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Introduction

Rac-GTPases and their Rac-GEF activators play important roles in neutrophil-mediated host defence. These proteins control the adhesion molecules and cytoskeletal dynamics required for neutrophil recruitment to inflamed and infected organs, and the neutrophil effector responses that kill pathogens.





Methods

Here, we used live cell TIRF-FRET imaging in neutrophils from Rac-FRET reporter mice with deficiencies in the Rac-GEFs Dock2, Tiam1 or Prex1/Vav1 to evaluate if these proteins activate spatiotemporally distinct pools of Rac, and to correlate patterns of Rac activity with the neutrophil responses they control.





Results

All the GEFs were required for neutrophil adhesion, and Prex1/Vav1 were important during spreading and for the velocity of migration during chemotaxis. However, Dock2 emerged as the prominent regulator of neutrophil responses, as this GEF was required for neutrophil polarisation and random migration, for migration velocity during chemokinesis, for the likelihood to migrate and for the speed of migration and of turning during chemotaxis, as well as for rapid particle engulfment during phagocytosis. We identified characteristic spatiotemporal patterns of Rac activity generated by Dock2 which correlate with the importance of the Rac-GEF in these neutrophil responses. We also demonstrate a requirement for Dock2 in neutrophil recruitment during aseptic peritonitis.





Discussion

Collectively, our data provide a first direct comparison of the pools of Rac activity generated by different types of Rac-GEFs, and identify Dock2 as a key regulator of polarisation, migration and phagocytosis in primary neutrophils.
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Introduction

Neutrophils are leukocytes important in host defence against bacterial and fungal infections, as well as a host of other functions. They are rapidly recruited from the blood stream into inflamed and infected tissues, through a well-defined cascade of steps, including selectin-dependent tethering and rolling on the vascular endothelium, integrin-dependent arrest, firm adhesion and intravascular crawling, transmigration through the endothelium, and chemotaxis through the interstitium towards the source of inflammation or infection (1, 2). There, the neutrophils release proinflammatory mediators to attract other inflammatory cells and mount a battery of effector functions, including phagocytosis, degranulation, and the production of reactive oxygen species (ROS) and neutrophil extracellular traps (NETs) to kill pathogens (2, 3). The requirement for neutrophils in host defence is evident in neutropenic individuals such as cancer patients undergoing chemotherapy, as well as in conditions like Human Leukocyte Adhesion Deficiency and Neutrophil Immunodeficiency Syndrome (4–7). Yet, excessive recruitment and neutrophil effector responses exacerbate inflammation and cause tissue injury (1, 3, 8).

Rac proteins are small guanine-nucleotide binding proteins (G proteins, GTPases) of the Rho family. Neutrophils express the ubiquitous isoform Rac1, the hematopoietic Rac2 and the more distantly related RhoG (9). These GTPases control the structure of the actomyosin cytoskeleton, enabling the polymerisation of branched actin filaments at the neutrophil’s periphery which is required for adhesion, spreading, and the formation of a leading edge that confers polarisation and migration. Indeed, localised activation of Rac at the leading edge is sufficient to drive directional neutrophil migration (10). In addition to adhesion and migration, Rac-GTPases control essentially all neutrophil effector responses that require cytoskeletal dynamics, including phagocytosis, degranulation, and the production of ROS and NETs (9).

Like most small GTPases, Rac proteins are molecular switches, active when GTP-bound and inactive when GDP-bound (11). They are activated when guanine-nucleotide exchange factors (GEFs) remove GDP, thus allowing excess free cellular GTP to bind to Rac. In this GTP-bound, active conformation, Rac-GTPases engage target proteins that transmit signals downstream, (12, 13), including effectors such as Wave which signals to Arp2/3 to stimulate actin polymerisation (14). Neutrophil Rac-GEFs include proteins from the Prex, Vav, Tiam and Dock families, which each have been assigned roles in neutrophil adhesion or migration (9, 15–18). Prex1–/– neutrophils show reduced actin polymerisation, adhesion and speed of migration upon stimulation with chemoattractants such as formyl-methionyl-leucyl-phenylalanine (fMLP), although their directional sensing is intact (19–21), as well as showing reduced ROS production and killing of S. pneumoniae (21–23). Under shear flow conditions, Prex1–/– neutrophils show impaired rolling and intravascular crawling, through reduced functioning of the β2-integrins LFA-1 and Mac-1, respectively (24). In vivo, Prex1–/– mice show impaired neutrophil recruitment during sterile peritonitis, ischemia reperfusion injury of the kidney and S. pneumoniae-infection of the lung, and their immunity against S. pneumoniae is weakened (20, 23–25). Vav1–/– neutrophils show reduced fMLP-stimulated actin polymerisation and chemotaxis, as well as impaired Mac-1 dependent crawling under shear flow conditions (26, 27). Yet surprisingly, neutrophil recruitment is largely normal in Vav1–/– mice in various inflammation and infection models, even when Vav1-deficiency is combined with deficiencies in other Vav GEFs (26–30). Knockdown of Tiam2 in neutrophil-like cells derived from mouse haematopoietic stem cells was shown to inhibit chemotaxis, but curiously increased fMLP-stimulated actin polymerisation and integrin clustering, suggesting that this GEF may limit adhesion rather than promoting it as other Rac-GEFs do (31). We recently used Tiam1–/– neutrophils to show that Tiam1 plays similarly complex roles in β1- and β2-integrin dependent neutrophil responses (manuscript submitted). Dock2–/– neutrophils show impaired chemoattractant-stimulated actin polarisation, leading edge formation and migration speed, whereas β2-integrin mediated adhesion and directional sensing were normal (32, 33). In vivo, Dock2 is required for neutrophil recruitment to the colonic mucosa of mice infected with the enteric pathogen Citrobacter rodentium (34). A human loss-of-function mutation in DOCK2 results in severe immunodeficiency with impaired neutrophil actin polymerisation, spreading and ROS production (35). We recently conducted a genome-wide association study which identified a risk allele associated with decreased DOCK2 expression in patients with severe COVID-19, and we showed that blockade of DOCK2 activity with the small molecule inhibitor CPYPP increased the severity of pneumonia in a Syrian hamster model of SARS-CoV-2 infection (36).

Altogether, the different neutrophil Rac-GEFs all regulate neutrophil adhesion and migration, with more or less subtle differences between them. This raises the question why so many different Rac-GEFs are required within the same cell type. One reason is that the GEFs show substrate preferences for different Rac isoforms. For example, Prex1 prefers to activate Rac2 over Rac1 in response to fMLP stimulation, whereas Vav GEFs do the inverse (20, 21). Some Rac-GEFs can also activate other Rho-GTPases, for example Vav1 can activate RhoA as well as Rac (16). Another reason is that the Rac-GEFs couple to different upstream regulators. Rac-GEF activity is tightly regulated, and the mechanisms of regulation have often been studied in minute detail. In addition to their catalytic domains, Rac-GEFs comprise multiple and varied domains that couple each GEF to specific regulators. It is assumed, and in some instances proven, that integration of these regulatory mechanisms determines precisely which Rac-dependent cell response ensues. Yet, within the neutrophil, there is considerable overlap between the surface receptors and signalling pathways that the different types of Rac-GEFs couple to (9, 37, 38).

In contrast to GEF regulation, we understand much less whether the different GEFs generate distinct pools of Rac activity within the neutrophil, in space and time. This gap in knowledge is in part due to the nature of the neutrophil, a short-lived cell (hours) in which protein expression is difficult to manipulate. Neutrophil-like cell lines are generally poor substitutes, so alteration of gene expression in primary neutrophils is mostly done using mouse genetics. The complexity of mouse genetics means direct comparisons between Rac-GEFs have rarely been undertaken, so it is unclear how large their functional differences are. Another factor that has hampered the identification of specific functions for each GEF is redundancy. The few studies which conducted direct comparisons between neutrophil Rac-GEFs revealed several examples of redundancies, within the same GEF family or between families. For example, Vav1–/– Vav3–/– neutrophils show defects in Fc receptor-dependent and integrin-dependent adhesion and spreading, which are not seen in cells lacking either Vav isoform alone (28, 39). Similarly, deficiency in Dock5 has little effect on its own, but combined deficiency with Dock2 exacerbates the migration defect caused by the absence of Dock2 (40). We previously showed that Prex1 and Vav1 cooperate in a range of neutrophil responses, including integrin-dependent adhesion and spreading, and in neutrophil recruitment to the inflamed peritoneum or lung (21, 25).

To address this gap in knowledge, we established a system that enables us to compare different Rac-GEFs directly in primary neutrophils. We previously generated a reporter mouse strain for Rac activity, Rac-FRET (41), which expresses a Raichu-Rac FRET reporter originally created by the Matsuda lab (42). Here, we crossed the Rac-FRET reporter mouse with strains deficient in Dock2, Tiam1 or Prex1/Vav1 to evaluate if these Rac-GEFs activate spatiotemporally distinct pools of Rac, and to correlate these patterns of Rac activity with the neutrophil responses they control. Our study identifies Dock2, above the other Rac-GEFs, as a key regulator of neutrophil polarisation, random migration, chemokinesis and phagocytosis, and reveals the specific underlying spatiotemporal patterns of Rac activity generated by this GEF.





