFSE and CTV double-positive doublets. Doublet-only T cell–APC conjugates were successfully identified using this strategy. Single color controls were used to create a compensation matrix that was applied to all sample files. T cells and APCs were defined using ‘object’ masks and identified based on fluorescence of the CFSE label (APCs) and the CTV label (T cells). After defining these objects, the interface feature was used to generate the masked region of overlap between the T cell and APC, considered the “synapse”, in which phalloidin intensity was measured as intensity at the synapse/area of the synapse.



VASP Phosphorylation

Polyclonal WT T cells were harvested from C57BL/6 mice and activated with plate-bound anti-CD3 (2C11) and soluble anti-CD28 (PV-1) (BioXCell, Cat. BE0001-1 and BE0015) with autologous splenocytes for two days. Cells were then removed and re-plated with 10U/mL recombinant human IL-2, with media replacement every 2 days post-activation. On day 4 post-activation, dead cells were removed from the culture using a Histopaque-1119 (Sigma) density gradient. To measure VASP phosphorylation, day 7 polyclonal activated T cells were resuspended at 10×106 cells/mL in serum-free RPMI supplemented with 2% BSA (Sigma) and HEPES buffer (Corning). Control non-stimulating beads were prepared using latex beads (Invitrogen, Cat. S37227) coated with 4 μg/mL polyclonal Armenian hamster IgG (BioXCell, Cat. BE0091). DynaBeads Mouse T-Activator CD3/CD28 (ThermoFisher, Cat. 11452D) were used as directed by the manufacturer for stimulations. 1×106 cells were stimulated per sample by adding prewarmed beads to chilled cells, then briefly spun for 30 s at 6000 g to bring the cells and beads into contact. The samples were then placed on a 37°C heat block for 2 minutes or 10 minutes. Stimulation was quenched with cold PBS, and samples were vortexed, pelleted, and then lysed in a 1% Triton-X100 (Sigma, Cat. T9284) buffer containing Halt Protease and Phosphatase Inhibitors (Thermo Scientific, Cat. 78440). Lysates were stored at -80°C before processing. Lysates were run on SDS-PAGE with reducing buffer, then proteins were transferred to a nitrocellulose membrane. Total VASP was detected using a monoclonal rabbit antibody (Sigma; HPA005724) and pVASP-S153 (equivalent to human pVASP-S157) was detected using a monoclonal mouse antibody (Santa Cruz, Cat. sc-365564). As a loading control, GAPDH was detected using a monoclonal mouse antibody (Santa Cruz, Cat. sc-365062). For secondary antibodies, we used fluorophore conjugated donkey anti-mouse (Licor, Cat. 926-68072) and donkey anti-rabbit antibodies (Licor, Cat. 926-32213) and imaged and quantified the membranes using the Azure Biosystems Sapphire Imager and associated software.



Conjugate Immunofluorescence

tdTomato-BMDCs were differentiated, matured, and activated as described in the “Immunization and infection” Methods section above. On day 9 of culture, BMDCs were pulsed and activated with 2ng/mL OVA257–264 peptide and 1 mg/mL LPS for 1 hour and washed. Nunc Lab-Tek II Chambered Coverglass (ThermoFisher, Cat. 155409) were coated with Poly-L-Lysine for 1 hour before 100,000 antigen-pulsed and activated BMDCs were plated and incubated at 37°C to enable adherence. After 1 hour, 150,000 CD8+ T cells isolated from WT OT-I or EVL/VASP dKO OT-I mice (using CD8+ EasySep kits) were gently added to chamber slides and incubated for 45 minutes to form conjugates. Cells were then fixed with 0.5% PFA for 10 minutes and stained using anti-mouse CD11a antibody (Biolegend, Cat. 101117) followed by anti-rat FITC or A647 (Jackson Immuno) and anti-mouse CD3ε A647 or FITC (Biolegend). Images were acquired on a Zeiss LSM800 scanning confocal with a 63X oil immersion objective. Image analysis was performed in ImageJ (version 2.1.0/1.53c; NIH) on unadjusted images. Receptor polarization was analyzed by defining the mean fluorescence intensity (MFI) of the contact region at the synapse divided by the MFI of a similar sized region at the back of the cell.



Statistical Analyses

Graphs of data and statistical analyses were done using Prism software (versions 7–9, GraphPad). The individual statistical tests used to analyze each experiment and the experimental repeats and sample sizes are reported in the figure legends.
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Supplementary Figure 1 | EVL/VASP dKO T cells from bone marrow chimeras are functionally the same as those isolated directly from EVL/VASP dKO mice. Bone marrow chimeras were generated by reconstituting WT CD45.1/.1 mice with EVL/VASP dKO OT-I CD45.2/.2 or WT OT-I CD45.1/.2 bone marrow. CD8+ T cells were isolated from chimeric mice ≥8 weeks after reconstitution and 10,000 of each were transferred into WT CD45.1/.1 recipient mice. Recipient mice were then infected I.V. with LM-OVA (2×103 PFUs) the following day and analyzed for Ag-specific CD8+ T cell responses 6 days later. Endogenously matured CD8+ T cells were harvested directly from EVL/VASP dKO OT-I CD45.2/.2 or WT OT-I CD45.1/.2 mice and transferred into WT CD45.1/.1 recipient mice and infected in the same way. T cell numbers were normalized to the ratio of transferred EVL/VASP dKO/WT T cells recovered from spleens of uninfected recipient mice at the same timepoint. (A) Graphical schematic of the experimental method for obtaining donor T cells. (B) T cell numbers in the spleen of recipient mice at day 6 post LM infection. Recipient mice were transferred with endogenously matured T cells (left) or with bone marrow chimera matured T cells (middle). Ratios of EVL/VASP dKO/WT OT-I T cells for the two kinds of donor T cells (right panel). Each dot represents an average from a single experiment with ≥2 mice per group, from ≥4 experiments. Significance was assessed by paired t tests or for the EVL/VASP dKO/WT ratio one sample t tests compared to a hypothetical value of 1.0; ns is not significant, ** is p < 0.01, *** is p < 0.001, and **** is p < 0.0001.

Supplementary Figure 2 | EVL/VASP dKO T cells navigate the LN normally under homeostatic conditions. WT OT-I and EVL/VASP dKO OT-I T cells were isolated from donor mice and differentially dye-labeled with CTV or CTFR, and 5×105-1×106 of each were co-transferred at a 1:1 ratio into WT recipient mice. 24 hours later, popliteal LNs were harvested and analyzed by time-lapse two-photon microscopy. (A) Representative snapshot from a movie depicting the movement of EVL/VASP dKO OT-I T cells (cyan) and WT OT-I T cells (red) in the absence of cognate antigen. Track lines show the path of T cell movement imaged over 10 minutes. Time in min:sec; scale bar, depicted under the time-stamp, is 20 µm. (B) Mean square displacement (MSD ± SEM) over time of WT and EVL/VASP dKO OT-I T cells during homeostatic conditions in the absence of cognate antigen. (C) Analysis of T cell motility parameters. Quantification of WT and EVL/VASP dKO OT-I T cell average mean track speed, track straightness, and arrest coefficient (percentage of each track in which instantaneous velocity <2 μm/min) during homeostatic conditions. Data represents averages from a total of 3 experiments. There was no significant difference (ns), as assessed by two-way ANOVA interaction effects (B) and paired T tests (C).

Supplementary Movie 1 | Polyclonal WT and EVL/VASP dKO T cells were isolated, differentially dye-labeled with CTV or CTFR, and co-transferred at a 1:1 ratio into WT recipient mice. 24 hours later, popliteal LNs were harvested and analyzed by time-lapse two-photon microscopy. Individual EVL/VASP dKO T cells (cyan) and WT T cells (red) were tracked in the absence of cognate antigen over 30 minutes. Track lines show the path of T cell movement imaged over the last 10 minutes. Scale bar, 20 µm.

Supplementary Movie 2 | WT OT-I, EVL/VASP dKO OT-I, and polyclonal WT T cells were isolated, differentially dye-labeled, and co-transferred into WT recipient mice. 24 hours later, 2.5×105 mature, LPS-activated OVA-pulsed tdTomato-BMDCs were injected subcutaneously into both hind footpads of recipient mice. After 13 hours, mice were euthanized and the draining popliteal LNs were harvested and analyzed by time-lapse two-photon microscopy. Individual T cells were tracked and their interactions with BMDCs were also quantified. This example movie depicts the movement of EVL/VASP dKO OT-I T cells (green), WT OT-I T cells (cyan), polyclonal control T cells (yellow), and pulsed BMDCs (red). Track lines show the path of T cell movement imaged over 33 minutes. Scale bar, 50 µm; time in min:sec.

Supplementary Movie 3 | WT OT-I, EVL/VASP dKO OT-I, and polyclonal WT T cells were isolated, differentially dye-labeled, and co-transferred into WT recipient mice. 24 hours later, 2.5×105 mature, LPS-activated OVA-pulsed tdTomato-BMDCs were injected subcutaneously into both hind footpads of recipient mice. After 13 hours, mice were euthanized and the draining popliteal LNs were harvested and analyzed by time-lapse two-photon microscopy. Individual T cells were tracked and their interactions with BMDCs were also quantified. This example movie depicts the movement of EVL/VASP dKO OT-I T cells (green), WT OT-I T cells (cyan), polyclonal control T cells (yellow), and pulsed BMDCs (red). Track lines show the path of T cell movement imaged over 30 minutes. Scale bar, 30 µm; time in min:sec.
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Rapid re-organization of the actin cytoskeleton supports T-cell trafficking towards immune sites and interaction with antigen presenting cells (APCs). F-actin rearrangement enables T-cell trafficking by stabilizing adhesion to vascular endothelial cells and promoting transendothelial migration. T-cell/APC immune synapse (IS) maturation also relies upon f-actin-anchored LFA-1:ICAM-1 ligation. Therefore, efficient T-cell responses require tight regulation of f-actin dynamics. In this review, we summarize how the actin-bundling protein L-plastin (LPL) regulates T-cell activation and migration. LPL enhances f-actin polymerization and also directly binds to the β2 chain of the integrin LFA-1 to support intercellular adhesion and IS formation in human and murine T cells. LPL- deficient T cells migrate slowly in response to chemo-attractants such as CXCL12, CCL19, and poorly polarize towards ICAM-1. Loss of LPL impairs thymic egress and intranodal motility. LPL is also required for T-cell IS maturation with APCs, and therefore for efficient cytokine production and proliferation. LPL-/- mice are less susceptible to T-cell mediated pathologies, such as allograft rejection and experimental autoimmune encephalomyelitis (EAE). LPL activity is regulated by its N-terminal “headpiece”, which contains serine and threonine phosphorylation and calcium- and calmodulin-binding sites. LPL phosphorylation is required for lamellipodia formation during adhesion and migration, and also for LFA-1 clustering during IS formation. However, the precise molecular interactions by which LPL supports T-cell functional responses remain unclear. Future studies elucidating LPL-mediated regulation of T-cell migration and/or activation may illuminate pathways for therapeutic targeting in T-cell-mediated diseases.
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Introduction

Activated T cells drive adaptive immune responses. Effective T cell responses require rapid migration towards immune sites, followed by engagement with antigen presenting cells (APCs) (1, 2). By supporting migration and adhesion, cytoskeletal rearrangements regulate the quality and magnitude of the T cell response. The cytoskeleton comprises filamentous proteins including microtubules, actin filaments, and intermediate filaments (3). Receptor engagement, internal organization of the cytoplasm, and stabilization against applied forces trigger cytoskeleton rearrangement (4). For instance, chemokine receptor engagement promotes T-cell motility, shear flow activates T cell adhesion, and T cell receptor (TCR) engagement to peptide-major histocompatibility complex (pMHCs) on APCs triggers immune synapse (IS) formation (5–7).

Actin filaments are the most dynamic cytoskeletal proteins that respond to and direct T-cell biological processes. Actin filaments (f-actin) are formed by the rapid assembly of globular-actin (g-actin) monomers. Bundling, or cross-linking filaments, further remodels f-actin (8, 9). F-actin polymerization is ATP-dependent; ATP binding to monomeric g-actin enhances its affinity for f-actin association (polymerization), while hydrolysis of bound ATP to ADP triggers dissociation (depolymerization). An array of actin-binding proteins regulate actin turnover through g-actin sequestration, nucleation, ATP hydrolysis, nucleotide exchange, f-actin severing, capping, and bundling (10, 11). This review focus on how efficient T cell activation and migration rely on the f-actin bundling protein, leukocyte plastin (L-plastin; LPL).

LPL, also known as lcp1 or plastin-2, bundles f-actin (8, 12, 13). LPL belongs to the plastin family of actin-binding proteins, comprising three isotypes: LPL, T-plastin and I –plastin. Each isoform exhibits distinct tissue expression. Only LPL is expressed in immune cells. Consistent with its expression in hematopoietic cells, LPL specifically binds to β-actin, and does not interact with skeletal muscle α-actin or smooth muscle γ-actin (8). Physiologic LPL expression is restricted to replicating hematopoietic cells, but LPL is also ectopically overexpressed in multiple transformed cancer cells (14). LPL is a 66 kDa protein, consisting of an N-terminal regulatory “headpiece” and 2 actin-binding domains (ABDs); ABD1 and ABD2 (Figure 1A). LPL is distinguished from I- and T-plastin by its N-terminal regulatory sequence, as it is the only isoform containing two serine phosphorylation sites at Ser5 and Ser7. Each ABD contains tandem calponin homology (CH) domains (11, 15). How ABD1 and ABD2 of LPL coordinate to engage two actin filaments has not been fully described, because full-length LPL crystallization is unavailable. However, analysis of the available ABD2 structure along with available T-plastin and the Arabidopsis thalinana fimbrin (LPL orthologue) protein structures (16) suggests that binding of LPL-ABD2 to f-actin induces “closure” of the actin monomeric ATP binding site. The “closed” conformation inhibits hydrolysis to ADP, reducing depolymerization and stabilizing the actin filament (17). To stabilize bundles, LPL may adopt a twisted conformation, supporting the binding of ABD2 to one filament and activating ABD1 to bind another actin filament, generating cross-linked f-actin (17). Thus, LPL binding stabilizes polymerized actin, as well as altering the twist and tilt of each filament, while LPL bundling arranges filaments into parallel arrays (Figure 1B) (16, 18). LPL actin-binding is separable from its function in actin-bundling.