Materials and methods




Mice

The Rac-FRET reporter mouse strain for Rac activity, which ubiquitously expresses an intramolecular Raichu-Rac FRET probe for Rac activity, was previously described (41). This reporter strain was crossed to various Rac-GEF deficient strains, namely Dock2–/– (43), P-Rex1–/– Vav1–/– (21) and Tiam1–/– (44). All strains were on C57BL/6 genetic background. Mice were bred and group-housed (up to 5) in specific opportunistic pathogen-free (SOPF) isolators in a shower-in SOPF barrier facility of the Babraham Institute Small Animal Facility that uses 12 h light/dark cycles with dusk and dawn settings, 52% room humidity (55 ± 10% range) and 20°C room temperature (19-21°C range), and were fed chow diet and water ad libitum. The SOPF status of the unit is monitored by quarterly testing of sentinels for 62 pathogens, exceeding current FELASA guidelines (45). Staff work in designated units, with showering-in, wearing of fresh autoclaved uniforms, gloves, hairnets and masks, and with a 48 h exclusion from other units. All materials are autoclaved or treated with vaporised hydrogen peroxide on import. The animal diet is sterilised to ≥25 Gy. Cages are opened in laminar flow cabinets. Genotyping was carried out by Transnetyx (Memphis, USA). Male and female mice were used between 8‐14 weeks of age, and were sex- and age‐matched in experiments as far as possible. Animal breeding and experiments were carried out with approval from the local Animal Welfare Ethical Review Body under the British Home Office Animal Scientific Procedures Act 1986.





Neutrophil purification

Mature primary neutrophils were freshly isolated each day from mouse bone marrow by PercollPLUS gradient at 4°C using endotoxin-free reagents throughout, essentially as previously described (23, 46). Briefly, mouse bone-marrow was flushed from femurs, tibias and pelvic bones with ice-cold Hank’s Balanced Salt Solution (HBSS) without Ca2+ or Mg2+ (HBSS–, Sigma H6648) supplemented with 15 mM HEPES, pH 7.4 (RT) (Sigma, H3784) and 0.25% fatty acid-free (FAF) BSA (Sigma, A8806) (HBSS–++), triturated and filtered through a 40 μm cell strainer. 58% isotonic PercollPLUS (GE Healthcare, 17544501) in HBSS–++ was underlayed and samples were spun at 1620 × g without brake for 30 min at 4°C. The lower 5 ml of the gradient were resuspended in 40 ml HBSS–++ and centrifuged at 326 × g for 10 min at 4°C. Erythrocytes were lysed in Geye’s solution (130 mM NH4Cl, 5 mM KCl, 780 µM Na2HPO4, 176 µM KH2PO4, 5.5 mM glucose, 1 mM MgCl2, 280 µM MgSO4, 1.54 mM CaCl2, 13.4 mM NaHCO3) for 3 min at RT. 10 volumes of ice-cold HBSS–++ were added and cells sedimented again. Neutrophils were resuspended in ice-cold Dulbecco’s Phosphate Buffered Saline (DPBS) with Ca2+ and Mg2+ (DPBS++, Thermo Fisher Scientific, 14040117) supplemented with 0.1% glucose and 4 mM NaHCO3 (DPBS++++) and were kept on ice while aliquots were counted by haemocytometer and purity assessed by Kwik-Diff stain (Thermo Scientific Shandon, 9990700) of cytospins. Preparations were >90% pure. Neutrophils were sedimented again and resuspended in the buffer appropriate for the subsequent assay.





Adhesion, spreading and polarisation (fixed cells)

To measure neutrophil adhesion, spreading and polarisation on ICAM1, Ibidi 8-well glass-bottom μ-slides (Ibidi, 80827) were coated overnight at RT with 3 µg/ml ICAM1 (Fc-chimera, R&D Systems, 796-1C), then blocked in 2% (w/v) BSA (Sigma, A7906) in DPBS++ for 1 h, and washed 3 times in DPBS++ before use. Isolated neutrophils were resuspended at 4.5 x 106/ml in DPBS++++ and primed with 50 ng/ml GM-CSF (Peprotech, 315-03) and 20 ng/ml TNFα (R&D Systems, 410-MT-010) for 45 min at 37°C. The coated Ibidi slides were pre-warmed to 37°C, and 150 µl of primed neutrophils were added to 150 µl of pre-warmed 1.5 µM (2x) fMLP (Sigma, F3506) in DPBS++++ and were allowed to adhere for 1 h, before being fixed in 4% paraformaldehyde (PFA, Sigma, P6148, in DPBS) for 10 min on ice and stained with FTIC-Gr1 antibody (BD Biosciences, 553126, clone RB6-8C5, 1:800), phalloidin-Atto 655 (Sigma, 18846), and Hoechst 33342 DNA dye (Thermo Fisher, 62249, 1:400). Samples were imaged by wide-field fluorescence microscopy on a Nikon Eclipse Ti-E widefield microscope. Images were analysed using Fiji (ImageJ) software (47), by drawing a mask for each neutrophil. To quantify neutrophil adhesion, the number of neutrophils/FOV was determined, with particles smaller than 40 μm2 being excluded from the analysis. Spreading and polarity were quantified as the surface area and circularity of the mask, respectively using the ‘Set Measurements’ analysis tools of Fiji.

To measure neutrophil adhesion and spreading on glass, assays were performed essentially as described (21, 23). Purified neutrophils were resuspended at 2 × 106/ml in DPBS++++ and primed with 20 ng/ml TNFα and 50 ng/ml GM-CSF for 45 min at 37°C. 250 μl cells were added onto sterile 13 mm glass coverslips (VWR, 631) in a 24-well plate (Thermo Fisher, Nunc 142475) containing 250 μl of 1.5 μM (2x) fMLP in DPBS++++, or DPBS++++ alone, and were incubated for 10 or 25 min at 37°C in a humidified, 5% CO2 incubator. Non-adherent cells were aspirated and adherent cells fixed in 4% PFA for 15 min at RT. Cells were washed twice in PBS and stained with FITC-Gr1 antibody and Hoechst 33342 DNA dye in PBS, 1% Fc block (BD Biosciences, 553141), for 30 min at RT. Coverslips were washed three times in PBS, rinsed in H2O and mounted onto slides with ProLong Gold Antifade (Life Technologies, P36934). Imaging was done using the ‘large image capture’ function of a Nikon Eclipse Ti-E widefield system, taking 27 (3 x 9) fields-of-view (FOV) per coverslip at 100x magnification, and duplicate coverslips per condition. Image analysis was done using Fiji as described here-above.





TIRF-FRET imaging of Rac activity

Ratiometric TIRF-FRET microscopy was used in live neutrophils to visualise and quantify the spatiotemporal distribution of Rac activity at the basal cell surface during adhesion, spreading, polarisation, migration and phagocytosis. Isolated neutrophils were plated on various surfaces at 37°C, as detailed for each cell response, inside a temperature-controlled microscope environment chamber. Neutrophils of the various genotypes were directly compared within each experiment, and were imaged each time in alternating order. To determine Rac activity, ratiometric TIRF-FRET live imaging was performed by taking frames either every 1 or 5 s, as specified. A Nikon Ti2 TIRF microscope with 60x 1.49 NA oil TIRF objective was used with laser excitation at 440 nm. An Andor TuCam emission beam splitter comprising 509 nm dichroic mirror, 480/40 nm (CFP) and 542/27 nm (YFP) band-pass filters (Semrock) was used to direct the fluorescence from the donor channel (CFP) and FRET channel (YFP) to Andor iXon 897 EM-CCD cameras. Channel alignment was performed at the start of each experiment using the Fiji plugin bUnwarpJ (48), by creating a transformation protocol for images taken of CPN™ 530 Green standard beads (Stream Bio), which fluoresce in both the CFP and YFP channels. This transformation protocol was then applied to the whole series of CFP and YFP image pairs. To ensure that CFP and YFP channel images were taken simultaneously, an automated external trigger for the ‘slave’ camera was connected to the ‘master’ camera. Once CFP and YFP image pairs were aligned, a mean filter of two pixels was applied and the YFP/CFP ratio image generated as described (41). Ratiometric TIRF-FRET images were depicted using the Fiji 16-colour table, pseudo-colouring high Rac activity (high FRET ratio) in red and low Rac activity (low FRET ratio) in blue.





Adhesion and spreading (live cells)

To prepare the surfaces for adhesion and spreading assays, Ibidi 8-well glass-bottom μ-slides (Ibidi, 80827) were coated overnight at RT with 20 µg/ml poly-Arg-Gly-Asp (pRGD, Sigma, F5022) or with 3 µg/ml ICAM1 (Fc-chimera, R&D Systems, 796-1C). ICAM1-coated slides were additionally blocked in 2% (w/v) BSA (Sigma, A7906) in DPBS++ for 1 h. Alternatively, where CD18 antibody and ICAM1 coating were compared, slides were incubated with 100 µg/ml poly-D-lysine (Sigma, P6407) and then with 25 μg/ml protein A (Sigma, P6031) for 1 h at RT, washed, and 10 μg/ml activating mouse CD18 antibody (eBioscience, 14-0181-81, clone M18/2) or 3 µg/ml ICAM1 were added for 1 h at 37˚C, before slides were washed again and blocked in BSA. All slides were washed 3 times in DPBS++++ before use. Isolated neutrophils were resuspended at 4.5 x 106/ml in DPBS++++ and primed with 50 ng/ml GM-CSF and 20 ng/ml TNFα for 45 min at 37°C. To measure Rac activity during adhesion and spreading, the coated Ibidi slides were pre-warmed to 37°C in the imaging chamber. 150 µl of primed neutrophils were added to 150 µl of pre-warmed 2x fMLP (1.5 µM) or KC (100 ng/ml) in DPBS++++, or DPBS++++ alone, in the imaging well, and live-cell ratiometric TIRF-FRET imaging was performed as described here-above. To measure the initial spreading, neutrophils were imaged for 200 s, with frames taken every 1 s, to capture Rac activity from the moment the cell made first contact with the surface. To measure Rac activity during firm adhesion, the cells were allowed to adhere for 1 h, in the presence or absence of fMLP, before being imaged by live-cell ratiometric TIRF-FRET microscopy for 130 s, with frames taken every 5 s. To quantify changes in overall Rac activity at the basal cell surface that touches the substrate, the mean FRET ratio (pixel intensity value) for the whole cell was plotted against time.





Polarisation and random migration (live cells)

Neutrophil polarisation and random migration were tested in live cells essentially as previously described (41), combined with TIRF-FRET imaging of Rac actvity. Briefly, isolated neutrophils were resuspended in HBSS++ at 37˚C, plated onto sterile glass coverslips in the environment chamber and imaged by live-cell ratiometric TIRF-FRET imaging as described above, in order to quantify Rac activity at the basal cell surface during neutrophil polarisation. Imaging commenced as soon as the cells settled onto the coverslip, from the first point of contact, and was done over 10 min, with frames taken every 5 s. The mean Rac activity over the entire basal cell surface was calculated for each time point as described above. In addition, line scans were performed along the central longitudinal axis of the neutrophils for each frame to examine the spatial distribution of Rac activity between leading edge and uropod over time, and this Rac activity was grouped into 20 bins along the length of the cell, as described (41). The basal cell surface area was determined using a mask in Fiji, as described for the spreading assay. In addition, the time until cells started forming a first leading edge protrusion, the number of protrusions per cell, and the proportion of cells undergoing random migration, with displacement of at least one cell diameter over the 10 min observation period, were assessed manually, as previously described (41).





Chemokinesis (ibidi)

Chemokinesis assays were performed essentially as described (46), combined with TIRF-FRET imaging of Rac actvity. Isolated neutrophils were resuspended at 4.5 x 106/ml in DPBS++++ and primed with 50 ng/ml GM-CSF and 20 ng/ml TNFα for 45 min at 37°C. The primed cells were allowed to adhere to an ICAM1-coated ibidi μ-slide (as described above) for 5 min at 37˚C in the environment chamber, in a bath application of 0.75 µM fMLP, prior to the start of imaging. Migrating cells were imaged by live-cell ratiometric TIRF-FRET microscopy for 2 min, with a frame interval of 1 s, to enable analysis of Rac activity during chemokinesis. The cells were analysed for migration speed by measuring the position of the front pixel of the cell over 20 s, for cell area using a mask as described above, and for mean Rac activity over the basal cell surface of the whole cell. The latter was determined as described above for the live-cell adhesion assay. Cell area and Rac activity were determined for actively migrating phases and stalling phases of migration separately, which we defined as periods of at least 20 s duration where the cell either did or did not actively protrude a leading edge lamella.





Chemotaxis (transwell)

Transwell chemotaxis assays were done essentially as described (46) using 3 μm-pore polycarbonate filters (Millipore, Millicell-PC, PITP01250) in ultra-low cluster 24-well tissue culture plates (Costar, 3473). Bone marrow was flushed into HBSS with Ca2+ and Mg2+ (Sigma, H8264), supplemented with 0.25% fatty acid-free BSA, and 15 mM Hepes, pH 7.5 at 37°C, all endotoxin-free (HBSS++++), triturated, filtered through a 40 μm nylon cell strainer, counted by haemocytometer and adjusted to 5 x 106/ml. 400 μl cells were pipetted into each transwell filter in a 24-well plate containing 600 μl HBSS++++ per well in the presence or absence of 3 μM fMLP, and were incubated for 40 or 90 min at 37°C. Cells remaining in the transwell were removed and replaced with 400 μl ice-cold HBSS–++ containing 3 mM EDTA. 60 µl HBSS–++ containing 30 mM EDTA was added to the bottom well, and plates were incubated on iced metal trays for 15 min to detach cells. Transmigrated cells were collected and, in parallel to control cells, were centrifuged at 10,000 x g for 30 s and resuspended in ice-cold HBSS–++. Cells were stained with FITC-Gr1 (clone RB6-8C5, BD Pharmingen, 553126, 1:800) and AF647-CD11b  (clone M1/70, BD Pharmingen, 557686, 1:800) antibodies in HBSS–++ containing 1% Fc block and were analysed using an LSR2 flow cytometer alongside Spherotech ACBP-50-10 standard beads. Neutrophils were identified by their Gr1hi/CD11bhi staining using FlowJo software. Transmigrated neutrophils were compared to total neutrophils in control samples.





Chemotaxis (micropipette)

Live-cell micropipette chemotaxis assays were performed essentially as previously described (49, 50), combined with TIRF-FRET imaging of Rac actvity. Briefly, isolated neutrophils were resuspended in HBSS++++ at 1.25 × 105/ml and allowed to attach to a glass coverslip at 37°C in a temperature-controlled microscope environment chamber (Solent Scientific). Cells were stimulated with a point source of 0.5 μM fMLP delivered from a femtotip microinjection needle (Eppendorf, 5242957008) originally placed ~20 μm from the cell, using 50 mbar back pressure. In some experiments, the needle was moved to a position 90˚ anti-clockwise half-way through the experiment, to measure the ability of the cell to turn with the chemoattractant gradient. To quantify Rac activity during neutrophil chemotaxis towards the micropipette, cells were imaged for 2 min by live-cell ratiometric TIRF-FRET imaging, as described above, with a frame interval of 1 s. To plot the intensity and distribution of Rac activity around the periphery of the migrating cell over time, cells were tracked using Fiji plugin QuimP11 (www.warwick.ac.uk), to determine FRET ratios within 0.4 μm of the outer edge for each frame (41) over time. Polar plots were derived by mapping the Rac-FRET signal along the cell circumference for each frame onto a circle for individual cells, and combining sequential frames as eccentric circles, with the first frame in the centre and the last at the plot edge (41, 49). Plots were aligned so that the fMLP-containing micropipette was positioned due west first, and then south where the needle was moved half-way through the experiment to investigate turning. Plots from all cells of the same genotype were combined to depict mean Rac activity around the cell periphery. The movement plot function of Fiji plugin QuimP11 was used to plot the path migrated. Additionally, the time it took for neutrophils to form the first leading edge protrusions after the micropipette was moved to a new location was measured. To determine the front/back polarity of Rac activity in the chemotaxing neutrophils, line scans were performed through the central longitudinal axis of the cell for each frame. To compare the height and localisation of Rac activity, migrating and stationary cells were analysed separately, with migrating cells defined as those that translocated at least 7.8 μm (half their mean body length), during the 2 min observation period. Mean Rac-FRET ratios of 5% bins over the cell length were plotted to give 20 data points along the longitudinal axis of each cell, from the leading edge to the uropod, as described above for the polarisation assay. Kymographs plotting these longitudinal axes of Rac activity as a function of time were generated as described (41). In addition, the pixel with the highest Rac-FRET ratio along the longitudinal axis was determined for each frame. The time that peak Rac activity was localised within 0.8 μm of the leading edge or uropod throughout the 2 min observation period was plotted, and the number of times that peak Rac activity oscillated between leading edge and uropod was determined as previously described (41).





Phagocytosis (fixed cells)

2 µm Fluoresbrite® yellow/green carboxylate microspheres (Polysciences, 098475) were coated with BSA by incubation with 1 mg/ml BSA in 50 mM MES buffer (pH 6.7) containing 20 mg/ml EDAC (Sigma, E7750) for 1 h at RT, washed, and stored in 10 mM Tris pH 8, 0.05% BSA. To opsonise the beads with IgG, they were washed in PBS, incubated with anti-BSA IgG (1:250 in PBS) for 1 h at RT, washed, and resuspended in HBSS++++. Alternatively, beads remained unopsonised. Purified neutrophils were resuspended at 1x107/ml in HBSS++++ and primed with 20 ng/ml TNFα and 50 ng/ml GM-CSF for 45 min at 37°C as described above. 100 μl of cells were combined with 100 μl BSA-coated or IgG-opsonised beads at 1 x 108/ml (10 particles/neutrophil) in a 24-well plate containing sterile glass coverslips, and were incubated for 15 min at 37˚C. Cells were fixed with 4% PFA in for 15 min and stained with FITC-Gr1 (BD Pharmingen, 553126, 1:800) containing 1% Fc block and mounted in ProLong Gold Antifade mountant (Life Technologies). Image analysis was done with Fiji, using the FITC-Gr1 signal at the phagosomal membrane to distinguish phagosomes from particles attached to the outside of the cell. The number of particles taken up per cell, and the percentage of neutrophils containing at least one particle were enumerated manually.





Phagocytosis (live cells)

To measure phagocytosis of IgG-opsonised beads in live neutrophils, particles were prepared and cells treated as described here above, except that cells were plated on glass coverslips in the 37°C environment chamber and live-imaged by TIRF-FRET microscopy as described above, to allow imaging of Rac activity during phagocytosis. Imaging was done for 15 min, with frames taken every 5 s, and using brightfield imaging in parallel to visualise cells and particles at the same time. To quantify Rac activity around the phagosomal membrane, mean FRET ratio in the area of the forming phagosome was evaluated from the moment the cell made contact with a particle until the particle was fully engulfed. In addition, the time taken for full engulfment was plotted.





Peritonitis

Aseptic peritonitis was induced as previously described (46). 9-10 week-old male mice were injected i.p. with 0.25 ml sterile 3% thioglycollate (TGC, Sigma, T9032) in H2O, or were mock-treated with H2O, before being returned to their home cages with food and water ad libitum. 3 h later, mice were euthanized by CO2 asphyxiation, death confirmed by pithing, and peritoneal lavages performed by i.p. injection and aspiration of 8 ml DPBS–, 5 mM EDTA. A second lavage was performed, pooled with the first, and samples stored on ice. The lavage cells were pelleted at 450 x g for 10 min at 4°C, erythrocytes lysed by resuspending cells in 1 ml Geye’s solution and incubating at RT for 150 s, prior to the addition of 10 ml DPBS++++. Leukocytes were resuspended in 1.25 ml DPBS++++. 1 ml of the sample was processed for flow cytometry by staining leukocytes with AF647-Cd11b (clone M1/70, BD Pharmingen, 557686, 1:800) and FITC-Gr1 (clone RB6-8C5, BD Pharmingen, 553126, 1:800) antibodies in DPBS++++ with 1% Fc block for 20 min on ice in the dark, washing in DPBS++++, 5 mM EDTA and resuspension in 500 μl DPBS++++ containing 1 μg/ml DAPI and 1.25 × 105 Spherotech ACBP-50-10 standard beads/ml (5.0-5.9 μm). Flow cytometry was carried out in a BD Biosciences LSRII flow cytometer, and FlowJo was used for data analysis. Neutrophils were identified by Cd11bhi, Gr1hi staining and enumerated by taking into account the lavage volume recovered. Alternatively, mice were treated with TGC, or mock-treated, as above, culled 3 h later, and peripheral blood was collected by cardiac puncture into EDTA-coated microvettes (Sarstedt, CB 300). One portion was analysed for the number of neutrophils in peripheral blood, by lysing erythrocytes using Geye’s solution as detailed for neutrophil purification, followed by staining and enumeration of neutrophils by flow cytometry as detailed here above. Blood plasma was prepared from the other portion by two centrifugations at 2,000 x g for 5 min at RT, and was analysed for the levels of CXCL1, IL6 and TNFα using DuoSet ELISA kits (R&D Systems DY06, DY453 and DY410, respectively), according to the manufacturer’s instructions.