Figure 1 | LPL is an actin-bundling protein that supports T cell synapse maturation and migration. (A) LPL comprises a regulatory ‘N-terminal headpiece’ and two actin binding domains (ABDs). The regulatory headpiece includes three known phosphorylation sites (Ser-5, Ser-7, Thr89), two calcium binding EF domains, a regulatory H5 “switch helix,” and a calmodulin binding domain (CBD). (B) LPL cross-links two actin filaments to generates f-actin bundles. (C) LPL interacts with the cytoplasmic tail of the β2 subunit of the integrin LFA-1. In T cells, inside-out signaling induces a conformational change from low to intermediate affinity, whereas shear flow or ICAM-1 engagement triggers the high-affinity, extended-open conformation. (D) Multiple regulatory pathways converge upon LPL in the pSMAC, where LFA-1 mediates tight approximation to ICAM-expressing APCs. The IS, the interface at the site of T-cell:APC contact site, generates a cSMAC, pSMAC and a dSMAC (dSMAC not shown). In the IS, TCR ligation to peptide-loaded MHC (pMHC) and costimulatory CD28:CD80/86 interactions occur in the central super-molecular activation complex (cSMAC), which activates a kinase cascade [nPKC-MEK- ribosomal protein S6 kinase p90 (p90RSK)]. This kinase cascade results in Ser-5 phosphorylation of LPL. LPL phosphorylation accelerates LFA-1 clustering in the peripheral SMAC (pSMAC). Phosphorylated LPL is largely associated with high affinity LFA-1, and may stabilize the IS. LPL can also bind to LFA-1 independently of phosphorylation. LPL-induced LFA-1 clusters further accumulate at IS by cofilin-mediated f-actin remodeling. Cofilin is activated by PP1α phosphatase. Simultaneously, LPL also recruits f-actin bundles to connect the IS to actin cytoskeleton. Ca2+ influx at cSMAC also regulates LPL. Ca2+ binding reduces the LPL bundling efficiency, perhaps allowing f-actin clearing at IS. However, lower Ca2+ in the pSMAC permits calmodulin binding to LPL, stabilizing actin bundles and maintainting LFA-1 clustering. (E) Intravascular T cells traffic to peripheral immunological sites via the binding of the integrin LFA-1 to the adhesion molecule, ICAM-1, expressed on vascular endothelial cells. In response to chemoattractants, such as CXCL12 and CCL19, T cells polarize the respective chemokine receptors CXCR4 and CCR7 to the leading edge and activate kinases such Mst1 and PKCζ. Mst1, PKCζ, and other kinases phosphorylate the regulatory headpiece of LPL. Phosphorylated LPL initiates LFA-1 clustering, sustaining ICAM-1 binding. Branched f-actin forms in the lamellipod, while the ‘uropod’ propels cells in a forward direction. The symbol "*" indicates the phosphate group during phosphorylation/dephosphorylation reaction.



The actin-binding and actin-bundling activities are regulated by the N-terminal headpiece of LPL. The headpiece harbors at least three phosphorylation sites (Ser-5, Ser-7 and Thr-89), two calcium-binding EF-hand loops, and a consensus sequence for calmodulin binding (19–21). Under some conditions, phosphorylation of Ser-5 and Ser-7 enhances actin-bundling activity, and localizes LPL to sites of actin assembly (13, 22, 23). For example, IL-2 stimulation, CD3/CD28 or CD3/CD2 receptor engagement, and CXCL12 treatment all induce Ser-5 phosphorylation (24, 25). However, recent biochemical evidence suggests that single Ser-5 phosphorylation is irrelevant to LPL bundling activity (26), but enhances binding to f-actin structures in non-immune cells and under in vitro conditions (13). In T cells, LPL-mediated actin-bundling activity was first noted in a calcium-regulated manner (8). Calcium chelation by the high-affinity EF hands reduces the actin-bundling, but not the actin-binding, activity of LPL (9) (26). Jurkat T cells show increased actin-bundling activity in low intracellular Ca2+ concentration of 10-7 M, while incubation in higher concentrations, such as 10-6 M Ca2+, destabilized f-actin bundles (8). Immune cells maintain 10-8-10-7 M Ca2+ in resting phase while elevating to 10-6 upon activation, inducing f-actin rearrangement (e.g. intracellular Ca2+ is estimated to 50 nM in resting cells and > 1 mM in activated T cells) (27, 28). The physiological range of Ca2+ found in T cells correlates with the concentrations of Ca2+ that modulate LPL bundling activity. The spatiotemporal regulation of Ca2+ flux and LPL activity at the T cell immunological synapse (IS) is discussed in detail later.

In addition to bundling actin, LPL also directly binds to the cytoplasmic tail of the β1 or β2 subunits of integrins. The regulation of integrin affinity and/or avidity by LPL is poorly understood. In brief, integrins are transmembrane heterodimers that bind extracellular matrix proteins or receptors expressed on other cells and mediate cellular adhesion. The dominant integrin mediating T cell adhesion, LFA-1 (αLβ2; CD11a/CD18), exists in three affinity states: a low-affinity, “bent-closed” state, an intermediate affinity “extended-closed” state, and the high-affinity “extended-open” state (Figure 1C) (29). Conversion from the low- to intermediate-affinity state is induced by inside-out signaling; limited evidence suggests that LPL may be dispensable for this conversion (30, 31). However, studies in neutrophils indicated that binding of the β2 cytoplasmic tail by the isolated N-terminal peptide sequence of LPL converted the integrin to a high-affinity state (Figure 1C) (32). LPL was also required for integrin-mediated signaling to the oxidative burst in PMNs, though dispensable for integrin-mediated cell spreading (33), indicating that LPL participates in integrin-mediated signaling to downstream events beyond actin remodeling. LPL directly binds the β2 subunit of the integrin LFA-1 to connect with the actin cytoskeleton during migration and activation (34). Finally, LPL was shown to preferentially bind the “clasped” (or closed) cytoplasmic tail of CR3 (Mac-1; αmβ2; CD11b/CD18). Phosphomimetics of Ser5/Ser7 dual phosphorylation reduced the binding of LPL to β2, and binding of LPL to β2 reduced CR3-mediated adhesion in the cell line RAW (35). The participation of LPL in T-cell activation and motility therefore extends beyond actin-bundling and into integrin signaling. LPL enables the actin cytoskeletal rearrangements and integrin-mediated adhesion that are core drivers of T-cell migration and T-cell adhesion to APCs and/or target cells. We review the increased knowledge about LPL in T-cell activation and motility, the heart of most adaptive immune responses.



Requirement for LPL in T-Cell Activation

T cells mount adaptive immune responses by activating other immune cells through cytokine production and/or direct contact, and by direct killing of target cells. TCR engagement by APCs initiates T-cell activation through interaction at a specialized intercellular contact site, the IS. The IS is stabilized by cytoskeleton machinery via lamellipodia formation that enhances the contact area between APCs and T cells, increasing TCR signaling (5, 6). The T cell-APC contact site comprises three supramolecular activation clusters (SMAC) that organize signaling proteins into the central, peripheral, and distal SMACs (cSMAC, pSMAC, and dSMAC) (36). The four different actin formations that characterize the IS are extensively reviewed in (36). Notably, the f-actin network is “cleared,” or hypodense, in the cSMAC, where the TCR/CD3 signaling complexes accumulate (37). The pSMAC forms a ring around the centrally cleared area, and is marked by LFA-1 accumulation and generation of actomyosin arcs. These actomysoin arcs are force generating, enabling close approximation of the T cell to its target APC (Figure 1D). Larger molecules, such as CD43, localize to the outer dSMAC, where f-actin is organized in a branching network (36, 38, 39). Throughout the pSMAC and dSMAC are small actin foci, areas of integrin engagement that resemble macrophage podosomes. IS formation and T cell activation are absolutely dependent upon active actin rearrangements that create these varied actin structures (13, 40, 41).

Efficient IS formation also requires LPL. Murine T cells isolated from genetically-deficient LPL mice (LPL-/- mice) exhibited impaired IS formation (42), with reduced T-cell:APC contact area. Decreased T-cell activation in LPL-/- mice correlated with enhanced tolerance to T cell-mediated diseases such as skin allograft rejection and experimental autoimmune encephalomyelitis (EAE) (42). Furthermore, LPL supported Tfh cell-B cell interactions and was required for germinal center formation and subsequent T-dependent antibody production (43). In human T cells, LPL directly binds the β2 subunit (CD18) of LFA-1 to link the actin cytoskeleton to the IS (34, 44). Reduction of LPL (<10% normal expression through siRNA knockdown), impaired LFA-1 concentration to the pSMAC and generated smaller T-cell:APC contact zone, confirming a crucial need for LPL in IS formation (34).

The requirement for LPL Ser-5 phosphorylation during T-cell activation is unclear. CD3/CD2-mediated Ser-5 phosphorylation was first reported in 1994 (45). Subsequent extensive work using knock-down of LPL in human T cells, followed by re-expression of phosphomimetic or non-phosphorylatable LPL, has suggested a significant regulatory role for Ser-5. In human T cells, Ser-5 phosphorylation enabled translocation of the activation markers CD69 and CD25 to the cell surface after TCR/CD3, CD2 or CD28 engagement, although LPL localized to the IS independently of Ser-5 phosphorylation (24). In the IS, LPL maximizes accumulation of LFA-1 at pSMAC by directly interacting with LFA-1 (34). LPL localization to the pSMAC was stabilized by calmodulin binding and by ABD-mediated actin-bundling activity. LPL bound to LFA-1 equivalently in naive or CD3/CD28-activated T cells, independently of the EF-hand loops and Ser-5 phosphorylation (34). However, Ser-5 phosphorylation of LPL (LFA-1 bound) increased upon CD3/CD28 stimulation and at the IS generated after superantigen [S. aureus enterotoxin B (SEB)]-mediated cross-linking of Raji B cells and T cells (31).

Mechanistically, in CD3/CD28-costimulated T cells, activation of the nPKC-MEK- ribosomal protein S6 kinase p90 (p90RSK) pathway phosphorylated LPL (Ser-5) to initiate LFA-1 clustering at the IS (31). Association of phosphorylated LPL with high affinity LFA-1 may sustain IS formation (31). Further, LPL-induced LFA-1 clustering was enhanced by another actin-binding protein, cofilin. Cofilin is an f-actin severing protein that promotes f-actin remodeling by generating new filament ends for addition or removal of g-actin monomers (46). Cofilin binds the ADP-bound actin monomer within an existing filament, increasing the likelihood of f-actin depolymerization, accelerating f-actin turn-over, untangling filaments, and facilitating re-arrangement (47). Cofilin enhances LFA-1 accumulation at the IS by accelerating f-actin remodeling (31). Cofilin is activated by PP1α-mediated dephosphorylation, while LPL is dephosphorylated by the serine/threonine phosphatase PP2A (31). LFA-1 clustering and accumulation at the IS enhances the interaction of LFA-1 with its ligand ICAM-1 (expressed by APCs), and amplifies T-cell activation (Figure 1D). Pharmacological inhibition of nPKC (Gö6983), MEK (U0126), or p90RSK (BI-D1870) reduced LPL phosphorylation and cofilin activation, which correlated with IS destabilization, diminished T cell-APC contact, and impaired T-cell activation (31). Similarly, blockade of LPL using nanobodies directed against the EF-hands or the ABDs impaired the binding of LPL to LFA-1, and subsequently inhibited IS formation and downstream T-cell proliferation (48). IS stabilization by LPL : LFA-1 binding is targeted by bacterial infections (e.g. Bordetella pertussis and Bacillus anthracis), in which cAMP production at the IS suppressed T-cell activation (49). Treatment with the glucocorticoid dexamethasone inhibited LPL Ser-5 phosphorylation after CD3/CD2 and CD3/CD28-mediated T cell activation, and dexamethasone also impaired IS formation (50). Thus, a major function of LPL during T cell activation is maintenance of the IS. LPL-mediated IS stabilization is further suggested by the observation that enhanced phosphorylation of LPL amplified LFA-1 clustering and inhibited serial killing by cytotoxic T cells (CTL). Amplified LFA-1 clustering prevented detachment from target cells, thereby prolonging IS maintenance, and thus reduced interactions with new target cells. The pro-oxidative drug WF-10 increased LPL phosphorylation, rigidified the cytolytic IS, and suppressed CTL activity (51). Thus, LPL phosphorylation activates naïve/effector T cells, while interrupting cytolytic activity, making it an important intrinsic modulator during critical immune reactions (44, 51).

Intriguingly, a murine model in which the Ser5 of LPL was converted to the non-phosphorylatable alanine, and thus ablated the Ser5 phosphorylation site, did not exhibit obvious defects in TCR-mediated activation (52). TCR-mediated activation was assessed by proliferation and upregulation of CD25 and CD69. Possible explanations for a lack of effect on T cell activation by ablation of Ser5 phosphorylation include the differences in experimental systems. These explanations will be discussed in detail later.



Requirement for LPL in T-Cell Recruitment (Migration and Adhesion)

T cells constantly migrate to scan APCs for foreign antigens, to activate immune responses, and to directly kill target cells. This rapid migration (average velocity of 8-15 μm/min) depends on the actin cytoskeleton (27). During chemotaxis, chemokine engagement induces lamellipodia formation and chemokine receptor concentration at the leading edges of cells. Contractile elements at the rear edges, called “uropods,” provide propulsive forces (53). LPL actin-bundling activity is essential for efficient T lymphocyte motility (34, 54, 55).

LPL was first identified as a critical component of T cell chemotaxis during CCL20-induced transwell migration (55). A more detailed analysis of the role of LPL in T cell migration was explored using LPL-/- mice (54). LPL-/- mice showed higher thymic retention of CD4+ (3-fold increase) and CD8+ (2-fold increase) single positive thymocytes, which resulted from impaired thymic egress. LPL-deficient mature T cells also exhibited impaired intranodal velocity and motility. During CCL19-mediated transwell migration, LPL-deficient T cells showed reduced polarization of CCR7 to the leading edge and reduced uropod formation (54). LPL phosphorylation at Thr-89 by Mst1 kinase (Ste20 kinase/STK4) supported T cell lamellipodia formation and thus T cell migration (21). Mst1 kinase had been previously shown to enable T-cell lamellipodia formation, polarization and migration (13, 56). Identification of a Mst1 consensus sequence in the regulatory headpiece of LPL provided a downstream molecular target by which Mst1 regulated T cell motility. Notably, expression of LPL-T89A, which ablated the Mst1 phosphorylation site (Thr-89), but not Ser-5, failed to restore CCL19-induced CCR7 polarization and transwell migration in LPL-deficient T cells, whereas expression of wild-type LPL did restore the chemokine-induced events. Furthermore, reconstitution of T cells in LPL-/- mice with lentivirally-expressed LPL-T89A showed greater accumulations of CD4+ and CD8+ single positive thymocytes than did LPL-/- mice, consistent with a requirement for Thr-89 phosphorylation during thymic egress (21).