Data collection and statistical analysis

Sample size was determined using power calculations to yield 80% power, based on results of pilot experiments and on previously published data as referenced. Within the parameters of age and sex, mice were selected for cohorts at random by the staff of the Small Animal Unit. Image analysis was performed in a blinded manner wherever possible. Excel 2016 and GraphPad Prism 9.0 were used for tabulation, statistical analysis and plotting graphs. Data were tested for normality of distribution using Shapiro-Wilk test to determine if parametric or non-parametric statistical analysis was required. Where warranted by variance between groups, data were log-transformed prior to statistical analysis. Statistical outliers were identified using Tukey’s test and removed from datasets. Other samples were only excluded when there was a known technical problem affecting the analysis. Data were analysed by one-way or two-way ANOVA to test for effects of interventions. Experiments were performed at least three times except where indicated. Sample size and numbers of independent experiments are detailed in figure legends. Effect size and variance are reported as group mean ± standard error. P-values reported are from multiplicity-adjusted Sidak’s or Tukey’s post-hoc comparisons, following GraphPad recommendations. The threshold for statistical significance was set at p<0.05. Significant differences are denoted in the figures using black p-values, and in some instances relevant lack of difference is denoted by grey p-values.






Results

We sought to dissect the roles played by various Rac-GEFs in neutrophil adhesion and migration, by correlating the spatiotemporal patterns of Rac activity they generate with the cell responses they regulate. To enable this study, we crossed a Rac activity reporter mouse strain (Rac-FRET) which we previously generated (41), to mouse strains with deficiencies in the neutrophil Rac-GEFs Prex1, Vav1, Dock2 or Tiam1 (Figure 1A). We previously established that Prex1 and Vav1 cooperate in generating Rac activity and in mediating neutrophil adhesion, spreading, ROS production and in vivo recruitment (21, 25), so we combined deficiency in these two GEFs in one Rac-FRET Prex1–/– Vav1–/– mouse strain.




Figure 1 | Tiam1, Dock2 and Prex1/Vav1 are required for sustained neutrophil adhesion to ICAM1. (A) Schematic of mouse strains used in this study. Rac activity FRET reporter mice (Rac-FRET Wild type, grey), were crossed to mouse strains deficient in the Rac-GEFs Tiam1 (orange), Dock2 (pink) or Prex1/Vav1 (blue). (B, C) Requirement for different Rac-GEFs in neutrophil adhesion, spreading and polarisation on ICAM1. Neutrophils from wild type or Rac-GEF deficient Rac-FRET mice as in (A) were primed with 50 ng/ml GM-CSF and 20 ng/ml TNFα for 45 min at 37˚C before being plated onto ICAM1-coated slides and incubated for 1 h at 37°C in the presence of 0.75 μM fMLP. Adherent cells were fixed, stained with FTIC-Gr1 antibody, far-red-phalloidin and Hoechst DNA dye, and were imaged by wide-field fluorescence microscopy. (B) Representative images from one experiment; the phalloidin staining is shown. Inserts are magnifications of the indicated areas. (C) Images were analysed by Fiji for the number of adhering cells (left-hand panel), their surface area (middle) and their circularity (right). Data are mean ± SEM of 5 independent experiments; each dot represents the mean of one experiment. Statistics are one-way ANOVA with Tukey’s multiple comparison corrections.






Rac activity at the basal cell surface does not correlate with the ability of neutrophils to adhere and spread

Initially, we performed simple experiments to analyse neutrophil adhesion, spreading and polarity (without measuring Rac activity), by plating isolated neutrophils from the various Rac-FRET mouse strains onto ICAM1. Neutrophils adhere to ICAM1 through their β2-integrins LFA1 and Mac1, after these integrins are activated by GPCR-dependent inside-out signalling (51). So we plated the cells in the presence of the chemoattractant fMLP to activate the integrins and to stimulate polarisation, and for 1 h to establish steady-state conditions. Adhesion was reduced by half in each GEF-deficient strain, meaning that all GEFs investigated are required for neutrophil adhesion (Figures 1B, C). Dock2 deficiency additionally caused neutrophils to spread more and be less polar (more circular), whereas the other GEFs had no effect on spreading and polarity under these conditions (Figures 1B, C). Hence, Dock2 suppresses neutrophil spreading and is required for neutrophil adhesion and polarisation on ICAM1. Similar experiments with Rac-FRET Prex1–/– Vav1–/– and Rac-FRET Dock2–/– neutrophils plated onto glass instead of ICAM1 showed that the GEF requirement in neutrophil adhesion and spreading is context-dependent. Dock2 and Prex1/Vav1 were dispensable for adhesion to glass, both constitutively and upon stimulation with fMLP, but Prex1/Vav1 were required for spreading, whereas Dock2 had no effect (Supplementary Figure 1). Together, these experiments showed that the Rac-GEFs, Tiam1, Dock2 and Prex1/Vav1 play different, substrate-dependent roles in neutrophil adhesion, spreading and/or polarisation.

We proceeded to investigate Rac activity during adhesion and spreading. First, we used live-cell ratiometric TIRF-FRET imaging to investigate Rac activity during the initial attachment of neutrophils to either ICAM1 or pRGD surfaces in the presence of fMLP, from the moment the cells first touched the substrate. ICAM1 is a ligand specifically for β2-integrins (52), whereas pRGD is a promiscuous ligand for numerous integrins (53, 54). Prex1/Vav1 were required for the initial spreading of neutrophils on both ICAM1 and pRGD, whereas Tiam1 and Dock2 were dispensable (Figures 2A, B). In contrast, Rac activity at the basal cell surface was reduced in Rac-FRET Dock2–/– neutrophils, but normal in Prex1/Vav1- and Tiam1-deficient cells (Figures 2A, C). Rac activity was highest around the periphery of spreading neutrophils in all genotypes, although this was difficult to discern in Rac-FRET Prex1–/– Vav1–/– cells due to their limited spreading (Figure 2A). Hence, there was no obvious correlation between the amount or distribution of Rac activity generated at the basal cell surface and the initial phase of neutrophil adhesion and spreading.




Figure 2 | Prex1/Vav1 are required for the initial spreading of neutrophils on integrin ligand surfaces, although Dock2 confers Rac activity during this process. Neutrophils from wild type Rac-FRET mice (grey symbols), or Rac-FRET mice deficient in Tiam1 (yellow), Dock2 (pink), or Prex1/Vav1 (blue) were primed with 50 ng/ml GM-CSF and 20 ng/ml TNFα for 45 min at 37˚C and plated onto ICAM1-coated or pRGD-coated ibidi slides, as indicated, in the presence of 0.75 µM fMLP, and were imaged by live-cell ratiometric TIRF-FRET microscopy from the first point of contact with the slide for 200 s, at a frame interval of 1s. (A) Stills of representative movies from one experiment with ICAM1-coated slides. The pseudo-colour scale depicts high Rac activity (high FRET ratio) in red and low Rac activity in blue. (B) Cell spreading. Left-hand panels: cell spreading (basal cell surface area) on ICAM1 or pRGD over time. Data are mean ± SEM of neutrophils pooled from 4 independent experiments for ICAM1 and 5 for pRGD, except Prex1–/– Vav1–/– cells which are from 3 experiments. Cells of different genotypes were compared directly within experiments. Right: Quantification of spreading as area under the curve (AUC; mean ± SEM) in the first 125 s of the response. (C) Rac activity. Left: Rac activity (FRET ratio, mean ± SEM) at the basal surface of the cells in (B) over time. Right: Quantification of Rac activity as AUC (mean ± SEM) during the first 125 s of cell spreading; dots represent individual cells. The numbers of cells tested for ICAM1 and pRGD were 54/22 for wild type, 43/50 for Tiam1–/–, 40/46 for Dock2–/–, 27/14 for Prex1–/– Vav1–/–, respectively. Statistics are one-way ANOVA with Tukey’s multiple comparison corrections.



Next, we used live-cell ratiometric TIRF-FRET imaging to investigate Rac activity during the firm adhesion of neutrophils to ICAM1. Under the condition shown in Figure 1, where all GEFs were required for the firm adhesion to ICAM1 in the presence of fMLP, Rac activity was normal throughout, showing a lack of correlation between fMLP-stimulated adhesion and Rac activity (Supplementary Figure 2). Rac activity was reduced in Rac-FRET Prex1–/– Vav1–/– neutrophils plated in the absence of fMLP, and in Rac-FRET Dock2–/– cells upon short-term exposure to fMLP (Supplementary Figure 2), suggesting that Prex1/Vav1- and Dock2-mediated Rac activity may be required prior to or during integrin activation. Even so, there was also no obvious correlation between neutrophil adhesion and the amount of Rac activity generated, as adhesion was also impaired in Rac-FRET Tiam1–/– cells, although their Rac activity was normal with or without fMLP-stimulation.