Investigation in human T cells further confirmed a crucial role for LPL in migration (25). Reduction of LPL by 75-95% by siRNA knock-down caused impaired polarization of CXCR4 receptors in CXCL12 (SDF-1α)-stimulated T cells (25). In human T cells (CD3+), CXCL12 activated atypical PKC-ζ to phosphorylate Ser-5 of LPL, triggering lamellipodial localization during polarization (25). However, T cell migration was not impaired in S5A mice, suggesting that Ser-5 phosphorylation of LPL correlates with, but may not be required for, T-cell migration (52). Chemokine signals induce a conformational change in LFA-1, through inside-out signaling, which converts LFA-1 to a moderate-affinity state. Moderate-affinity LFA-1 promotes cell adhesion to vascular endothelial cells via ICAM-1 binding (Figure 1E). LFA-1:ICAM-1 ligation reorganizes f-actin to initiate T-cell polarization, crawling and migration (57, 58). When LPL expression is reduced, unstimulated and effector (CD3/CD28 stimulated) T cells migrate more slowly and with higher migratory persistence on surfaces coated with immobilized CXCL12 and ICAM-1 (25). Thus, LPL-supported f-actin cytoskeletal polarization is essential for efficient T-cell migration (59).



Discussion

A comprehensive model that reconciles apparently disparate observations regarding the regulation of LPL during T-cell migration and activation remains elusive. With multiple regulatory sites, and separable functions of actin-binding, actin-bundling, and integrin-association, too much remains unknown to formulate a complete description of the mechanism(s) by which LPL enables migration and IS formation. To provide a framework for future exploration, we suggest that the primary role of LPL is to stabilize multimolecular complexes that arise at sites of integrin-mediated adhesion, and thereby enhance or promote mechanotransduction at those sites. Mechanotransduction is the translation of external mechanical forces exerted upon the cell into intracellular biochemical signaling (60). For example, IS formation is strengthened by mechanosensation generated by interactions with mature APCs that actively increase cortical cytoskeletal stiffness, thereby boosting T-cell activation (61). Similarly, enhanced adhesion of T cells to stiffer culture surfaces (elastic modulus 25 kilopascal (kPa) to 100 kPa) triggers higher IL-2 production upon CD3 activation (62). Finally, T cells migrate faster on stiffer substrates, demonstrating that mechanotransduction also regulates T cell motility (63). A proposal that LPL supports formation of integrin-mediated adhesion sites and mechanotransduction through these sites provides a single mechanism common to both migration and IS formation (64), and explains how LPL deficiency could disrupt both these processes (Figure 2). As discussed below, this framework draws on studies of LPL in hematopoietic cell types including macrophages, B cells, and neutrophils, in addition to T cells.




Figure 2 | LPL may regulate T cell integrins induced mechanotransduction. In T cells, LPL binds to LFA-1. Under certain conditions, e.g. shear flow or ICAM-1 engagement, LFA-1 shifts to the extended-open (high-affinity) conformation. LPL binding to LFA-1 recruits the mechanosensing protein Talin, and also connects it to the f-actin cytoskeleton. Talin recruits additional cytoskeleton-associated proteins, such as vinculin, paxillin and the tyrosine kinase Pyk2. Collectively, this cascade generates mechanotransduction through Pyk2 and other kinases, and triggers f-actin remodeling required for efficient T cell activation and migration. The separable activities of LPL–LFA-1 binding, f-actin binding, and f-actin-bundling—are coordinately regulated to support mechanotransduction. How the multiple regulatory sites on LPL (phosphorylation, Ca2+, and calmodulin-binding) converge to modulate the varied activities of LPL are yet to be illuminated.



LPL has been shown to regulate mechanotransduction in macrophages (65). WT macrophages incubated upon softer substrates produced more IL-1β in response to NLRP3 inflammasome activation. However, LPL-deficient macrophages produced the same, reduced amount of IL-1 β following NLRP3 activation, and were unresponsive to varying substrate stiffnesses (65). Mechanotransudction in LPL-deficient macrophages was disrupted due to the mislocalization of the kinase Pyk2. In macrophages, β2 integrin activation phosphorylates Pyk2 to induce podosome signaling (66). Macrophage podosomes are multimolecular signaling complexes generated by integrin-mediated adhesion and anchored by f-actin. Podosomes support macrophage adhesion, signaling and motility. Podosome stabilization requires LPL; thus, LPL also regulates macrophage motility (67). The f-actin foci described as one of the four actin structures present in the T-cell IS have been likened to macrophage podosomes (36). LPL is also required for CXCL12-induced migration and Pyk2 activation (Tyr-402 phosphorylation) in B cells (68). In T cells, Pyk2 regulates LFA-1:ICAM-1 signaling. Pyk2-/- T cells weakly adhere to ICAM-1 and migrate slowly upon CXCL12 stimulation (69), and thus are similar in phenotype to LPL-deficient T cells. While not yet experimentally determined in T cells, it is reasonable to propose that LPL serves to link sites of integrin-mediated adhesion to downstream Pyk2 activation and signaling in all hemaopoietic cells. However, the molecular mechanism by which LPL and Pyk2 interact is unclear, and further investigation in understanding of synergistic functioning of LPL and Pyk2 via f-actin cytoskeleton will help in understanding their role in T cell function and mechanotransduction.

In T cells, LPL participates in the “inside-out” cascade for LFA-1 clustering to establish adhesion and IS formation (34). LFA-1 engagement also initiates an “outside -in” signal via linking to f-actin (60) to fine-tune T-cell migration, differentiation, and effector functions (70, 71). LPL helps recruit a mechanosensing protein, Talin, to LFA-1 clusters, connecting f-actin to the IS (34). Talin further recruits various cytoskeleton proteins, such as vinculin and paxillin and f-actin, by direct binding, and propagates mechanical signals (72, 73). Since the β2-binding site also lies in ABDs (30), it has not yet been shown if a single molecule of LPL can bind both β2 integrin and f-actin, or if binding of one precludes binding of the other. Direct cross-linking of f-actin to the cytoplasmic tail of integrins by LPL would be one possible mechanism by which LPL could sustain integrin-mediated adhesion sites.

During T cell migration, LFA-1 binds to ICAM-1 on endothelial cells to enable transmigration (74). F-actin cytoskeleton retrograde flow aligns ICAM-1 bound integrins at the leading edge to reinforce cellular adhesions (75). While LPL appears to regulate the binding of integrins, such as LFA-1 and VLA-4, to their respective ligands, ICAM-1 and VCAM-1, during chemotaxis on immobilized CXCL12, LPL is dispensable under shear flow conditions (25). This differential requirement for LPL during static chemotaxis and under shear flow could be due to differential f-actin reorganization and/or recruitment of additional actin binding partners, such as Cofilin (31). LFA-1 changes from an inactive, clasped conformation to an active, open conformation to bind ICAM-1 (58, 76, 77). Perhaps the binding of LPL to the intracellular β2 integrin is conformation specific, and varies with T-cell migration under stasis versus shear flow. A recent study in human myeloid (PBL-985) cells showed preferential binding of LPL to the clasped αMβ2 (CD11β/CD18, also called CR3 or Mac-1) conformation to maintain the inactive state under flow (35). By analogy, LPL may likewise stabilize the inactive LFA-1 conformation when T cells are under flow, while under static conditions LPL promotes LFA-1 clustering to initiate adherence. However, conformation-specific binding of LPL to LFA-1 (CD11α/CD18) in T cells is unresolved and future studies will address this important open question.

Further studies are required to determine how signals from the multiple regulatory sites on the LPL N-terminal headpiece are integrated to modify the integrin-binding, actin-binding, and actin-bundling activities of LPL during T-cell activation and migration. Current studies have analyzed single regulatory sites without clearly defining how modulation at other sites impact LPL functioning. For instance, LPL Ser-5 phosphorylation is essential for activation and IS formation in human T cells, while Thr-89 phosphorylation supports T cell migration in murine cells (21). However, no studies have examined the combined effects of Ser5/Thr89 phosphorylation, or if phosphorylation at Ser5 prevents Thr89 phosphorylation. Furthermore, no studies have examined the effect of Ca2+ binding on phosphorylated vs non-phosphorylated LPL (at any site). Thr-89 phosphorylation is not yet studied in human T cells, and may not function similarly as it does in mice. Regulation of LPL could vary between human and murine T cells during activation and migration because of different (and as yet undefined) pathways that phosphorylate Ser-5 and Thr-89, or because of different inter-molecular interactions. In human T cells, overexpression of non-phosphorylatable Ser-5 (S5A) LPL abrogated CD3-induced surface translocation of activation markers CD25 and CD69 (24), which was not observed in LPL-S5A reconstituted LPL deficient murine T cells (42). Similarly, our study in LPL-S5A mice showed no defect in CD25 and CD69 upregulation in CD3/CD28 activated T cells (52). However, the exact molecular cascade for LPL-dependent CD69 and CD25 upregulation is not known. Possibly, a dominant negative effect of the S5A mutant in overexpressing human T cells generated a different phenotype than endogenous expression of S5A-LPL-only expressing murine T- cells. Further detailed molecular studies are required to resolve the disparities of LPL regulation in human and mouse T cells.

In addition to phosphorylation, LPL activity is regulated by calcium influx in T cells. The LPL N-terminal headpiece possesses two EF-hand calcium-binding sites and a binding site for the calcium-binding protein calmodulin (15, 78). Calcium binding (increased intracellular calcium concentration above 10-7 M) at EF-hands induces a conformational change that inhibits LPL’s bundling activity (8, 9). Recent NMR solution structures of the LPL EF-hand domains revealed a calcium sensor ‘switch-helix’ motif (H5) in-between EF-hand motifs and ABD1 (Figure 1A) (79). In the absence of Ca2+, the H5 motif remains flexible and unstructured, which stabilizes the orientation of LPL-ABDs when bound to f-actin to promote efficient f-actin bundling. Whereas, when Ca2+ increases, the H5 motif changes conformation to a more rigid α-helix, which induces the release of the H5 motif from f-actin-ABD pocket and permits binding of H5 to EF hands. This helix switch in the H5 motif generates a conformation unfavorable to binding of LPL-ABDs to f-actin, thus reducing f-actin bundling (79). The coordinate spatial and temporal dynamics of Ca2+ flux and LPL activity during IS formation have not been fully defined. The Ca2+ channels ORA1 and CRAC are localized to the cSMAC, suggesting that Ca2+ flux is tightly spatially regulated, with increased flux in the cSMAC. Perhaps the higher levels of Ca2+ in the cSMAC inhibits LPL bundling activity, contributing to the decreased f-actin polymerization and f-actin density (actin “clearing”) in the cSMAC (37). Lower levels of Ca2+ in the pSMAC may correlate with increased LPL-mediated actin-bundling and formation of actomyosin arcs. Calmodulin binding to LPL occurs in the absence of calcium. Calmodulin binding stabilizes LPL binding to LFA-1 clusters in the pSMAC to enhance T-cell/APC contact at IS (34) (Figure 1D). Additional studies are required to determine the spatiotemporal regulation of LPL phosphorylation, Ca2+ binding, and calmodulin binding during IS formation and maintenance.

The requirement for LPL in T-cell activation reveals new intrinsic regulators for therapeutic targeting to ameliorate T-cell-driven pathologies. For instance, reducing intracellular levels of LPL by genetic knock-down (48) or nanobody-mediated LPL inactivation (48) impair T cell activation and IS formation. Similarly, pharmacological inhibition of LPL directly using dexamethasone (50) or LPL kinase nPKC using Gö6983 (31) can be used to inhibit T-cell immune responses. Conversely, enhancing LPL phosphorylation using WF-10 could be employed to suppress T cell mediated cytotoxicity during allograft transplantation (51). In addition to activation, inhibiting cell migration by targeting kinases [e.g. Mst1 (21) and PKCζ (25)] could be explored to maximize T-cell retention in tumors microenvironment. The urgent need for therapies for autoimmune and oncologic processes compels further elucidation of the key T-cell migration and activation pathways dependent upon LPL.
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For more than a couple of decades now, “force” has been recognized as an important physical parameter that cells employ to adapt to their microenvironment. Whether it is externally applied, or internally generated, cells use force to modulate their various actions, from adhesion and migration to differentiation and immune function. T lymphocytes use such mechano-sensitivity to decipher signals when recognizing cognate antigens presented on the surface of antigen presenting cells (APCs), a critical process in the adaptive immune response. As such, many techniques have been developed and used to measure the forces felt/exerted by these small, solitary and extremely reactive cells to decipher their influence on diverse T cell functions, primarily activation. Here, we focus on traction force microscopy (TFM), in which a deformable substrate, coated with the appropriate molecules, acts as a force sensor on the cellular scale. This technique has recently become a center of interest for many groups in the “ImmunoBiophysics” community and, as a consequence, has been subjected to refinements for its application to immune cells. Here, we present an overview of TFM, the precautions and pitfalls, and the most recent developments in the context of T cell immunology.
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Introduction

The adult human body has approximately 1013 cells, and its fate, in terms of tissue and organ development and homeostasis, depends on how well these cells interact with one another and with their environment (see, for example (1–4) and references therein). A wealth of cell biology reports has documented the biochemical aspect of these interactions, identifying the networks of secreted ligands, cell surface receptors, intracellular signaling pathways, and transcriptional factors at play. However, as cells live in a physical world, the mechanical aspect of such interactions cannot be neglected. Indeed, the last few decades of research have confirmed that cells do sense the mechanical forces arising from their environment; they actively respond to them through mechanically driven biological actions, such as adhesion, migration, division, differentiation, and even apoptosis - a process termed mechanotransduction (4). Mechanotransduction appears to be present in almost all interactions between a given cell and its environment, including immune cells.

For T lymphocytes, the initiation of an adaptive immune response necessitates the interaction of naive T cells with antigen presenting cells (APCs). This interaction starts with the T cell receptor (TCR) recognizing an antigenic peptide presented on the major histocompatibility complex (pMHC) of the APC. Once the TCR binds to a cognate pMHC, the T cell can be seen applying cycles of pushing and pulling forces on the APCs. These forces, generated from the rapid reorganization of the T cell cytoskeleton upon activating stimuli, may participate in the formation of a specialized cell-cell interface termed the “Immunological Synapse” (IS), encompassing additional receptor-ligand pairs. Through these interactions, the APC relays a highly orchestrated series of signals that drive T cell activation, proliferation, and eventual differentiation (3).

In recent years, it has become increasingly clear that the mechanical forces generated at the IS are essential for the proper activation of T cells; several of the cell surface receptors participating in the IS are mechanosensitive proteins, and the forces originating from the constant remodeling of the cytoskeleton play an important role in regulating them (5–7). It has been also proposed that both the amplitude and the time evolution of the forces applied through the TCR contribute to rapid discrimination of the antigenic peptides (8). Moreover, there is evidence suggesting that T cells and APCs use mechanical forces as a form of communication to transmit information across the synapse (2).

Thus, given the substantial impact of mechanical forces on the behavior of T cells, and knowing that even comparatively moderate defects in T cell activation can lead to autoimmune diseases on one hand, and immunodeficiency on the other, it comes as no real surprise that elucidating the precise mechanisms underpinning mechanotransduction is of significant interest to researchers in the area of fundamental and applied immunology, and biophysics. Clearly, a knowledge of both the intracellular and extracellular forces is required. Owing to this demand, the last two decades have witnessed a burst in novel experimental methods that have been employed to quantify cellular forces (4, 8, 9). These include, but are not limited to, Atomic Force Microscopy (AFM), Optical Tweezers (OT), Bio-membrane Force Probes (BFP), and Traction Force Microscopy (TFM) (Figure 1, and references within the caption).




Figure 1 | Schematics of the techniques that have been used for deciphering the implications of forces in immunology at different scales of space (from molecular to cell/cell interactions) and times. Each row represents a “group” of similar techniques, and each column a given spatial scale. A selection of references corresponding to each technique, restricted to their application to immune cells: Flow chamber: (10–12) Micropipettes: (13–16). Biomembrane Force Probe: (17–20). Atomic Force Microscopy: (21–26) Traction force microscopy and related techniques: (27–36).



This review will focus on methods that are now collectively known as Traction Force Microscopy (TFM). TFM is essentially a technique that permits the quantification of cellular traction forces via the non-invasive optical imaging of deformations induced by the cell. Though the term was initially used to refer to the forces exerted by adherent cells on 2D linear elastic substrates (37), it has since been adapted for quantification of three dimensional (tangential and normal) forces exerted onto 2D, 2.5D and 3D substrates.



Making invisible forces visible

Broadly speaking, forces are not an experimentally directly accessible quantity; they have to be inferred from the fact that they create some type of deformation or motion. The relation between deformation/motion and force is described by the classical laws of physics, one such example being Hooke’s law for the deformation of a linear elastic spring: F = k Δx, where F is the force, k is the spring constant and Δx is the extension of the spring. Without a measurement of Δx, no statement on F would be possible (k is a constant that can be obtained from a calibration experiment). In order to measure Δx, the relaxed reference state of the spring in the absence of any force has to be known.

Consequently, all measurements of cellular forces must start with the identification of a suitable strain gauge and incorporating it into a cell culture setup. One straightforward way of doing so is by replacing the traditional glass or plastic cell culture plates with a substrate capable of deforming under force. The earliest attempt at this was by Harris et al. who used a thin silicon rubber to show that fibroblasts generated elastic wrinkles when crawling (38). They named the force “traction”, comparing it to “the traction an automobile’s wheel exerts on the highway surface”. However, because wrinkling is an inherently non-linear and complex process, the forces couldn’t be accurately quantified.



Continuous versus discrete anchoring

Despite this seminal experiment remaining a rather qualitative observation, it inspired the design and development of alternative systems capable of quantitatively measuring traction forces. Nearly two decades later, in 1999, Dembo and Wang officially introduced “Traction Force Microscopy” – TFM - as a method to quantify forces exerted by adherent cells on compliant substrates (37). They replaced the silicon membranes with thicker, linearly elastic, hydrogels and adopted fluorescent beads as fiducial markers, instead of relying on wrinkles to report substrate deformation (Figure 2A). Above all, these changes replaced the generally nonlinear and mathematically complex description of wrinkle formation with a classical, linear, continuum mechanics model from material science (39, 40), thus opening the way for systematic force measurement.




Figure 2 | (A) “Traditional” TFM with PAA gels doped with sub-resolution fluorescent beads. One difficulty is to assess the non-perturbed bead position either at the beginning or the end of the experiment. (B) Micropillar based TFM. The typical size of a pillar is 1µm diameter over 10µm length, for a 1 µm interpillar distance, and a hexagonal compact 2D distribution-the numbers given here are typical orders of magnitude for these parameters). The unmolding step in the substrate fabrication process can be quite delicate, while the force localization and calculation are rather trivial.



In an attempt to further simplify the computationally intensive force calculations required for continuous hydrogels, Tan and colleagues introduced an elegant alternative system for TFM in 2003 (41). Theirs consisted of cylindrical polymeric pillar arrays, fabricated by soft lithography, where cellular forces can be laterally decoupled in a series of local strain gauges; once cells adhere to the protein-coated pillar tops, they bend them away from their unloaded position. By estimating this deformation and applying the classical beam bending theory, one can then calculate the local traction forces exerted by the cells (Figure 2B) (41, 42). Despite the obvious advantage of using such discrete adhesive surfaces (i.e., load-free reference position is readily available and the deflection of a given pillar only depends on the force applied to that particular pillar), the pillars themselves represent a major flaw in the system: They impose arbitrary restrictions on the size, shape, and location of cellular adhesions, and consequently control where and how cells transmit force (43, 44). In addition, if the cell makes adhesive protrusions that extend into the substrate beyond the very top of the pillars, the classical calculation is not applicable. Thus, even though forces can be elegantly calculated using such a system, it remains unclear how these calculations relate to those actually transmitted in the native cellular environment.

Though the pillar arrays system suffered from several intrinsic limitations, it is crucial to highlight that the concept behind it served as a foundation to build a number of new approaches that translated the “reference free” and “computationally easy” force reconstruction onto flat 2D TFM substrates. These include the micro-patterning of cell adhesive islands (45, 46), the lithographic photoresist of ordered arrays (47, 48), as well as the nano-patterning of quantum dots (QDs) on linearly elastic substrates (49). Using these technologies, a regularized grid of reporter structures allows the determination of deformation of continuous 2D substrates without the need of a reference frame. However, as these patterns may represent the only sites where cells can exert force, similar to the pillars, the artificial constraint on cell force location will impact the physiological relevance.



From 2D to 3D TFM

Whether it’s the continuous hydrogels from Dembo and Wang, or the pillar arrays from Tan and colleagues, both systems were originally developed with the aim of quantifying forces generated by adherent cells on 2D substrates. This was based on the assumption that cellular forces are predominantly tangential (in-plane, x, y), and that the forces normal to the substrate (out-of-plane, z) are negligible (50). However, since then, it has become evident that cells interacting with adherent substrates exert forces in 3D, and that the out-of-plane traction components are often comparable to the tangential ones (51, 52).

To account for these realizations, classical 2D TFM has been extended to 2.5D and 3D TFM (53–56).

2.5D TFM refers to the measurement of tangential and normal cellular forces exerted onto 2D substrates, not to be confused with “true 3D” TFM that quantifies forces exerted in 3D space (substrate). Nevertheless, in either case, by obtaining both the in- and out- of plane displacement fields of fiducial markers (e.g., fluorescent beads or patterns) using high-resolution image processing, for example through z-stack or astigmatic imaging (56), one can then reconstruct the “3D” force fields exerted by the cells.

While resolving normal traction forces is in itself difficult, given that it requires significant computational power, in addition to an appropriate imaging modality (discussed below), 3D TFM in specific comes with its unique set of challenges. Typically, in 3D TFM, cells (e.g., fibroblasts) are encapsulated within a deformable 3D extracellular matrix (ECM) scaffold material (e.g., collagen or fibrin fibers), pre-loaded with fluorescent beads (57). Unlike in 2D and 2.5D TFM, where the synthetic substrates can be fully characterized, biopolymers such as ECM materials are mechanically complex (57); they are constantly being synthesized, degraded and remodeled by cells. It is thus difficult to discern whether the recorded deformations are caused by one of those processes or by actual cellular forces. Besides, natural ECM is composed of fibers with highly non-linear force-extension relationships, meaning extracting traction forces from deformations is not possible using classical mechanics approaches. An innovative solution around these difficulties was put forth by Legant et al. who performed 3D-TFM with polyethylene glycol (PEG) hydrogels, incorporating domains that allowed for both adhesion (fibronectin RGD binding domain) and degradation (matrix metalloproteinase susceptible linkers) by the embedded cells (58). It is important to note that 3D TFM is not quite physiologically relevant when studying lymphocytes, potentially more so for other immune cells such as macrophages.

Another noteworthy innovative TFM adaptation involves the use of deformable hydrogel microparticles for force quantification (35). Though this approach does not follow the classical definition of either 2.5D or 3D TFM, since neither the substrates are 2D, nor are the cells encapsulated, it does allow the quantification of tangential and normal forces applied to a sphere of adjustable size, and can therefore be quite intriguing for the investigation of cell-cell interactions. For example, studying T cell-APC and cytotoxic T cell-infected cell interactions where membrane tension is essential for immune synapse stabilization (59) and perforin (a hydrophobic protein that forms pores in the target cell membrane) secretion (60).



Making the right material choices

Despite the many exciting developments in the broad field of TFM, the most commonly used system to measure cellular traction forces remains the one designed by Dembo and Wang in 1999: TFM on continuous and linearly elastic substrates embedded with fluorescent beads (37) (Figure 3). The most popular substrates used in this system are polyacrylamide gels (PAGs) and polydimethylsiloxane elastomers (PDMS, also called silicone). However, two unique features have given PAGs an edge over their counterparts. First, PAGs span an excellent range of elasticities (62). By simply varying the concentrations of acrylamide and N,N′-methylenebisacrylamide-the building blocks of PAGs- while retaining the same surface chemistry, the stiffness of the PAG can be adjusted to mimic that of most biological tissues (typically from 100 Pa to 100 kPa). Second, PAGs are generally non-fouling, meaning they are nearly inert as adhesive substrates. The same chemical stability and non-adherence that allows the usage of PAGs for the electrophoretic separation of nucleic acids and proteins, also guarantees that neither cell surface receptors nor adhesive proteins present in the serum can bind directly to the gel. Consequently, only molecules covalently grafted on the gel surface can act as ligands for the cells (29). In comparison, different formulations of PDMS are required for it to span a similar range [1 KPa- 1 MPa, ‘Q-gel’ is the more suitable choice for low elasticities and ‘Sylgard’ for the high ones; (63)]. Additionally, being extremely hydrophobic, PDMS requires supplementary passivation to prevent the non-specific adsorption of proteins onto its surface.




Figure 3 | (A) Schematics of TFM for the study of early interactions of a primary human T lymphocyte with an ultra-soft APC-mimicking PAG doped with fluorescent nanobeads. (B) Raw fluorescence images, before and after the cell has landed, aligned to remove sample lateral drift. These ROIs are cut from original large field epifluorescence movies. The white squares indicate where a T lymphocyte has landed, as observed in bright-field transmission microscopy (not shown). The overlay shows the displacement of the beads due to cellular force. (C) Result of PIV calculation (over the zone delimited by the white square, where the cell sits) showing the constructed vector map of bead displacement field, taking t=0 sec frame (before the cell has landed) as the cell-/stress-free reference. The displacements have been normalized. (D) Result of FTTC calculation showing the gaussian smoothed map of stress norm. The data presented here has been processed using open-source softwares (Fiji/ImageJ (61), Python), following (29).



It is generally accepted that the experimental setup used for TFM has a great influence on the achievable result, both in accuracy and quality. Thus, regardless of the chosen material, a number of key considerations must be taken into account when designing a TFM substrate.

First, the thickness of the substrate needs to be sufficient. “Cells may not see or hear’’, but they can certainly “feel” their surroundings and sense a collective stiffness. Just like the princess in Hans Anderson’s fairy tale who felt a small pea beneath a stack of soft mattresses, cells too can feel the stiffness of a rigid support buried beneath a soft layer, even if they’re not in direct contact with it. The soft layer, in this case the substrate, must be sufficiently thick such that the cells feel and respond to its softness rather than the rigidity of the underlying glass.

Second, the stiffness of the substrate must be tuned to fit the biological system under investigation. Different cell types exert forces over a wide range, and thus the chosen stiffness must be able to manifest the exerted forces as an appropriate deformation. On one hand, if the substrate is too stiff, the cells will not be capable of effectively deforming it, resulting in insufficient bead displacement, and rendering the calculation of force impossible. On the other hand, if the substrate is too soft, then the bead displacement may be too large, thus breaching the linear-response regime and making the linear-elastic theory inapplicable. A starting point for cells hitherto unexplored in terms of force measurements, is to consider the elasticity data reported for cells or tissues that the cells under consideration interact with. For example, when working on T cells, a stiffness such as the one reported for antigen presenting cells may be the appropriate starting choice (64).

Third, considerations of roughness and porosity are important. Given the cross-linked nature of PAA and PDMS, their stiffness is related to the mesh size of their molecular polymer network; the stiffer they are, the smaller the mesh size. Thus, an additional restriction would be that the substrate must be stiff enough to grant the formation of a sufficiently small mesh size capable of trapping the beads inside of it. It is important to note that mesh size may also influence the surface density of the functionalized proteins (65).

Fourth, the density of the fiducial markers needs to be optimal. Bead density in the substrate, of course in conjunction with the optical technique chosen for observation, directly determines the accuracy of force recovery (61). Thus, it must be carefully chosen in accordance with the spatial scale, the magnitude of the forces being measured, and the image analysis method to be used later. The density of the beads must be high enough to capture the spatial intricacies of the traction force field. If the bead density is too low, then in certain areas the deformation may go unreported and thus the traction information may be incomplete. Alternatively, if the bead density is too high, the image of the beads may overlap and nearby beads may not be resolved, thus concealing details of their relative displacement.



Quantifying displacements

The fundamental principle behind TFM has remained the same since its conception: when cells adhere or migrate over sufficiently compliant substrates, they exert traction forces that can deform said substrate. These deformations are spatially and temporally mapped by monitoring the changes in lateral position of sub-resolution fluorescent beads embedded just below the cell accessible, functionalized surface.

In order to measure cell traction forces, (at least) two images of the substrate have to be acquired: One image of the bead field while the substrate is subjected to cellular forces (i.e., the stressed state) and another image of the bead field in the absence of cellular forces (i.e., the relaxed state). The image of the beads in their relaxed state can either be obtained before cell engagement (28, 66) or after cell detachment using EDTA or cocktails of proteolytic enzymes such as Trypsin or Accutase (67). Provided that the substrate is linearly elastic, the beads should return back to their relaxed state once the cells, and therefore the exerted forces, have been removed. The displacement caused by the cells can then be computed by comparing the bead positions in the stressed state to that in the relaxed state.