Like fMLP, the chemoattractant KC (the mouse equivalent of human IL8), is another important GPCR ligand in neutrophil integrin activation (51). Therefore, we also tested the early adhesion and spreading of neutrophils to ICAM1 upon KC stimulation. Under these conditions, Rac activity was reduced in both Rac-FRET Dock2–/– and Prex1–/– Vav1–/– neutrophils, although adhesion was impaired and spreading increased in Dock2–/– but not Prex1–/– Vav1–/– cells (Supplementary Figure 3A). Finally, we used another approach to stimulate β2-integrin dependent neutrophil adhesion, by plating the cells on anti-CD18 antibody M18.2, which activates β2 integrins (55, 56). Under these conditions, Rac activity was reduced in Rac-FRET Dock2–/– but not Prex1–/– Vav1–/– neutrophils, adhesion was reduced in Dock2–/– and increased in Prex1–/– Vav1–/– cells and spreading was normal in Dock2–/– and reduced in Prex1–/– Vav1–/– cells (Supplementary Figure 3B). Hence, again there was little correlation between Rac activity, adhesion and spreading, except that Rac activity and adhesion were both reduced in Dock2–/– cells upon KC stimulation.

Overall, our data show that it is highly context-dependent which Rac-GEF generates Rac activity at the basal surface of adhering neutrophils, but there is no obvious correlation between this Rac activity and the ability of neutrophils to adhere and spread. It is possible that Rac activation prior to adhesion dictates which neutrophils adhere, but once the cells are adherent, Rac activity appears to be more important for other cell responses.





Dock2-mediated Rac activity at the basal cell surface correlates with the ability of neutrophils to polarise and undergo random migration

We investigated if Rac activity correlates with neutrophil polarisation and random migration. Rac-FRET Prex1–/– Vav1–/– and Dock2–/– neutrophils were plated onto glass and imaged by live-cell TIRF-FRET microscopy for 10 min, from the first point of contact with the slide (Figure 3A and Supplementary Movie 1). Rac activity, spreading, polarisation and random migration were quantified. Mean Rac activity at the basal cell surface was reduced in Dock2–/– cells throughout this time (Figures 3A, B). We investigated the spatial distribution of Rac activity in more detail over the central longitudinal axis of the cell. Rac activity was lower throughout the Rac-FRET Dock2–/– neutrophil, whereas it was normal in Prex1–/– Vav1–/– cells (Figure 3C). Yet, as seen before, spreading was reduced in Rac-FRET Prex1–/– Vav1–/– rather than Dock2–/– neutrophils, showing again the lack of correlation (Figure 3D). In contrast, Rac activity did correlate with the ability of neutrophils to polarise. Wild type Rac-FRET neutrophils polarised fully within the observation period, and Rac-FRET Prex1–/– Vav1–/– cells formed some, although often rudimentary protrusions, but Dock2–/– cells failed to polarise (Figure 3A and Supplementary Movie 1). For both wild type and Prex1–/– Vav1–/– cells, the leading edge protrusion was formed in areas of highest Rac activity at the cell periphery (Supplementary Movie 1). We quantified the time it took for cells to start polarising by forming their first leading edge protrusion, and the number of leading edge protrusions formed throughout the observation period. By these measures, Rac-FRET Dock2–/– cells showed impaired polarisation, whereas Prex1–/– Vav1–/–cells did not (Figure 3E). We also quantified the proportion of cells that underwent random (unstimulated) migration, which we defined as a displacement of at least one cell diameter within the 10 min observation. Rac-FRET Dock2–/– neutrophils showed a striking impairment in random migration (Figure 3F). Therefore, the reduced Rac activity in Rac-FRET Dock2–/– neutrophils correlates with the ability of these cells to polarise and random migrate.




Figure 3 | Dock2-mediated Rac activity correlates with the ability of neutrophils to polarise and undergo random migration. Neutrophils from wild type Rac-FRET mice (grey bars) or Rac-FRET mice deficient in the Rac-GEFs Dock2 (pink) or Prex1/Vav1 (blue) were plated onto glass coverslips at 37°C and imaged by live-cell TIRF-FRET microscopy for 10 min from the first point of contact with the slide, with frames taken every 5 s. Rac activity, cell spreading, polarisation and random migration were quantified. (A) Representative stills of Supplementary Movie 1 from one experiment, at the 4 min and 9 min time points, as indicated. The pseudo-colour scale depicts high Rac activity (FRET ratio) in white/red and low Rac activity in blue. (B) Left-hand panel: Rac activity (FRET ratio; mean ± SEM) at the basal cell surface over time. Data are mean ± SEM of cells pooled from 3 independent experiments, with between 7 and 24 cells tested per genotype and experiment. Cells of different genotypes were compared directly in each experiment. Right: Quantification of Rac activity (AUC; mean ± SEM). (C) Front/back distribution of Rac activity. Left: line scans of Rac activity through the central longitudinal axis of the neutrophils in (B), were made for each time point once the cells were spread, and a mean FRET ratio was calculated for each cell. These FRET ratios (mean ± SEM) grouped into 20 bins along the length of the cell. Right: Quantification of Rac activity along the longitudinal axis (mean ± SEM). (D) Spreading. Left: the basal cell surface area (mean ± SEM) of the cells in (B, C) over time. Right: quantification of spreading (AUC; mean ± SEM). (E) Quantification of the time until cells start polarising by forming a first leading edge protrusion (left) and the number of leading edge protrusions per cell over the 10 min observation period (right). (F) Quantification of the proportion of neutrophils undergoing random migration, defined as displacement by at least one cell diameter over the 10 min observation period. Data in (E, F) are mean ± SEM of the 3 independent experiments in (B-D); each dot represents the mean of one experiment. Statistics in (B-F) are one-way ANOVA with Tukey’s multiple comparison corrections.







Dock2-mediated Rac activity at the basal cell surface correlates with the ability of neutrophils to undergo chemokinesis

We analysed Rac activity during neutrophil chemokinesis (migration in a bath of chemoattractant). Neutrophils from wild type Rac-FRET mice and the various Rac-GEF deficient Rac-FRET mice were primed and allowed to adhere for 5 min to ICAM1 in a bath of fMLP. Migrating cells were imaged by live-cell TIRF-FRET microscopy and analysed during both active and stalling phases of migration, which we defined as periods of at least 20 s duration where the cell did or didn’t displace their centre of mass. In all genotypes except Dock2–/–, Rac activity was higher during migrating than stalling phases of chemokinesis (Figures 4A, B). Rac activity was reduced in Rac-FRET Dock2–/– neutrophils both during migrating and stalling phases, but normal in Tiam1–/– and Prex1–/– Vav1–/– cells (Figures 4A, B). Neutrophils from all genotypes except Rac-FRET Dock2–/– contracted during stalling, resembling an amoeboid manner of migration (57). In contrast, Rac-FRET Dock2–/– neutrophils failed to contract during stalling phases of chemokinesis (Figure 4C). This correlated with a strikingly lower migration velocity during chemokinesis (Figure 4D). Similarly, the velocity of chemokinesis was also reduced in Dock2–/– neutrophils plated on ICAM1 or on activating anti-CD18 antibody in baths of KC (Supplementary Figure 3). Hence, Dock2 is required for the speed of neutrophil chemokinesis and for neutrophil contraction during stalling phases of chemokinesis, correlated with the amount of Rac activity generated at the basal cell surface.




Figure 4 | Dock2-mediated Rac activity correlates with migration velocity and the ability of neutrophils to contract during stalling phases of chemokinesis. Neutrophils from Rac-FRET mice (wild type; grey symbols) or Rac-FRET mice deficient in Tiam1 (yellow), Dock2 (pink), or Prex1/Vav1 (blue) were primed with 50 ng/ml GM-CSF and 20 ng/ml TNFα, plated onto ICAM1-coated ibidi slides at 37°C in the presence of 0.75 µM fMLP, and allowed to adhere for 5 min. Migrating cells were chosen for imaging by live-cell ratiometric TIRF-FRET microscopy for 2 min, at a frame interval of 1 s. Migrating phases and stalling phases of migration were defined as periods of at least 20 s duration where the cell either did or didn’t displace their centre of mass by 2 μm. (A) Stills of representative movies from one experiment, showing both active and stalling phases of chemokinesis for the same cell. The pseudo-colour scale depicts high Rac activity (high FRET ratio) in white/red and low Rac activity in blue. The red arrows show the direction of chemokinesis during migrating phases. (B) Left-hand panels: Rac activity (FRET ratio; mean ± SEM) at the basal cell surface during 20 s migrating and stalling phases of chemokinesis. Data are from 32 wild type, 18 Tiam1–/–, 18 Dock2–/–, and 8 Prex1–/– Vav1–/– cells, pooled from 4-7 independent experiments. Cells of different genotypes were compared directly in each experiment. Right: Quantification of Rac activity (AUC, mean ± SEM) during migrating and stalling phases of chemokinesis, from data on the left; each dot represents the mean of one experiment. (C) Spreading: basal surface area (mean ± SEM) of the cells in (B) integrated over the same 20 s migrating and stalling phases of chemokinesis. Statistics in (B, C) are two-way ANOVA with Sidak’s multiple comparisons test. (D) Velocity of chemokinesis. Data are mean ± SEM of 5-8 experiments; each dot represents the mean of one experiment. Statistics are one-way ANOVA with Tukey’s multiple comparisons test.