There are currently two main approaches to perform this comparison, either by localizing and tracking each individual bead, also known as single-particle tracking (SPT, (68, 69)), or by correlating displacements with regions of an image, also known as particle image velocimetry (PIV, (70)).

SPT identifies and tracks individual bead centroids by utilizing single particle localization algorithms. Basically, these algorithms scan all the pixels in the relaxed image to identify the pixel coordinates of the fluorescent beads (referred to as pixel intensity maxima). For each bead that is tracked, a box of pixels centered around the maximum intensity pixel is designated. The relative pixel intensities in that box serve as a ‘‘fingerprint’’ for the tracked bead, which is then used to find the coordinates of the corresponding ‘‘fingerprint’’ in the stressed image. This process is repeated for every bead in the image. Usually such procedures are able to track the bead displacements with submicron resolution (71).

Alternatively, one can forgo identifying and tracking individual bead centroids, and instead use PIV to calculate and project displacements on a grid, using image cross-correlation. To do that, both rest and stressed images have to be first partitioned into small interrogation windows. The pattern of an interrogation window in the first image is correlated with a region of equal size in the second image that is shifted pixel-wise in the vicinity of the location of the interrogation window of the first image. The result of this operation is a local correlation map of a specific bead pattern. The position of the maximum correlation value within this map is the most probable displacement of the bead pattern of this specific interrogation window.

Because PIV requires the image to be divided into smaller regions, some of the displacement occurring in the sub-regions might be lost. To minimize this loss, the selection of a “correct” PIV window is critical. If the window is too large, fine detail regarding the bead displacement will be lost, and the overall resolution of the force will be compromised. Alternatively, if the window is too small, such that it contains no distinguishable features (eg. a too small number of beads or even no beads to the extreme limit), the correlation between frames will be unreliable and prone to error due to the creation of non-existing displacement. Such a choice is influenced by the density of beads but also by the scale of the features one expects to record.

Both of these approaches have their own limitations, and they can also be combined (30, 69). SPT potentially yields higher accuracy but may introduce incorrect bead matches between the relaxed and stressed images which contaminate the true displacement data. PIV on the other hand is robust against mismatches as well as sample drift in the z direction, however, it is doubtful to obtain comparable lateral accuracy and resolution. Nevertheless, they have both been utilized in 2D TFM with minimal modifications. The question of which approach to use depends on the expected nature of the forces. For example, in the case of focal adhesion forming cells where forces are likely to result in a collective motion of a group of beads, it would probably be more appropriate and practical to use an approach that depends on image cross correlation instead of individual bead displacement.



Mapping forces

The final step in TFM is to convert displacements into a map of cellular traction stresses or forces. In other words, a relationship, derived from the physics of materials, is needed to describe the deformation of a material in response to a force applied onto its surface. Although this conversion fundamentally requires solving a stress-strain problem, several approaches have been developed to do so, the two main ones being the forward approach and the inverse approach.

The forward approach is more straightforward and computationally efficient. As the name suggests, the stress tensor is calculated directly from a three-dimensional displacement field, using the constitutive law of the material, and the surface traction is calculated from the 3D stress field (72). One major advantage for this method is that it can be easily applied to nonlinear, viscoelastic, or other material constitutive properties without having to modify the general mathematical framework. Nevertheless, there are two major trade-offs to using it. First, a 3D or quasi 3D displacement field is needed and second, noise effects may become very important. In traditional 2D TFM where fluorescent beads are embedded in the substrate, the stress field is not known immediately at the cell-substrate interface, it’s rather measured at the layer of beads closest to the interface. Consequently, in order to calculate the forces experienced at the true substrate interface, some method of extrapolation must be implemented to estimate the stress field at the interphase from that at bead level. This estimation might introduce significant error if one can’t ensure that a large enough number of beads is present quite near to the substrate surface.

One way to address this concern is to adopt the inverse approach. In this approach, the traction field becomes a convolution of the displacement field and Green’s function. It’s important to note that the utilization of Green’s function imposes several key assumptions. First, forces are mainly exerted along the substrate surface rather than normal to it. Second, the substrate is estimated to be a 2D elastic plane extending laterally to infinity (a semi-infinite half space). Third, the strains are small and thus the substrate deforms under a linear elastic regime. Lastly, the substrate material remains homogeneous in both relaxed and stressed states. Even if all these assumptions are experimentally met, the inverse approach still suffers from two major limitations. First, upon inversion, the calculated forces become very sensitive to high frequency fluctuations (i.e., noise) in the displacement data. To solve this problem, a pre-smoothing, also known as regularization, must be implemented to obtain a reasonable solution (73)). The regularization coefficient must be carefully chosen so as to provide a balance between how well the solution fits the noise-distorted experimental displacement data and the overall magnitude of the traction forces. If the solution is over-regularized, the data will become over-smoothed and the resolution of the recovered forces will be lost. Alternatively, if the data is under-regularized, the solution will overfit the noise in the displacement and will thus be a false representative of the traction forces. Secondly, the computation needed to solve the inverse problem and implement the additional regularization steps is quite time-consuming and computationally expensive. The most common and general way to solve this problem is by using Fourier Transform Traction Cytometry (FTTC) whereby, essentially the integrated displacements are transformed into Fourier Space and the calculations are performed using matrix multiplications.



Improving detection in 2D (and 3D)

The accuracy and resolution of TFM ultimately depend on the spatio-temporal resolution of the optical microscopy technique with which it is accompanied. The spatial resolution is a limit imposed by the resulting finite size of the point spread function (PSF) associated with each fluorescent bead. At high densities, the PSF of the beads begin to overlap, hindering the reliable tracking of their displacement. Similarly, the temporal resolution also influences the ability to reference and track individual beads over time. Not to mention that at low time resolutions, dynamic processes are concealed, whereas at higher time resolution, requiring more frequent imaging, phototoxicity as well as photobleaching become a concern. As such, experimentalists often find themselves forced into a trade-off between spatial and temporal resolution.

The first straightforward attempt to partially overcome these limitations came from Sabass et al. who proposed to incorporate fluorescent beads of two different colors to increase the allowed bead density while decreasing the noise and irregularities in bead tracking (69, 74). To further improve the spatial resolution of TFM from the micron to the submicron scale, Colin-York et al. combined super-resolution stimulated emission depletion (STED) microscopy with TFM (2D STED-TFM) (75). STED-TFM allowed a 5-fold improvement in the resolution of the tracked bead displacement field, yielding a much finer recovery of force compared to standard laser scanning confocal microscopy. This step forward however, came at the expense of increasing the image acquisition time to a few minutes for each field of view due to the STED scanning. Additionally, the high laser intensity required for fluorescence depletion diminished the biocompatibility of this approach. The same group later addressed these problems by developing live-cell super-resolution 3D SIM-TFM, a technique combining structured illumination microscopy (SIM) and TFM. Because SIM is a wide-field technique, it does not rely on image raster scanning, and thus, unlike STED, allowed faster acquisition times (11 ms per frame, 15 frames per super-resolution image in 3D mode), and at a significantly lower fluorescence excitation light, thus increasing the number of images that can be a acquired at a given time frame while minimizing the effects of photobleaching (76, 77).

To overcome the need for the axial scanning required for the 3D imagining of the beads using 3D SIM-TFM, and further increase the speed of acquisition, they later combined TFM with 2.5D astigmatic imaging (aTFM) and SIM in total internal reflection fluorescence microscopy mode (TIRF-SIM) (56). Astigmatic imaging allowed the 3D information in the ~1 μm zone surrounding the focal plane to be inferred from a single wide-field image, rather than having to perform multi-frame z-stack acquisitions, thus increasing image acquisition to up to 90 ms per SIM image frame, while the use of TIRF reduced the contribution of out-of-plane fluorescence and enhanced the overall quality (contrast) of the images. In their most recent work, they extended TIRF-SIM to 2D (2D TIRF-SIM-TFM), demonstrating a >2 fold increase in spatial resolution and >10 fold increase in temporal resolution in comparison to traditional TFM (78).

There are two main limitations that appear when using 3D SIM-TFM and TIRF-SIM-TFM (2.5D and 2D). Firstly, they necessitate the use of high numerical aperture objectives with narrow working distances which consequently diminishes the imaging depth and limits the thickness of the substrate that can be used. This is particularly problematic in TFM since, as mentioned previously, the substrate must be sufficiently thick to eliminate any mechanical influence coming from the underlying glass. Secondly, imaging the substrate-cell interface requires that the substrate has a refractive index similar to that of glass, such as PDMS (variety Qgel for example, (63)), which in itself comes with its own set of constraints, primarily the limited elasticity range that can be achieved. PAGs, having a refractive index similar to that of water, are therefore not directly amenable to such refined techniques.

It is also noteworthy that the availability of such advanced microscopy systems is likely limited by prohibitively high costs, either on the material side or on the development time needed to set them up, which often limits experimentalists to more classical fluorescence (epi or confocal) and phase-contrast microscopy. Normally, this would rule out the possibility of recovering 3D traction forces since traditional 2D imaging systems suffer from a relatively high degree of out-of-focus light-scattering. However, Hazlett et al. found an interesting strategy to get around that difficulty (54). They embedded a single dense layer of fluorescent beads on the PAG surface, and then obtained volumetric images of the beads by deconvolving the experimental epifluorescence images acquired using the PSF collected from a single bead in the images. Using SPT, they managed to quantify 3D volumetric bead displacements, and consequently, 3D stress fields.



Insights into T cell biology from TFM data

In this section, we present a few prominent examples of recent insights gained into the workings of T cells thanks to TFM studies.

One of the earliest experiments implementing TFM for T cell studies examined the complementary roles of CD3 (parts of the TCR complex, responsible for signal transmission across the membrane) and CD28 (a costimulatory molecule participating T cell activation) in mechanosensing during primary human CD4+ T cell activation. Using PDMS pillar arrays presenting activating antibodies against CD3/or pMHCs and/or CD28, Bashour et al. confirmed that antigen recognition does in fact involve force exertion. They recorded traction forces of around 100 pN, exerted specifically through the TCR-CD3 complex, and which could be augmented with co-stimulation through the engagement of PI3K signaling pathways (27).

To examine the interplay between activation and adhesion, Tabdanov et al. also employed PDMS pillar arrays, but functionalized with activating anti-CD3 antibody +/- ICAM-1 instead (79). Their experiments showed that the incorporation of ICAM-1 significantly increased the cellular contractile stresses exerted by Jurkat T cells, in comparison to those recorded when only the TCR/CD3 complex was engaged. Combined with their experiments on micropatterned surfaces, their work highlighted a mechanical cooperation between the TCR/CD3 and LFA-1-ICAM-1 systems, whereby actin nucleation (governed by Arp2/3) downstream of TCR signaling sustained the growth of the LFA-1 dependent actin network, which in turn then provided the cytoskeletal tension to allow mechanical sensing, T-cell spreading and enhanced TCR activation.

Focusing further on the influence of the T cell cytoskeleton, Hui et al. used enhanced green fluorescent protein (eGFP)–actin expressing Jurkat T cells and poly-L-lysine-anti-CD3-coated polyacrylamide gels, to demonstrate the contribution of actin polymerization and myosin contractility in force generation and maintenance during T cell activation (28). With this system, they recorded peak stresses reaching 20–30 Pa and a total force of a few nanonewtons and showed that the EGFP-actin Jurkat T cells exerted larger forces on polyacrylamide gels of increased stiffness. This came in contrast to Bashour et al.’s work (27), where no change in traction force per pillar as a function of pillar stiffness was observed. Building on these results, the same group later utilized the same system to showcase the role of dynamic microtubules in regulating force generation at the T cell-substrate interface, through suppressing Rho contractility and actin flow (80).

Another study highlighting the role of actin in T cell force generation, was that of Savinko et al. (81) employing silicone-based gel substrates coated solely with ICAM-1. In these experiments, knocking out the actin-binding protein filamin A dropped the traction stresses exerted by mouse CD4+ effector T cells by approximately 50% (from ≃ 50 Pa to ≃ 25 Pa).

Linking cytoskeletal forces and effector function, Tamazalit et al. used PDMS pillar arrays presenting cognate p-MHC-I to show that CD8+ T lymphocytes employ F-actin rich protrusions, generated by Wiskott-Aldrich Syndrome protein (WASP) and the Arp2/3 actin nucleation complex, for synaptic force exertion and cytotoxic function (perforin and granzyme release; granzymes are proteases that induce cell apoptosis) - A process they termed as “mechano-potentiation” (82).

In an innovative approach, Vorselen et al. studied the interaction of eGFP-actin expressing cytotoxic T lymphocytes (CTLs) with activating (quantified as Ca2+ influx) soft (~ 300 Pa) deformable polyacrylamide microparticles (DAAM-particles, ≃ 15 µm in diameter) functionalized with cognate pMHCs and ICAM-1. Interestingly, using this technique, the shear stresses (~ 100 Pa) detected in the contact area (8 µm in diameter) between the CTLs and the microparticles were directed outwards, and as time progressed, localized indentations i.e., normal traction forces (up to 200 Pa, 0.5 nN total force) started forming within that area (35).

Similarly, Aramesh et al. also adopted an unconventional strategy to study both tangential and normal forces generated by T cells. Instead of using microparticles-doped gels however, they performed a functionalized bead assay whereby anti-CD3 and/or anti-CD28-functionalized 200 nm neutravidin-conjugated beads were bound onto the surface of biotinylated poly(ethylene glycol)diacrylate (PEGDA) gels or PDMS-based QGel, and Jurkat T cells were left to interact with them (55). In accordance with Bashour et al.’s observations (27), their experiments also showed that co-stimulation by CD28 does in fact enhance T cell forces, reaching up to 10 nN forces, and not surprisingly, the increased force generated correlated with increased Ca2+ influx, i.e., increased activation. However, what was truly intriguing about their data was that single T cell microvilli were targeting single beads, and within that T cell-microvilli contact, actin was forming a vortex-like ring structure where the TCR was enriched and CD45 was excluded. This comes in line with previous reports suggesting that the size-mediated exclusion of CD45 from the IS shifts the ITAM phosphorylation−dephosphorylation balance, thereby triggering TCR signaling (83).

Though this section has focused on the existing literature regarding T lymphocytes studies using TFM, several other immune cell types have been investigated using the same methodologies, often though to a lesser extent. These include neutrophils (31), B cells (30, 66), dendritic cells (84) and macrophages (36).