Dock2-mediated Rac activity at the basal cell surface correlates with the ability of neutrophils to migrate, but is not required for directional sensing

Next, we analysed neutrophil chemotaxis (directional migration in a gradient of chemoattractant). Initially, neutrophils from wild type and Dock2–/– Rac-FRET mice were subjected to transwell chemotaxis assays. fMLP stimulation induced robust chemotaxis in wild type neutrophils, but less in Dock2–/– cells at both time points tested, 40 and 90 min (Figure 5A). In addition, random migration, in the absence of fMLP, was again lower in the Rac-FRET Dock2–/– neutrophils (Figure 5A). For comparison, we previously showed that fMLP-stimulated chemotaxis is reduced in Prex1–/–Vav1–/– neutrophils under the same conditions, whereas their random migration was normal (21), and ibidi chemotaxis assays showed that the impaired chemotaxis of Prex1–/–Vav1–/– neutrophils is due to reduced velocity rather than reduced directional sensing (25). Next, we performed micropipette chemotaxis assays combined with live-cell ratiometric TIRF-FRET imaging of Rac activity in wild type, Dock2–/– and Prex1–/– Vav1–/– Rac-FRET neutrophils. We measured directional sensing and the ability to turn in a changing chemoattractant gradient, to correlate these responses with Rac activity. Neutrophils from wild type and GEF deficient Rac-FRET mice were stimulated with a point source of fMLP over 4 min, the micropipette being placed first ‘west’ of the cell, and then ‘south’ half-way through the experiment (Supplementary Movie 2). Cells of all genotypes were able to orient themselves within the gradient and turn when the chemoattractant source was moved, although Rac-FRET Dock2–/– cells migrated less far (Figures 5B–D). In all genotypes, Rac activity was highest at the cell front that faced the chemoattractant source, decreased when the chemoattractant was removed, and increased again at the new leading edge which formed towards the new source. Rac activity was low throughout in Rac-FRET Dock2–/– cells, correlated with the lesser distance migrated, but the repositioning of that low Rac activity was preserved, correlated with the ability of Dock2–/– cells to sense direction and turn (Figures 5B–D). However, while it took wild type cells 36 s to form a new leading edge for turning, this took 57 s in Dock2–/– neutrophils (Figure 5E). Hence, Dock2 controls the amount but not the spatiotemporal distribution of Rac activity at the cell periphery, and is required for random neutrophil migration and chemokinesis but not for chemotaxis, although it does control the speed of turning.




Figure 5 | Dock2 is required for neutrophil migration, but not for directional sensing, although it dictates the speed of turning. (A) Transwell chemotaxis. Bone marrow cells from wild type (grey) and Dock2–/– mice (pink) were subjected to transwell migration assays through 3 μm-pore polycarbonate filters in the presence (dark bars) or absence (light bars) of 3 μM fMLP, for 40 or 90 min at 37°C. Transmigrated neutrophils were identified and enumerated by flow cytometry. Data are mean ± SEM of 3-4 independent experiments; each dot represents the mean of one experiment. Statistics are two-way ANOVA with Sidak’s multiple comparison corrections. (B-E) Micropipette chemotaxis assays. Neutrophils from wild type and GEF-deficient Rac-FRET mice, as indicated, were allowed to attach to glass coverslips at 37°C and stimulated with a point source of 1 μM fMLP delivered from a microinjection needle placed ~20 μm ‘west’ of the cell (position 1), while Rac activity was imaged by live-cell ratiometric TIRF-FRET imaging for 4 min, at a frame interval of 2 s. Half-way through the experiment, the needle was moved 90˚ (‘south’, position 2) to measure the ability of the cell to turn. (B) Stills from a representative movie of a wild type Rac-FRET neutrophil migrating towards the fMLP needle in positions 1 (west, 1-120 s) and 2 (south, 121-240 s), as indicated. (C) Polar plots of micropipette experiments as in (B), quantifying the intensity and distribution of Rac activity around the periphery of the migrating cell over time, with the first frame at the centre of the circle and the last at the plot edge. The fMLP micropipette was positioned first west and then south, as indicated in the schematic. The pseudo-colouring in (B, C) depicts high Rac activity (FRET ratio) in red and low Rac activity in blue. Plots from all cells per genotype from 1 experiment representative of 4 were combined, to quantify mean Rac activity along the cell periphery over time. The numbers of neutrophils in the plots shown are 11 wild type, 10 Dock2–/–, and 13 Prex1–/– Vav1–/– Rac-FRET cells. (D) Movement plots, depicting the mean path migrated by the cells directly above. (E) The time it took for neutrophils to form a new leading edge after the micropipette was moved to position 2 is quantified. Data are mean ± SEM of 16 wild type, 26 Dock2–/–, and 18 Prex1–/– Vav1–/– Rac-FRET cells pooled from 3 independent experiments; each dot represents the mean of one cell. Statistics are one-way ANOVA with Tukey’s multiple comparison corrections.







Dock2 generates Rac activity at the leading edge of migrating neutrophils

To understand better the role of Dock2 in generating Rac activity during neutrophil migration, we compared the amount and localisation of Rac activity between actively migrating and stationary wild type and GEF-deficient Rac-FRET cells by micropipette chemotaxis assay (with a constant position of the fMLP needle). We defined migrating cells as those that translocated at least half their body length during the 2 min observation period. Live-cell TIRF-FRET imaging was performed and Rac activity along the central longitudinal axis of the cell plotted as a function of time in kymographs (Figure 6A). Peak Rac activity was higher at the leading edge than the uropod in migrating neutrophils, but shifted away from the leading edge towards the centre in stationary cells, as we previously described (41). This shift was seen in all genotypes (Figure 6B). Peak Rac activity was lower in migrating Rac-FRET Dock2–/– neutrophils than wild type or Prex1–/– Vav1–/– cells, both overall and at the leading edge in particular (Figures 6B, C). Rac activity was higher at the leading edge than the uropod in all genotypes, except in stationary Rac-FRET Dock2–/– cells, and was lost from the leading edge of migrating Rac-FRET Dock2–/– cells (Figure 6D). Hence, Dock2 is required for generating Rac activity at the leading edge of migrating neutrophils.




Figure 6 | Dock2 generates Rac activity at the leading edge during neutrophil chemotaxis. Neutrophils from wild type Rac-FRET mice (grey) or Rac-FRET mice deficient in Dock2 (pink) or Prex1/Vav1 (blue) were tested by micropipette chemotaxis assay as in Figures 5B–E, except that the position of the fMLP micropipette needle was kept constant. Live-cell ratiometric TIRF-FRET imaging was performed for 2 min, at a frame interval of 1 s. Line scans through the central longitudinal axis of the cell were prepared for each frame to compare the height and localisation of Rac activity between actively migrating and stationary cells, as indicated. (A) Representative kymographs plotting Rac activity (FRET ratio) along the central longitudinal axis of the cell as a function of time. The leading edge is indicated by the white dotted line, the uropod by the grey stippled line. The pink box shows an example of one timepoint. The fMLP micropipette was positioned south of the cells shown. (B) Rac activity (FRET ratio) along the central axis from the leading edge to the uropod of cells in an fMLP gradient over time, comparing migrating and stationary cells. Left-hand panel: Rac activity throughout the length of the cell, AUC of bins 1-20. Right-hand panel: Rac activity at the leading edge, AUC of bins 2-3. Data are mean ± SEM of cells pooled from 4 independent experiments. The numbers of migrating and stationary neutrophils in the plots shown are 35/17 wild type, 29/16 Dock2–/–, and 25/16 Prex1–/– Vav1–/–, respectively. (C) Quantification of overall Rac activity in migrating and stationary cells from (B), as AUC (mean ± SEM). (D) Quantification of Rac activity at the leading edge (bins 2 and 3) and uropod (bins 18 and 19) of the migrating and stationary cells in (A), expressed as AUC (mean ± SEM). Statistics in (C, D) are two-way ANOVA with Sidak’s multiple comparisons test.







Dock2 stabilises Rac activity at the uropod of migrating neutrophils

We previously established that peak Rac activity oscillates between the leading edge and uropod of migrating neutrophils, with a duration of ~8 s per wave (41). Here, we investigated if Rac-GEFs generate these waves, by determining the localisation of peak Rac activity along the central longitudinal cell axis of Rac-FRET Prex1–/– Vav1–/– and Dock2–/– neutrophils over 2 min (Figure 7A). Neutrophils from both GEF-deficient strains migrated less far, and a smaller proportion migrated at all (Figure 7B). Waves of Rac activity were observed both in migrating and stationary cells. In migrating cells, these waves had a duration of 6.5 ± 0.2 s, slightly less than we observed previously, regardless of genotype. In stationary cells, the waves were similar in wild type (6.3 ± 0.2 s) but slowed to 8.0 ± 0.8 and 8.0 ± 0.6 s in Rac-FRET Dock2–/– and Prex1–/– Vav1–/–, respectively (Figure 7C). Moreover, peak Rac activity dwelled longer at the leading edge in stationary cells of both GEF-deficient genotypes than wild type (Figure 7D). Hence, both Dock2 and Prex1/Vav1 regulate the front/back polarity of Rac activity, correlated with a reduced distance migrated and lesser likelihood of migrating overall. Additionally, Rac activity was lost from the uropod of migrating Rac-FRET Dock2–/– cells. Therefore, Dock2 is also required for stabilising Rac activity at the uropod of migrating neutrophils, which may contribute to the control of migration speed by this GEF.




Figure 7 | Dock2 stabilises Rac activity at the uropod during neutrophil chemotaxis. Neutrophils from wild type Rac-FRET mice (grey) or Rac-FRET mice deficient in Dock2 (pink) or Prex1/Vav1 (blue) were tested by micropipette chemotaxis assay as in Figure 6. Live-cell ratiometric TIRF-FRET imaging was performed for 2 min, at a frame interval of 1 s. The height and localisation of peak Rac activity (FRET ratio) along line scans through the central longitudinal axis of the cell was determined for each frame in actively migrating and stationary cells, as indicated. (A) Representative traces from one experiment, showing the position of peak Rac activity (blue) within migrating and stationary cells in an fMLP gradient over time, in relation to the leading edge (pink) and uropod (green). The traces are from the same cells as in Figure 6A. (B) Distance migrated and proportion of cells that migrated at least half their body length during the 2 min observation period. Data are mean ± SEM of 56 wild type, 52 Dock2–/–, and 51 Prex1–/– Vav1–/– neutrophils pooled from 4 independent experiments that directly compared the different genotypes. Statistics are one-way ANOVA with Tukey’s multiple comparisons test. (C) Duration (mean ± SEM) of peak Rac activity waves between leading edge or uropod of the cells in (B), comparing migrating and stationary cells. (D) Time of peak Rac activity localisation within 0.8 μm of the leading edge (left-hand panel) or uropod (right-hand panel) over the 2 min observation period, comparing the same migrating and stationary cells as in (B). Statistics in (C, D) are two-way ANOVA with Sidak’s multiple comparisons test.