Molecular sensors for force measurements

All the techniques mentioned thus far represent macroscopically large strain gauges that measure force maps generated by the cell, at the (sub)cellular scale. The same principle can be implemented at the nanoscale to measure the force borne by a specific molecule, through the interaction of a single receptor and ligand: provided that mechanical properties can be evaluated at the molecular scale, deformations of individual molecules, such as the extension of protein domains or DNA molecules, can be converted into forces. To this end, a great deal of effort has been dedicated over the last decade into the development of molecular force sensors (32, 85–87). These may not formally qualify as TFM but are included here because of their immense importance and potential.

The principal components of these sensors are deformable molecules that are sensitive to molecular tension, and that are labeled with a dye, a dye–quencher pair, or a dye-dye pair. Once force is applied onto the construct, its configuration will change, and consequently the fluorescent activity of the sensor will change as well. Thus, the experienced molecular force will eventually be reported as surface fluorescence loss, fluorescence gain, or Förster resonance energy transfer (FRET) efficiency change (88). Note that, similar to the substrates used in classical TFM, the responsivity range of the deformable molecule should match the range of the molecular force transmitted by the molecule under investigation.

While most common molecular force sensors are coated onto surfaces and are thus used to report the forces applied by cells onto said surfaces, another type can be used to measure forces inside cells. Typically, these constitute mechanosensitive proteins that have been engineered with fluorophore pairs and expressed in living cells; As they experience force, the separation distance between the fluorophores, and consequently the FRET efficiency, is altered, allowing for the real time measurement of intracellular forces across single molecules (89, 90).

Although such sensors provide an immediate readout of molecular forces, for several reasons, interpreting the obtained signals might not be as straightforward. First the effective spring constant of the elastic linker might depend on the local environment in the cell, even if previously calibrated by single-molecule force spectroscopy experiments (by Atomic Force Microscopy, Optical or magnetic Tweezers (91). Second, the fluorescent signal is a sensitive function of domain separation and relative orientation, thus, a direct conversion into force can be problematic (92, 93). Third, it is difficult to control the number of engaged sensors, consequently, the fluorescent signal cannot easily be integrated over a larger region. Not to mention that using such a technique allows the recovery of only the norm of the force exerted and not the exact direction of said force. Therefore, advanced molecular force sensors can be expected to complement, but not fully replace, traditional TFM in the future.



Conclusions and perspectives

The last two decades have witnessed an upsurge in the development of a wide variety of techniques for probing cell generated forces. Though they have not been discussed in this review, they have been described in great detail elsewhere (See for example, for immune cells, (2, 8)). Despite their growing availability, such advanced biophysical techniques still require specialized skills and often expensive tools that are still far from becoming routine laboratory equipment in biology labs, unlike conventional molecular biology tools for examining gene expression and protein concentration. Perhaps the simplest of these techniques, and the one that is rapidly leading its way towards standardization, is TFM. Most likely, TFM has gained such wide adoption by the mechanobiology community because of its ease of implementation and longstanding history.

However, if we disregard for a brief moment its attractive simplicity, we will see that TFM suffers from very serious caveats. Primarily, the computational analysis required for tracking displacements and recovering force maps is quite complex, nuanced and difficult to validate. Even marginal errors in retrieving bead displacement will introduce large errors into the final stress and force fields. Moreover, as explained above, extracting force fields from displacement fields is a mathematically ill-posed problem that will introduce noise into the final measurements, and will thus necessitate regularization. Since there is not a “standard” regularization factor, which is quite logical since this value will depend on several experimental and numerical parameters, which are not uniform (e.g., bead size, bead density, substrate stiffness, cellular forces, and imaging parameters, methodology for calculating the beads displacements …), one could end up with either over-smoothed, or alternatively, under-regularized data, which does not faithfully represent the exerted cellular traction forces. Given such variable experimental and analysis protocols, comparing experimental values obtained in different laboratories becomes very difficult, especially, as is the case for any quantification of living systems, since biological diversity, such as cell culture conditions and cell passage number, may also impact the scatter in measured values.

Potentially, the only way to overcome these challenges is by utilizing reproducible and accessible standardized protocols, as well as implementing open source softwares for data analysis. Several startup companies that sell prefabricated substrates exist today, which is a partial step towards standardization - though in our experience their rigidities need to be verified by the end user. Python, ImageJ/Fiji, and even Matlab scripts are now available online for calculating stresses, force maps and energies from bead images (see for example https://sites.google.com/site/qingzongtseng/tfm, https://github.com/topics/traction-force-microscopy, https://github.com/MBPPlab/TFM_v1). Though this does not completely solve the problem, it is a step in the right direction towards standardization.

To further complexify the picture, the generation of mechanical forces by biological systems are space and time scales dependent, from cells, down to single molecules and up to entire organisms, lasting less than a few seconds up to hours and even over their whole lifetime. For example, looking at T cell activation, certain processes such as actin turn-over occur at the order of seconds, while others may take several minutes, such as the building of the IS, or more. Another important point is that, in-vivo, cells are interacting with different substrates/other cells and are constantly integrating the myriad of biochemical and physical signals rising from their microenvironment. Trying to recapitulate such intricate physiological conditions is extremely challenging, and so it remains difficult to understand how forces measured in-vitro, on mechanically simplified substrates, relate to those existing in living tissues or organs. A prominent example in T cell studies is that every interaction of a T cell with APCs will be made under different mechanical conditions as pointed out by Bufi et al. (64) leading to adaptation in experimental parameters, such as the substrate rigidity in TFM to accommodate for a precise encounter to be studied.

Therefore, before opting for one technique or the other, an investigator needs to make several critical decisions: (1) in-vivo or in-vitro (2) 2D, 2.5D or 3D, (3) spatial resolution- nanoscale or microscale- and/or temporal resolution-sub second, second, or minutes, (4) molecular scale forces or cellular scale forces. Another key point is deciding whether one time point quantification, and thus one force value, will suffice, or whether the process is dynamic and will require time-lapse measurements. We have specifically highlighted this point in our recent work using TFM on ultra-soft PAGs which showed that T cells exhibit distinct dynamic stress and energy patterns (29).

With the pace at which the field of mechanobiology is growing, it is not unreasonable to imagine that the next-generation tools for quantifying cellular forces will exhibit an extended range of measurable forces, an improved spatio-temporal resolution, and will re-create a more complex cellular microenvironment that will allow cells to experience a dynamically changing set of biochemical and physical conditions, more representative of that occurring in in-vivo settings. Though this may sound quite alluring, one has to keep in mind that the more complex our questions and experiments become, the more difficult it will be to extract meaningful correlations and determine clear cause–effects relations. There will always be a series of more or less arbitrary trade-offs.

Perhaps the most exciting and currently achievable experimental approach in the world of TFM revolves around combining simultaneous measurement techniques. This could be through merging fluorescent molecular force sensors with classical 2D TFM, to have a better understanding of how forces propagate between the molecular and cellular scales. It could also be through the simultaneous quantification of cellular/molecular forces with signaling cascades, eg. using live phosphorylation (94) or calcium reporters (95, 96), to yield a more complete picture of how force generation and biochemical events are integrated across different scales. Ultimately, studying the mechanobiology of cells in general, but of immune cells and T cells in particular, will be the route to enhancing our understanding of the role of mechanobiology in health and disease (2, 4), and hopefully we will one day be able to translate this wealth of knowledge into next-generation diagnoses and treatments.
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T cells are master regulators of the immune response tuning, among others, B cells, macrophages and NK cells. To exert their functions requiring high sensibility and specificity, T cells need to integrate different stimuli from the surrounding microenvironment. A finely tuned signalling compartmentalization orchestrated in dynamic platforms is an essential requirement for the proper and efficient response of these cells to distinct triggers. During years, several studies have depicted the pivotal role of the cytoskeleton and lipid microdomains in controlling signalling compartmentalization during T cell activation and functions. Here, we discuss mechanisms responsible for signalling amplification and compartmentalization in T cell activation, focusing on the role of CD28, chemokine receptors and the actin cytoskeleton. We also take into account the detrimental effect of mutations carried by distinct signalling proteins giving rise to syndromes characterized by defects in T cell functionality.
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Signalling compartmentalization: surrounding molecules to integrate and amplify signals

Cells must be able to sense, decode and integrate a plethora of environmental stimuli. For many years, an outstanding question for cell biologists was how different signalling cascades, exploiting common intracellular effectors, could trigger distinct cellular responses. It is now clear that to allow the proper progress of specific cellular responses, signalling effectors must be locally confined in space and time, a concept referred as signalling compartmentalization. The tight control of the location, duration and frequency of signalling molecules indeed contributed to the relevant functional specificity that enables receptors to encode distinct cellular responses.

Protein compartmentalization is integral to achieving effective and controlled T cell responses, which are drivers of the adaptive branch of the immune system (1, 2). Over the last years, multiple studies have shed light on both the mechanisms by which signals are compartmentalized in T cells and the physiological role played by such compartmentalization (3). Both lymphocyte migration and activation indeed rely on the selective and transient segregation of signalling molecules and membrane receptors that localized in specific cell locations with different kinetics.

The dynamic molecular compartmentation of signalling players in T cells is ensured by the interplay between the plasma membrane (PM), cytoskeleton networks, and intracellular organelles.

Collectively, such events lead to the establishment of a morphological and molecular asymmetry know as lymphocyte polarization which is crucial for T cell migration and activation.

In resting conditions, T lymphocytes present a spherical shape retained by the cytoskeleton tension and, in particular, by the intermediate filaments and the cortical actin (4, 5). T lymphocyte surface is “decorated” with microvilli sustained by parallel bundles of highly dynamic actin filaments (6, 7) (Figure 1). These structures allow T cells to sense the surrounding microenvironment and, importantly, they promote signalling compartmentalization at their tips, leading to the coalescence of proteins and receptors involved in T cell adhesion and activation, as integrin α4β7-Very Late Antigen 4 (VLA-4), L-selectin, chemokines receptors as CXCR4 (8, 9) and T cell receptor (TCR) complexes (6, 10–14). At the tip of microvilli, proteins are found in close proximity thus prompting an easier and more efficient “scanning” of the APC surface in search of the peptide-major histocompatibility complex (pMHC) and, at the same time, increasing the avidity for subsequent interaction of the two cells. Indeed, following T cells adhesion and activation, microvilli are resorbed and integrin avidity is upregulated in a process mediated by ERMs proteins (ezrin, radixin and moesin), acting as a bridge between the PM and the actin cytoskeleton (15–17). Notably, it has been recently proposed that membrane curvature could also promote signalling compartmentalization within microvilli tip (18). This topic has been extensively discussed elsewhere (19).




Figure 1 | Mechanisms of signalling compartmentalization in T cells. Fromthe left, relevant compartments which regulate signalling compartmentalization in T cells (A), related T cell activities (B) andmechanisms underpinning signalling compartmentalization at these sites are outlined (C). Inmicrovilli, parallel actin filaments allow the sustainment of the structure which assure the concentration of proteins andmolecules and signalling compartmentalization in naïve T cells. In the immune synapse (IS), where the formationof the couple between the T cell and theAPC is assuredby the specific recognition of the Ag recognized on theMHCIImolecules by the TCR, the binding of the two cells is further sustained by the CD3 and co-stimulatorymolecules (CD28/B7-1/CD80-B7-2/CD86). Here, the compartmentalization of the signalling is mediated by the concerted action of cytoskeletal components, lipid rafts and endocytic compartment. During T cell migration, the T cell acquires an intrinsic polaritymandatory for the definition of a leading edge and a rear pole (uropod). The differential segregation of proteins at these two poles (cytokines and chemokines receptors at the front side whilemitochondria and integrins of the rear one) assures the functionalmotility of the T cell. Mitochondria relocation within the T cell ismediated bymicrotubules in a Ca2+ dependent fashion. This process is orchestrated by theMTOC (microtubules organizing center) which controlsmicrotubules polymerization and then mitochondria localization in a Ca2+-dependent fashion. The definition of T cell polarity ismandatory for a proficient T cell migration with, on one side, chemokine receptors guiding themovement at the leading edge while, on the other side, adhesionmolecules controlling T cell adhesion hence providing an antithetic force. Lastly, the endocytic compartment, apart fromthe recycling of molecules, promotes the fine compartmentalization and the amplification of the
signal with the juxtapositioning ofmolecules and proteins. TCR-T cell receptor;MTOC-MicroTubule Organizing Center; ATP-Adenosine TriPhosphate.



In this landscape, a particular focus should be made on the actin cytoskeleton bearing a ubiquitous but fundamental role in multiple cellular processes. As for T cells, the actin cytoskeleton has a key importance in their activation, mainly during the formation and maintenance of a specialized junction named the Immunological Synapse (IS). In accordance to this, recently, it has become clear that mechanical and biochemical signals at the IS are integrated by actin dynamics (20).

Besides cytoskeleton, signalling compartmentalization in T cells is orchestrated also by “small (10–200 nm), heterogeneous, highly dynamic, sterol- and sphingolipid-enriched domains that compartmentalize cellular processes” (21, 22), defined as lipid rafts. Even if, due to technical issues, their description and existence has been debated for years, it has been clear from the beginning that their main feature is the ability to promote signalling via proteins juxtaposition (controlling the inclusion/exclusion of proteins) thus generating “signalling hubs”. Giving their limited size, lipid rafts can welcome only a limited number of proteins which probably stand among 10-30 proteins (22, 23). The partitioning of molecules within their structure can be regulated by multiple factors including the intrinsic molecule state, the signalling state of the cell and post-translational modifications (PTMs). Interestingly, lipid rafts are not stand alone structure by they are connected to the cytoskeleton via actin-binding proteins as ezrin and filamin acquiring then the definition of “floating island” or “flying kites” (21, 24).

The advancements in imaging techniques, with the introduction of single molecule and scanning confocal imaging, have overcome this primordial separation of these compartments. For instance, the “Picket and Fence Model” postulated by Kusumi and colleagues defined confinements area within the membrane (between 30 and 700nm) where transmembrane proteins are anchored and lined up along a fence of cytoskeletal proteins (25). This model arises from the evidence that transmembrane proteins can also move within confined areas and they have to “hop” when changing it. This concept was expanded by the definition of the “proteins island model” in the PM. Protein islands (both rafts and non-rafts islands) are actin-rich areas where membrane-associated proteins are clustered (26, 27) surrounded by a “sea” on protein-free regions. It has been observed that, in activated membranes, rafts and non-rafts regions presented more frequent contacts, a feature that probably shapes and influences their functionality and morphology (26). Interestingly, actin cytoskeleton is mandatory for their establishment, while cholesterol depletion does not impair proteins distribution between rafts and non-rafts regions, implying a superior organization order (26). Even if reports in this direction are still missing, it could not be excluded that protein islands may also have a role in cell-cell communication, membrane trafficking and membrane fusion.