Dock2-mediated Rac activity correlates with the speed of particle engulfment during phagocytosis

We investigated the roles of Dock2 and Prex1/Vav1 in the phagocytosis of carboxylate beads with or without IgG opsonisation. The opsonisation, which stimulates Fc receptors, increased the number of beads taken up by wild type Rac-FRET cells, and the proportion of cells that phagocytosed any particles within 15 min (Figure 8A). Both Dock2- and Prex1/Vav1-deficient cells showed a reduction in the number of opsonised particles taken up and the proportion of cells that did take them up, showing that these GEFs are important for Fc receptor-dependent phagocytosis (Figure 8A). Live-cell ratiometric TIRF-FRET imaging showed that Rac activity was highest at the leading edge of neutrophils migrating towards the opsonised beads, particularly as the cells made first contact with the beads, and also at the forming phagosome (Figure 8B and Supplementary Movie 3). We quantified Rac activity around the phagosome, and the time it took for neutrophils to engulf each particle. Both were normal in Rac-FRET Prex1–/– Vav1–/– neutrophils but reduced in Dock2–/– cells (Figures 8C, D). Hence, the Dock2-mediated Rac activity around the phagosome correlates with the speed with which neutrophils phagocytose opsonised particles.




Figure 8 | Dock2-mediated Rac activity correlates with the speed of particle engulfment during the phagocytosis of IgG-coated particles. (A) Phagocytosis (fixed cells): Purified neutrophils from wild type Rac-FRET mice (grey) or Rac-FRET mice deficient in Dock2 (pink) or Prex1/Vav1 (blue) were primed with 20 ng/ml TNFα and 50 ng/ml GM-CSF for 45 min at 37°C, and then incubated for 15 min at 37°C with 2 µm Fluoresbrite® yellow/green carboxylate microspheres that had or had not been opsonised with IgG, as indicated, at a ratio of 10 particles/cell. Cells were fixed, stained with FITC-Gr1 antibody, and imaged by widefield fluorescence microscopy. Images were analysed by Fiji for the number of particles taken up per cell and the percentage of neutrophils containing at least one particle. Data are mean ± SEM of 4 independent experiments. Statistics are two-way ANOVA with Sidak’s multiple comparisons test. (B-D) Phagocytosis (live cells): Neutrophils exposed to IgG-opsonised beads as in (A) were live-imaged by ratiometric TIRF-FRET microscopy for 15 min, with frames taken every 5 s, and with brightfield imaging in parallel to visualise Rac activity, cells and particles at the same time. (B) Stills from Supplementary Movie 3 of a wild type Rac-FRET neutrophil chasing IgG-coated particles. Top panels: Rac activity (FRET ratio). Bottom: brightfield. (C) Quantification of Rac activity (FRET ratio; mean ± SEM) around the forming phagosome over time. Data are mean ± SEM of 20 wild type, 14 Dock2–/–, and 13 Prex1–/– Vav1–/– cells pooled from 3 independent experiments. (D) Time taken for full engulfment of an IgG-opsonised particle. Data are mean ± SEM of the 3 experiments in (C). Statistics in (C, D) are one-way ANOVA with Tukey’s multiple comparisons test. (C) * signifies p<0.05, ** means p<0.01.







Dock2 is required for neutrophil recruitment during aseptic peritonitis

Finally, we subjected Dock2–/– mice to intraperitoneal challenge with thioglycollate (TGC) to induce sterile peritonitis and assessed neutrophil recruitment after 3 h. Dock2–/– mice recruited fewer neutrophils to the inflamed peritoneum than wild type mice, and this reduced recruitment accounted for an overall reduction in the number of peritoneal leukocytes (Figure 9A). Peripheral neutrophil numbers were comparable between Rac-FRET Wild type and Dock2–/– mice and were not significantly affected by the TGC-treatment, suggesting the recruitment defect in Dock2-deficient mice was not a consequence of lower neutrophil numbers overall (Figure 9B). Accordingly, the numbers of mature Rac-FRET Dock2–/– mice in the bone marrow were also normal (Figure 9C). Plasma levels of the chemokine CXCL1 and cytokine IL6 increased upon TGC treatment in Rac-FRET Wild type mice but were significantly lower in Dock2–/– mice, whereas plasma TNFα was unaffected under these conditions and remained low throughout (Figure 9D). The reduced levels of CXCL1 may explain the impaired recruitment of Dock2-deficient neutrophils to the inflamed peritoneum. We conclude that Dock2 is an important regulator of neutrophil migration in vivo as well as in vitro.




Figure 9 | Dock2 is required for neutrophil recruitment during aseptic peritonitis. (A) Wild type (grey) and Dock2–/– (pink) mice were treated with 0.25 ml sterile 3% thioglycollate (TGC, i.p., dark bars), or were mock-treated (light bars), and culled 3 h later. Peritoneal lavages were performed, and lavage leukocytes were stained and analysed by flow cytometry. Neutrophils (left-hand panel) were identified by Cd11bhi, Gr1hi staining and enumerated taking into account the lavage volume recovered, and were compared to the number of total peritoneal leukocytes (right-hand panel). Data are mean ± SEM of mice pooled from two independent cohorts, with 1-2 mock-treated and 3-4 TGC-treated animals per genotype in each experiment. Overall numbers were 3 mock-treated mice per genotype, and 8 wild type and 7 Dock2–/– TGC-treated mice; each dot represents one mouse. Statistics are two-way ANOVA with Sidak’s multiple comparisons test. (B) Rac-FRET Wild type (grey) and Rac-FRET Dock2–/– (pink) mice were treated with TGC or mock-treated as in (A), culled 3 h later, peripheral blood collected and analysed by flow cytometry for the number of neutrophils. Data in (B) are mean ± SEM of mice pooled from two independent cohorts, with 2-3 animals per group in each experiment; each dot represents one mouse. (C) Numbers of mature neutrophils isolated from the bone marrow of Rac-FRET Wild type and Rac-FRET Dock2–/–mice. Data are mean ± SEM of mice from 6 independent experiments; each dot represents one mouse. Statistics are paired t-test. (D) The blood plasma of the mice in (B) was analysed by ELISA for levels of the indicated chemokines and cytokines. Statistics in (B, D) are two-way ANOVA with Sidak’s multiple comparisons test on square root-transformed data.








Discussion

In this study, we correlated patterns of Rac activity generated by the Rac-GEFs Dock2, Tiam1 and Prex1/Vav1 with the cell responses that these Rac-GEFs generate in adherent neutrophils. Our main finding is that Dock2, above the other Rac-GEFs, is an important regulator of neutrophil polarisation, migration and phagocytosis, and that this GEF produces characteristic patterns of Rac activity which correlate with its roles in these cell responses.

We used ratiometric confocal TIRF-FRET imaging in live cells throughout this study, which afforded greater resolution and signal-to-noise ratio than the widefield FRET imaging we employed previously in our study that first established the Rac-FRET reporter mouse (41). We had kept the expression level of the Raichu-Rac FRET reporter in this mouse strain deliberately low (1% over endogenous Rac in neutrophils), so as not to interfere with Rac-dependent neutrophil responses, which we confirmed (41), but this meant that the FRET signal strength generated by widefield imaging was limiting. The TIRF mode allowed us to concentrate on Rac activity at the basal cell surface which touches the substrate, where the cell forms new attachments between adhesion receptors and ligands during spreading, polarisation and migration, and where it maintains, reinforces and turns over these attachments during any adhesion-dependent process. Such attachments include integrin-dependent focal adhesions and others such as interactions between immunoglobulins and Fc receptors. Therefore, a focus on the basal cell surface was biologically relevant as well as having technical advantages. In addition, Rac activity was previously shown to be highest at the basal surface of endothelial cells, and particularly at forming basolateral protrusions (58). An obvious drawback of TIRF-FRET imaging is that we could not take into consideration Rac activity elsewhere in the cell, and of course we could only measure Rac activity in cells that were able to adhere.

We did not see correlations between the amount or spatiotemporal distribution of Rac activity at the basal cell surface and the ability of neutrophils to adhere and spread. All GEFs investigated contributed to adhesion, and Prex1/Vav1 were required for spreading. However, Rac activity was most reduced in Rac-FRET Dock2–/– cells, although these cells spread more than wild type under some conditions. The importance of the various GEFs in adhesion and spreading was context dependent, differing between various integrin-ligand surfaces, and with the presence, identity and timing of chemoattractant used to activate integrins, but associations with Rac activity were not obvious under any condition. This could mean that Rac-GEF activity at the basal cell surface is not required for adhesion and spreading, whereas Rac activity elsewhere is, but this seems unlikely considering numerous studies in various cell types linking Rac activity to adhesion complexes (59). Another possibility is that Rac activity during adhesion and spreading is governed by other Rac-GEFs, but again this seems unlikely as the GEFs investigated here did control these cell responses. It is possible, of course, that we missed subtle spatiotemporal patterns of Rac activity which are important during adhesion and spreading. However, disconnects between Rac activity and spreading were seen previously in fibroblasts and hematopoietic stem cell derived neutrophil-like cells, so may reflect a true lack of dependence (60–62). Steffen et al. used Rac1–/– mouse embryonic fibroblasts to show that Rac1 is essential for lamellipodia formation, membrane ruffling, random migration and hepatocyte growth factor-induced chemotaxis, whereas spreading was either normal or increased depending on the surface that the cells adhered to (62). Gu et al. showed that β2 integrin-dependent spreading is increased in Rac1–/– neutrophils derived from mouse haematopoietic stem cells, whereas it is decreased in Rac2–/– neutrophils (60). Similarly, Pestonjamasp et al. showed that neutrophils from mice with myeloid Rac1 deficiency spread more than wild type during chemotaxis due to a tail retraction defect, whereas Rac2–/– neutrophils spread less (61). Altogether, we suppose that Rac activity prior to adhesion is important in determining which cells will be able to adhere, but once cell are adherent, Rac activity becomes more important for polarisation and migration.