Compelling evidence also indicates that the endocytic compartment works as a signalling hub within the cell (Figure 1). As elegantly revised by Scita and Di Fiore (18), endosomes sustain the signal originated by the PM and, at the same time, allow the generation of unique signals. This is possible thanks to their small volume which favors the coincidence of detectors, the specific enrichment of some lipids, the rapid microtubule-mediated transport of molecules; moreover, the endosome acidic pH might trigger and regulate specific enzymatic functions. Even if additional studies are required to model and experimentally validate endosome dynamics, it is clear how endocytosis provides a controlled spatial and temporal dimension for distinct signaling pathways.

Overall, the spatial ordering of molecular players in distinct cellular compartment enables the complexity of multiple signaling events, a feature which is mandatory for a proficient T cell migration and activation (28).



Signalling compartmentalization in T cells

Even if in resting conditions T cells present a round-shaped morphology, they acquire functional polarity upon stimulation by a variety of ligands. This is particularly evident during T cell migration and priming, when the definition of a cellular polarity allows the maintenance of active and distinct signalling compartments. In the past, our laboratory has analyzed the mechanisms responsible for signaling amplification and compartmentalization during these two processes, focusing on the role of CD28 and chemokine receptors governed by the actin cytoskeleton. In this manuscript, we will focus on the contribution of the aforementioned players in T cell migration and activation.


CD28 at the crossroad of cytoskeleton and lipid rafts

T cell priming starts in lymph nodes (LNs) with the formation of a stable interaction between naive T cells and antigen presenting dendritic cells (DCs). This represents a very sensitive process ultimately leading to multiple cellular responses, including T cell proliferation and the secretion of a wide range of cytokines, chemokines and cytotoxic mediators. By the use of two-photon microscopy, seminal studies unveiled the kinetics of this event in vivo by proposing the 3-stage paradigm: upon antigen encounter, T cells engaged first transient serial interactions (phase 1) and next stable contacts (phase 2) with antigen-loaded DCs; finally they increased their motility, detached and proliferate (phase 3) (29). In particular, the interactions between T cells and APCs are transient between 2 and 8h following the first encounters, stable between 8 and 24h, and again transient by 24–36h (30, 31).

The stability of T cell-DC interaction is determined by multiple interconnected signals, from TCRs as well as stimulatory and inhibitory receptors that are integrated in a specialized membrane junction named the “immunological synapse”-IS (32, 33) (Figure 1). In T lymphocytes, signalling events occurring at this platform cause multiple downstream effects ranging from the dynamic rearrangement of the actin cytoskeleton, and the initiation of a gene expression cascade ultimately leading to the generation of effector and memory T cells (34–36). At the IS, the duration of distinct molecular signals including the amplitude and kinetics of intracellular Ca2+ waves ranges between few minutes to hours (37).

The formation of the IS is initiated with the extension of filopodia and lamellipodia from the T cell toward the APC. The interaction of the two cells leads to the establishment of a F-actin rich interface. Then, TCR and co-stimulatory molecules, including CD28, trigger the reorganization of the cytoskeleton with the recruitment of the actin polymerization machinery and its regulatory proteins at the IS where, in a positive-feedback loop, they promote the maintenance of the TCR signalling (38, 39). Actin segregates into radial asymmetric zones defined as the supramolecular activation clusters (SMACs) (34, 40–42). We can distinguish the cSMAC (central SMAC), comprising the TCR and co-stimulation molecules; an outer ring named as pSMAC (peripheral SMAC) containing the LFA-1 (41, 43) and a distal SMAC (dSMAC) including the CD43 and CD45 (44, 45).

Mechanistically, several protein tyrosine kinases (PTKs), including Src family PTKs such as Lck and Fyn and the Syk family PTK zeta chain of TCR-associated protein 70 (ZAP-70) are brought into proximity of the CD3 complex upon TCR engagement (46). There, Lck or Fyn causes the phosphorylation of the immunoreceptor tyrosine-based activation motifs (ITAM) in the CD3 subunits. Tyrosine phosphorylation of CD3 provides the binding site for ZAP-70 via its SH2 domain, and then Lck or Fyn activates ZAP-70 by phosphorylation (47, 48). ZAP-70 activation in turn favored the phosphorylation of downstream adaptors, including the linker for activation of T cells (LAT) and SH2 domain-containing leukocyte phosphoprotein of 76 kDa (SLP-76) acting as scaffolds to recruit additional signalling molecules. As a consequence, multiple signalling pathways are activated at the IS eventually leading to T-cell activation, proliferation, and differentiation (49).

Importantly, in naïve T cells, the outcome of TCR stimulation is regulated by costimulatory signals. Among them, the CD28-mediated signalling strongly influences T cell priming. At the IS, CD28 signals lower T cell activation threshold by enabling an effective priming by few antigenic complexes (40, 50, 51). When CD28 is recruited at the IS, it promotes the recruitment of multiple downstream interactors at its cytoplasmic tail. Among them, the phosphoinositide 3-kinase (PI3K) (52), Lck (53, 54), growth factor receptor-bound protein 2 (Grb2) (55), Grb2-related adaptor protein (Gads) (56), IL2-inducible T cell kinase (Itk), the guaninenucleotide exchange factor Vav (57), Akt (58), protein phosphatase 2A (PP2A) (59, 60), and protein kinase C theta (PKCθ) (57). With respect to PKCθ, it has been reported that CD28-mediated signals are required for the specific localization of this kinase to the center region of the IS through its V3 motif (61).

As well, CD28 attends the selective sorting of molecular interactors in lipid membrane domains, acting as privileged sites in which signals are protected and amplified. Indeed, we showed that the CD28 co-stimulation of the TCR signaling cascade is based on lipid rafts (62). Next, we found that the kinase Lck is recruited into CD28-signaling rafts and directed to the IS upon CD28 engagement by a process requiring the CD28 COOH-terminal PxxPP motif and Vav-1, key regulator of the actin cytoskeleton rearrangements (63). Of note, IS lipid microdomains are also enriched in TCR signalling proteins, including the Src-family kinase Fyn, the adapter protein LAT, phosphoprotein associated with glycosphingolipid-enriched domains (PAG) or Csk-activating protein (Cbp) and Lck-interacting molecule (LIME) (33, 64). Interestingly, the partitioning of Lck and LAT at the IS lipid microdomains is dictated by the post-translational modifications (PTM, including protein S-acylation) (65–67). In this regard, a recent report showed that S-acylation of the plasma membrane channel ORAI1 is crucial for the selective trapping of this channel in cholesterol-rich lipid microdomains at the IS where it controls the local Ca2+ fluxes leading to T cell activation (68).

Furthermore, according to the protein islands theory, LAT clusters appear to aggregate with CD3/CD28 complexes in the activating surface of T cells (26). LAT acts a central mediator for T cell activation dictating, once phosphorylated, the co-clustering of CD2 and Lck in membrane discrete microdomains via protein-protein interactions in a process initiated by F-actin and actin-associated proteins. Beside this, LAT also regulate calcium dynamics at the IS and Ras signalling (28). As mentioned before, CD28 acts as a master regulator of actin cytoskeleton rearrangements during T cell activation by tuning the actin polymerization machinery. This process is under the control of several interactors: upon TCR-engagement, the kynase ZAP-70 phosphorylates the adaptors SLP-76 that then binds Nck and the guanine nucleotide exchange factor Vav-1. More, Nck constitutively associated with WASp (69, 70) thus acting as a bridge to recruit WASp itself to the SLP-76 signaling complex. In association with SLP-76, Vav-1 mediates the exchange of GDP- to GTP-bound Cdc42, Rho family GTPases that interacts with the conserved VCA domain of WASp allowing its binding to the Arp2/3 complex. Once bound to the VCA domain, Arp2/3 promotes the branching of the actin polymerization and rearrangement at the T cell-APC contact site (71). Arp2/3 cooperates with filamins that are actin crosslinking proteins. In this landscape of interactors, we pointed out the actin-binding protein Filamin-A (FLNa) as the molecular partner of CD28 both in the reshaping of the actin cytoskeleton and in the lipid rafts recruitment at the IS (72). In this study, we showed that the COOH-terminal PxxPP motif of CD28 is required for CD28–FLNa association, and that FLNa has a direct role in CD28 signalling by recruiting Cdc42 at the site of Vav-1 activation. Vav-1 plays a crucial role in the regulation of the CD28 costimulation. Indeed, it has been shown that the adaptor molecule Cbl-b controls the CD28 dependence of T-cell activation by selectively suppressing TCR-mediated Vav activation (73). Cytoskeletal actin dynamics are also regulated by the phosphatidylinositol bisphosphate (PIP2) produced by the activity of the PIP5K enzymes. In this regard, we and other showed that, in collaboration with PIP5Kα and Vav1, PIP5Kβ promotes actin polymerization and CD28 signaling in human T cells (74, 75). Other reports further support the relevance of the dynamic regulation of actin in CD28-mediated costimulation by linking the actin-uncapping proteins Rltpr (76) and CapZIP (77) to the CD28 costimulatory signalling.

More recently, a phenomenological agent-based model has been developed for assessing the contribution of actin-driven forces to IS formation and CD28 localization. By applying this model, authors proposed that although CD28 can reach the IS center by passively following TCR clusters, the ring-like pattern of CD28 at the synapse is determined by the coupling to the actin cytoskeleton (78).

Taken together this evidence endorses the outstanding role of CD28 as a signalling hub in T cells finely tuning cytoskeletal dynamics and lipid rafts reorganization.

Beside CD28, which positively regulates T cell activation, other inhibitory molecules are present on the T cell surface. Among these, the most characterized are CTLA4 and PD1, whose importance rapidly increased in recent years as targets for immune-mediated therapies. These are recruited within the cSMAC together with their downstream mediators and here they compete with CD28 ligands (B7-1/CD80 and B7-2/CD86) for binding, thus promoting the establishment of T cell anergy (5, 34, 79). Interestingly, most of CTLA4 seems to reside within endocytic vesicles, a mechanism facilitating its signalling with a fine compartmentalization (5, 79). Similarly to CTLA4, also PD-1 presents a minimal expression in resting conditions, further increased after T cell activation (79). Thanks to the binding to PD-L1 and PD-L2, it abolishes IL-2 production in T cells and, albeit only in some settings, it also induce T cells apoptosis (79). As was recently revised, both these molecules affect T cell motility reducing its ability to “pause” when encountering the cognate APC thus raising the threshold for IS formation in the “reverse-stop signal model” (80, 81). This effect seems to be mediated by phosphatidylinositol 3-kinase, Vav-1, Cdc42, and myosin light chain MLC kinase (82) which also affect T cell motility to inflamed sites (80). In addition, in was reported that PD-1 mediates the inhibition of T cell function acting mostly on CD28 rather than on TCR (83).



Chemokine receptors

In T cells, the activation of chemokine receptor signalling contributes to the spatial and temporal repositioning ofwfi 2 intracellular and membrane-bound players, ultimately defining T cell polarity. During migration, polarity refers to the ability of cells to change their morphology in response to chemoattractants, and to maintain a stable asymmetric shape with two poles: the leading edge, which protrudes at the cell front, and the rear edge (termed uropod in leukocytes), at the back (84). This process, which is initiated by chemokine receptor signalling and adhesive interactions with the extracellular matrix (ECM), increases the sensitivity toward chemokine gradients, by the selective recruitment of chemokine receptors at the T cell front (85) (Figure 1). Compartmentalization of the PM into distinct lipid microdomains is pivotal in establishing and maintaining leukocyte polarity and perturbation of lipid microdomains inhibits both cell polarization and migration (85, 86).

The spatial organization of chemokine receptors into dimers and higher-ordered oligomers further adds to the complexity of possible GPCR arrangements, and consequently modulation of signaling (87). Recent studies shed light on how cholesterol dictates the spatial organization of GPCRs within the PM. in particular, it has been proposed that cholesterol promotes the oligomerization of chemokine receptors at the PM that ultimately enabling the integration of distinct signaling pathways at the receptor-membrane interface (88). Previously, it has been shown that the CXCR4 and CCR5 receptors associate to GM3-enriched lipid rafts and are consequently redistributed to the leading edge of moving cells. Interestingly, both CXCR4 and CCR5 directly interact with FLNa, that actively modulates their signalling pathways. Indeed, the specific blockade of CXCR4–FLNa interaction inhibited CXCL12-induced chemotaxis in T cells. As for CXCR4, filamin-A expression did not affect CCR5-mediated Ca2+ flux, but regulated F-actin remodelling (89).

Chemokine receptors play a pivotal role during T cell activation, too. Long-lasting interactions between T cells and APCs are dependent on antigens (90, 91), but antigen-specific interactions are preceded by antigen-independent, chemokine-promoted adhesive contacts in the T cell-APC pair, enabling T cells to scan the surface of their cellular partners (92–94). Although the induction of cell polarity at the IS was thought to be dependent on TCR triggering, we have shown that CXCR4-induced activation of LFA-1 at the contact site with APCs starts MTOC and mitochondria relocation towards the upcoming IS (95). Importantly, we found that, by recruiting mitochondria to the IS, LFA-1 sustains and amplifies the upcoming TCR-induced Ca2+ signalling, indicating that establishment of T-cell polarity is pivotal to a prompt and sustained T cell activation (95) (Figure 1). Interestingly, by bringing mitochondria and ORAI channels into close proximity and by re-organizing plasma membrane calcium ATPases (PMCAs) into discrete regions co-localizing with mitochondria, the IS prevents Ca2+ -dependent channel inactivation and reduce local Ca2+-dependent PMCA modulation (96).

The tight spatial and temporal regulation of cytosolic calcium (Ca2+) is of paramount importance for multiple T cell effector functions as differentiation, proliferation, metabolism, cytokine release and cytotoxicity. The IS indeed controls Ca2+ microdomains by bringing mitochondria and ORAI channels into close proximity and favoring the segregation of PMCA into distinct PM domains. The proteins and organelles re-distribution allows mitochondria to rapidly take up the inflowing Ca2+, thereby avoiding high Ca2+ microdomains close to ORAI channels, which prevents Ca2+-dependent channel inactivation and reduce local Ca2+-dependent PMCA modulation. This optimizes net Ca2+ influx at the IS (96).

The mechanisms responsible for Ca2+ signal compartmentalization in T cells have been extensively explored and described (97). Early recruitment of mitochondria at the T-cell IS occurs independently of TCR stimulation and through a mechanism requiring chemokine receptor signalling (95). Interestingly, we had also shown that chemokine receptor signaling induces accumulation of mitochondria at the uropode of migrating cells, where they are required to sustain phosphorylation of the MLC, a key step in high-speed moving cells (98).

In addition to shaping T cells for effective signaling, chemokine receptors directly support the IS stabilization and indeed and T cell activation. We had demonstrated that CXCR4 and CCR5 are stably recruited into the IS by APC-secreted chemokines (70). In this context, chemokine receptors contribute to the amplification of the TCR signalling acting as powerful costimulatory molecules (99). Indeed, their recruitment at the IS prolong the duration of the T cell–APC interaction and strengthen T cell–APC pair attraction ultimately avoiding premature splitting due to chemoattractant sources (99).

Of note, TCR engagement significantly impacts on chemokine receptor signaling properties by favoring the selective triggering of distinct downstream players (79). Canonically, chemokine signaling, initiated following ligand binding, causes the dissociation of the Gai and Gbg subunits of the heterotrimeric G proteins, leading to calcium flux, PI3K triggering and the activation of the small Rho GTPases signaling. However, alternative signalling pathways resulting from the coupling with other G proteins have also been reported for these receptors (100). Importantly, we showed that at the IS chemokines promote the preferential association of the receptor CCR5 with the Gq/11 subunit instead of Gi one (99).

The functional versatility of chemokine receptors in the context of T cell activation may depend on their ability to heterodimerize with other GPCRs. For example, we showed that CXCR4/CCR5-mediated costimulation grounded on their ability to form heterodimers at the IS (101).

In addition, inhibitory molecules (as CTLA4) have been demonstrated to alter the motility both via the up-regulation of chemokine receptors (CCR5 and CCR7) and by the increase in the sensitivity to their respective chemokines (CCL4 (MIP-1β), CXCL12 (SDF1α) and CCL19). This evidence leads to the proposal of a model for chemotaxis integrating CD28 and CTLA-4 signals via the G protein-coupled receptor kinase GRK. CD28 triggers CCR5 phosphorylation via GRK, while CTLA-4 engagement inactivates GRK2 counteracting this mechanism (80).

More recently, an additional mechanism elucidating CXCL12-induced T cell co-stimulation has been proposed. Smith and colleagues showed that the chemokine enhances the number, stability, and phosphorylation of SLP-76 microclusters formed in response to stimulation of the TCR. This results in proximity of SLP-76 and ZAP-70 clusters and in enhanced TCR-dependent gene expression (102).

Multiple studies worked to clarify whether other chemokines preferentially act as co-stimulatory partners for the TCR ultimately promoting T-cell activation. Recently, it has been proposed that CCR7, which drives T cell and DC migration and trafficking in LNs, colocalizes with the TCR at the IS, within sub-synaptic vesicles. There, CCR7 promotes and prolongs ZAP70 activity, resulting in T cell costimulation (103).

All these data, together with many more that we could not include in our discussion, suggest that T cell priming results from a timely and spatially regulated interplay between adhesive and chemoattractant forces mainly occurring in LNs, enabling T cell scanning for the cognate antigen and the formation of long-lasting interaction upon recognition (104).




Congenital defects in cytoskeletal proteins lead to impairment of T cell activation

Perturbations in the equilibrium between adhesive and chemotactic forces leads to defects in the formation of a productive IS, due to the instability of the T cell-APC mating (105). Of note, different inborn errors in genes encoding for proteins controlling these functions, lead to syndromes linked to defects in T cell motility and/or activation (106).

The Warts, Hypogammaglobulinemia, Infections, and Myelokathexis (WHIM) syndrome is a primary immunodeficiency disorder in which a genetic mutation impairs CXCR4 internalization and enhances its responsiveness to CXCL12. WHIM patients experience a wide range of symptoms, including recurring infections, human papillomavirus (HPV)-induced warts, reduced long-term immunoglobulin G (IgG) titers, myelokathexis, and leukopenia (107). The dominant mutations in the chemokine receptor CXCR4 lead to the truncation of its carboxy-terminal domain, ultimately resulting in a defective ability of the receptor to internalize after binding its ligand. As a consequence, immune cells bearing the WHIM-mutant receptor display increased signalling and enhanced migration in response to chemokine stimulation (108). We observed that, in contrast to the wild-type CXCR4, the WHIM-mutant CXCR4 failed to be recruited into the IS and impaired the formation of long-lasting T-APC interactions, thus limiting T cell priming and immune responses to antigens (109). Thus, the hyperfunctional WHIM-mutant CXCR4 favors motility over formation of stable IS, resulting in aberrant T cell activation (109).

The Wiskott-Aldrich syndrome (WAS) is a primary immunodeficiency determined by mutations in the WAS-protein (WASp), a member of a larger family of proteins (WASP family) that functions as nucleation-promoting factors for the Arp2/3 complex, which drives the generation of branched actin filaments (110). WASp is exclusively expressed in cells of the haematopoietic lineage and its loss-of-function mutations cause a syndrome characterized by a broad range of clinical signs, with patients showing an increased susceptibility to infections, haemorrhages, eczema and different autoimmune disorders (111). Upon TCR engagement, WASP is recruited to the IS where it interacts with VAV, RAC and Cdc42 and is activated by VAV effectors (6, 112, 113). WAS patients present alterations in T cell actin cytoskeleton dynamics (114, 115). WASp-/- T cells fail to polymerize actin in response to anti-CD3 stimulation, and show defective IS. The disorganized signaling platforms of WASp-/- T cells do not allow complete and efficient cellular activation and, consequently, T cells from WAS patients show decreased cell proliferation and cell survival (111). Interestingly, this is linked with a severe impairment in CD28 internalization possibly caused by the formation of the functional complex WASp/SNX9/p85/CD28 (116).

Mutations in the WASp-interacting protein (WIP) can also determine a syndrome with clinical signs similar to WAS. WIP is involved in the regulation of WASp activity by promoting its stability, activation and localization to sites of active actin polymerization. Moreover, independently from WASp, WIP regulates actin cytoskeleton in lymphocytes affecting the homing of T cells to infected tissues (117).

Additional immunodeficiencies caused by defects in actin-binding proteins and leading to T cell synapse instability have been described. Among them, the deficiency of the ARPC1B protein, part of the Arp2/3 complex, caused the emission of aberrant actin-rich structures, including spikes and long filopodia-like structures, both in the context of 2D IS and contact with APC (118). Thus, patients suffering of ARPC1B deficiency show defects in T cell proliferation and cytotoxic activity. Interestingly, ARPC1B also contributes to the recycling of the TCR, CD8 and GLUT1 (119), thus causing reduced expression of these molecules in ARPC1B-deficient CD8+ T cells. In addition, as a result of an impaired endosome-to-membrane recycling processes caused by a deficient actin remodeling, T cells lacking the Arp2/3 activator WASH also fail to maintain surface levels of the TCR, CD28, LFA-1 and GLUT1 molecules (120).

Although relevant for T cell activity, other defects, including HEM1 and WDR1 deficiencies, might not be solely explained by defective IS and have been reviewed elsewhere (121). Further investigations are needed to mechanistically explore the role of CD28 and other costimulatory molecules in these disorders.



Future directions

Although here we focused our discussion on chemical signaling, it must be noted that mechanical signals control T cell functions and are required for cell polarization, migration and activation. In particular, membrane curvature seems to initiate signaling events resulting in the organization of larger signaling platforms (122, 123). In both neutrophils and CD8+ T cells, cell polarization was shown to be dependent on local increase of plasma membrane curvature induced by initial adhesion (122). The curved membrane can orchestrate the formation of signaling platforms through the Bin-Amphiphysin-Rvs (BAR) superfamily. BAR proteins induce, regulate and detect membrane curvature (124) and recruit to the curved membrane other proteins, including regulators of actin dynamics.

While the N-BAR and the F-BAR proteins are generally associated with membrane invaginations, the I-BAR are present in various membrane protrusions (125) and involved in microvilli formation (126). Little is known about the role of BAR proteins in T cell functions. The I-BAR IRSp53 is expressed in T cells and essential for the release of HIV particles through a pathway involving Rac1, Wave2 and Arp2/3 (127, 128), but its role in microvilli formation and TCR signaling is unknown. On the other hand, sorting nexin 9 (SNX9), which belongs to the N-BAR subfamily but regulates filopodia formation (129), forms a signaling complex on endocytic vesicles with CD28, WASp and p85 in T cells triggered by CD3/CD28 antibodies (116). In a feed-forward fashion, SNX9 itself was recently shown, once recruited to the IS, to generate membrane tubulation out of CD28 clusters with these dynamic structures regulating both CD28 phosphorylation status and IL-2 production (130).

Further studies will be required to shed light on the role of BAR domain proteins and the membrane curvature in signaling compartmentalization and T cell functions. However, it seems conceivable that cells employ a combination of physical and biochemical forces to tune the formation of structures and domains on the plasma membrane (131). How the integration of the different forces occurred in T cells will be an interesting subject for future investigations.

In addition, accumulating evidence suggests that mechanical forces are key determinants in initiating signaling through the TCR that clearly acts as a membrane mechanoreceptor. In this regard, very recently a new model for TCR triggering has been proposed (132). Indeed, the TCR Bending Mechanosignal (TBM) model predicts that mechanical forces might cause membrane curvature around engaged pMHC/TCR complexes; such mechanical cue is necessary to reach the energy threshold required for the triggering of the signalling cascade ultimately activating T responses (132).

Of note, the investigation of whether and how mechanical signals control costimulatory molecules, as CD28 and chemokine receptors, would be an interesting advancement in this field.

Signalling compartmentalization is essential for immune cells to respond with high specificity and sensitivity. Thus, achieving a deeper understanding of the mechanisms regulating the generation of signalling compartments during T cell migration and activation will be important to modulate immune responses with future therapeutics and will be vital to design effective CAR-T cells.
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T cells Generate Forces Exerted Force Triggered Cells Ref.
Biomembrane Force Probe Contact force ~5 pN, ~25 pN (pushing), CD4* T cells (murine), «CD3 (71)
~ 2 pN/s loading rate (pulling)
stiffness: 50 pN/um; sensitivity ~10 pN]
Micropillars (TFM) ~200 pN/pillar CD4* T cells (murine) (133)
Atomic Force Microscopy ~500 pN/cell (push) & ~800 pN/cell (pull) CD4+ T cells (murine) (19)
Digital Molecular Force Sensor 12-19 pN/bond CD8* T cells (murine), pMHCI (134)
results given in F1/2 values]
Digital Molecular Force Sensor >4.7 pN/bond CD4* T cells (murine), «CD3 (135)
results given in F1/2 values]
Digital Molecular Force Sensor >4.7 pN/bond CD8" T cells (murine), OT-1, pMHCI, oCD3, anti-PD1 (136)
results given in F1/2 values]
Analog Molecular Force Sensor 2-6 pN/bond CD4* T cells (murine), oTCR (101)
(single-molecule resolution) (activating & scanning conditions) CD4* T cells (murine), pMHCII
1.5 pN/s loading rate]
2 pN/bond (scanning conditions)
AFM Up to 1 nN/cell pushing, 2 nN/cell pulling CD4* T cells (murine), OT-Il TCR, pMHC and o:CD3 on AFM cantilevers (19)
AFM Up to 2.5 nN/cell CD4* T cells (murine), 5¢.c7 TCR, pMHC on lipid bilayer (76)
Micropipette Force Probe Up to 0.5 nN/cell CD4* T cells (human), «CD3, «CD28 (72)

pN, picoNewton; aCD3, antibody against CD3; oTCR, antibody against TCRB: Ref., reference number.
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Target Fluorophore Brand/catalog number
CDBux BUV-805 BD Biosciences/612898
CD45.1 PE Biolegend/110707
CD45.2 APC-eflior780 eBioscience/47-04540-82
KLRG1 BV-711 Biolegend/138427
co127 BV-421 Biolegend/135023

Vo2 Alexa Fluor 647 Biolegend/127812

CD69. PE-Cy7 ThermoFisher/25-0691-82
Dead cells Zombie Yelow Biolegend/423104
NFATC2 (NFAT1) Alexa Fluor 488 CST/143248

NFxB PE CST/94608

B-tubuin Alexa Fluor 647 CST/36248

CellTrace Violet - ‘ThermoFisher/C34557
CellTrace Far Red - ThermoFisher/C34572
CellTrace CFSE - ThermoFisher/C34554
Phalloidin Alexa Fluor 647 ThermoFisher/A22287
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Biotin anti-mouse CD4 Biolegend/100404
Biotin anti-mouse B220 Biolegend/103204
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Forces Activate T cells Force Amplitude & Direction # Ligands Triggered Cells, Stimulus Ref.
Optical Tweezers Shear force (60 pN) activates T cells ~10/bead T cells (murine), pMHCI (113)
Flow Chamber/Micropipette Shear/Pulling forces activate T cells n.d. (cell surface) T cells (murine), «CD3 on aAPCs (114)
Atomic Force Microscopy ~20 +/-10 pN/bond 1/interface CD8* T cells (murine), pMHCI (115)
) sensitivity ~10 pN

Micropipette Assay Applied forces activate T cells 15-30/um? CD8* T cells (murine), pMHCI (116)
Biomembrane Force Probe  Up to ~10 pN/bond enhances lifetime (catch) 1/interface CD8* T cells (murine), pMHCI (117)
Optical Tweezer Up to ~15 pN/bond enhances lifetime (catch) 1/interface CD8* T cells (murine), pMHCI (118)
Biomembrane Force Probe Up to ~10 pN/bond enhances lifetime (catch) 1/interface CD4* T cells (murine), pMHCII (119)
Biomembrane Force Probe Up to ~10 pN/bond enhances lifetime (catch) 1/interface Pre-pMHC/TCR (murine), pMHCI (120)
Biomembrane Force Probe Up to ~10 pN/bond enhances lifetime E:atch) 1/interface CD8* Native/Recombinant TCR (121)
Optical Tweezer 10-20 pN/bond (in shear & normal direction); 1/interface to 200/interface (20,000 in CD8* T cells (murine), pMHCI (122)

Shear forces activate T cells more efficiently experiments without force)

Biomembrane Force Probe Up to ~15 pN/bond enhances lifetime (catch) 1/interface CD4* T cells (human), pMHCII (123)

oN, picoNewton; aCD3, antibody against CD3; aAPC, artificial antigen-presenting cell: n.d., not determined: Ref., reference number.
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