Indeed, the size, timing and localisation of Rac activity did correlate with other neutrophil responses. Rac activity was low over the whole basal surface of Rac-FRET Dock2–/– neutrophils, which had a reduced ability to polarise, form leading edge protrusions, undergo random migration, and perform chemokinesis. During chemokinesis, Rac activity was lower during stalling phases than during active migration in all genotypes, but it was lowest throughout in Rac-FRET Dock2–/– neutrophils, which did not contract during stalling phases and showed reduced migration velocity. In contrast, Dock2 was not required for directional sensing in chemoattractant gradients, and is therefore dispensable for chemotaxis, confirming our previous report (32). The spatial localisation of Rac activity generated by Dock2 during chemotaxis was correct, but only a low amount of active Rac was made, so it appears that this overall reduction is responsible for the reduced migration speed. In fact, none of the GEFs we investigated here showed impairments in directional sensing, although Dock2 deficiency caused a delay in the formation of a new leading edge when the cell turned in a changing gradient. Rac1, rather than Rac2, is the small GTPase that confers directional migration (63), so likely a Rac1-GEF, which remains to be identified, controls the ability to sense direction. Vav family GEFs have a preference for Rac1 over Rac2, but no absolute specificity (21), and none of the Vav GEFs control directional sensing (9). We recently analysed the neutrophil proteome, which identified 39 different Rho-GEFs in addition to those studied here (46). Several of these Rho-GEFs, including Pix, Sos and Swap70, are able to activate Rac, but any substrate specificity for Rac1 over Rac2 remains to be evaluated. αPix was previously shown to regulate directional sensing during neutrophil chemotaxis, but this was attributed to its Cdc42-GEF rather than its Rac-GEF activity (64), so the GEF that generates Rac activity for directional sensing remains to be identified.

We investigated the spatiotemporal distribution of Rac activity during neutrophil migration in more detail, which showed that Dock2, rather than Prex1/Vav1, is required for generating Rac activity at the leading edge of migrating cells. Moreover, Dock2 was also required for Rac activity at the uropod. In contrast, both Dock2 and Prex1/Vav1 were important for the duration of peak Rac activity waves that traverse the cell, as well as for the localisation of Rac activity at the leading edge of stationary cells, consistent with a reduction of cell migration speed and likelihood of migrating overall. Furthermore, we compared the requirements for Dock2 and Prex1/Vav1 in Fc-receptor dependent phagocytosis. Both Dock2- and Prex1/Vav1-deficient cells engulfed fewer opsonised particles and were less likely to take up any opsonised particles. However, only Rac-FRET Dock2–/– cells showed a lack of Rac activity at the phagosome, and this correlated with a reduction in the speed of particle engulfment. Finally, we showed that neutrophil recruitment is impaired in Dock2-deficient mice during sterile peritonitis, which showed that this GEF is an important regulator of neutrophil migration not only in vitro but also in vivo. Dock2 mice were previously shown to have reduced neutrophil recruitment in an infection model (34), but this is the first demonstration of its importance in sterile inflammation. It would be very interesting to investigate Rac activity in neutrophils under inflammatory conditions in vivo. We previously used intravital FLIM-FRET multiphoton microscopy to measure Rac activity in live Rac-FRET mice in cancer models (41), and we used RhoA-FRET LysMCre mice in a similar manner to measure RhoA activity during S. aureus-induced neutrophil swarming in the skin (65). Similar experiments could be done in the future with Dock2–/–mice expressing the Raichu-Rac FRET reporter specifically in neutrophils to measure the influence of Dock2 on Rac activity under inflammatory conditions in vivo.

Together, the data from mice suggest that lack of Dock2 activity reduces neutrophil recruitment during inflammatory and infectious diseases, as well as the neutrophil effector responses that clear pathogens. Hence, if one could inhibit DOCK2 in human patients with inflammatory disease, any associated neutrophil-mediated tissue injury would likely be reduced. However, resistance to infection would be impaired at the same time. Indeed, a point mutation resulting in loss of DOCK2 expression was found in four siblings with severe immunodeficiency, associated with impaired actin polymerisation, polarisation and ROS production in neutrophils (35). Furthermore, the importance of Dock2 in human immune disease is not restricted to neutrophils. We recently identified a risk allele associating decreased DOCK2 expression in patients with severe COVID-19, associated with changes in monocytes, macrophages and dendritic cells (36). Moreover, six unrelated patients with severe immunodeficiency caused by loss-of-function mutations in DOCK2 showed impaired responses in T cells, B cells, and NK cells (66, 67).

We considered why Dock2 would generate more Rac activity in adhering neutrophils than the other GEFs. One obvious difference is that Dock2 is a DOCK-type GEF with a DHR2 catalytic domain, whereas the others are Dbl-type, with a catalytic DH domain (9). However, their mechanism of catalysis is the same, so this is unlikely to be an explanation. Rather, the signalling mechanisms that regulate Dock2 are somewhat different to those that control Prex1, Vav1 and Tiam1, although there is substantial overlap. Dock2 is activated by RhoG binding to the Dock-adaptor protein Elmo, and by recruitment to the plasma membrane through the signalling lipids PIP3 and phosphatidic acid, and the GEF activates Rac in response to the stimulation of GPCRs (32, 33). In contrast, P-Rex1 is activated by PIP3 and by the Gβγ subunits of heterotrimeric G proteins, and signals in response to the activation of GPCRs, E-selectin and toll-like receptor 4 (15, 68, 69). Vav GEFs are activated by tyrosine phosphorylation and signal downstream of various receptors, including GPCRs, integrins, and Fc receptors (16). Tiam1 is activated by Ras and modulated by multiple other mechanisms (17), and we have shown recently that it paradoxically limits the activation of Rac1 and Rac2 upon fMLP stimulation of neutrophils adhering to ICAM1 (manuscript submitted). Whether any of these differences in upstream regulators dictate the spatiotemporal patterns of Rac activity through which Dock2 controls neutrophil polarisation and migration remains to be seen. An alternative would be that there is simply more Dock2 protein than other Rac-GEFs in mouse neutrophils, but our recent proteomic analysis does not support this notion (46). Or Dock2 may have a different subcellular localisation to the other GEFs. All GEFs we investigated, with the possible exception of Tiam1, are cytosolic in basal neutrophils and translocate to the plasma membrane upon neutrophil activation (9), but there may be subtle differences that have been overlooked. Finally, GEFs can form complexes not just with their upstream regulators and Rac, but also with the effector proteins activated by Rac. Differential binding to effector proteins is, for example, known to govern different roles of Prex1 and Tiam1 in the migration of fibroblasts (70). It is possible that Dock2 binds to a different set of Rac effectors than the Dbl-type GEFs. It would be interesting to evaluate this possibility in the future.

The complexity of Rac-dependent responses necessitates the tight control mechanisms described here to ensure that neutrophils provide robust immunity without causing inflammatory disease. Rac-GEFs are key elements of these tight control mechanisms, and our study confirms that they each regulate specific aspects of neutrophil adhesion and migration. Among these GEFs, Dock2 stands out as a key regulator of polarity and of the speed of migration and phagocytosis, correlated with the patterns of Rac activity generated by this GEF.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The animal study was reviewed and approved by Babraham Animal Welfare Ethical Review Body.





Author contributions

PAM, A-KEJ, EJM, CP, SAC and JYC planned, conducted and analysed the experiments and made graphs. PAM and A-KEJ wrote part of the manuscript. SW planned and helped with FRET imaging and image analysis. HO developed image analysis macros and helped with image analysis. AS-P supervised experimental design and statistical analysis. AM provided the Tiam1-deficient mouse strain and advice on Tiam1 signalling. YF provided the Dock2-deficient mouse strain and advice on Dock2 signalling. HCEW planned and supervised the project, obtained the funding and wrote the manuscript. All authors reviewed the manuscript.





Funding

PAM received a PhD studentship from the UK Biotechnology and Biological Sciences Research Council (BBSRC) Doctoral Training Programme. A-KEJ was funded by project grant BB/I02154X/1 from the BBSRC. SAC received a targeted PhD studentship from the UK Medical Research Council. The project was funded by Institute Strategic Programme Grant BB/P013384/1 from the BBSRC to the Babraham Institute Signalling Programme.




Acknowledgments

We thank the excellent staff of Babraham’s Biological Support Unit for their expert and passionate care of our mice.





Conflict of interest

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





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1180886/full#supplementary-material



Abbreviations

Dock, dedicator of cytokinesis; fMLP, formyl-methionyl-leucyl-phenylalanine; FRET, Förster resonance energy transfer; GEF, guanine-nucleotide exchange factor; GPCR, G protein coupled receptor; GTPase, guanine-nucleotide binding protein; ICAM1, intercellular adhesion molecule 1; LFA-1, leukocyte function antigen-1; Mac-1, macrophage-1 antigen; PI3K, phosphoinositide 3-kinase; PIP3, phosphatidyl-inositol-(3,4,5)-trisphosphate; P-Rex, PIP3-dependent Rac exchanger; ROS, reactive oxygen species; Tiam, tumor invasion and metastasis; TIRF, total internal reflection fluorescence.




References

1. Kolaczkowska, E, and Kubes, P. Neutrophil recruitment and function in health and inflammation. Nat Rev Immunol (2013) 13(3):159–75. doi: 10.1038/nri3399

2. Liew, PX, and Kubes, P. The neutrophil’s role during health and disease. Physiol Rev (2019) 99(2):1223–48. doi: 10.1152/physrev.00012.2018

3. Nauseef, WM, and Borregaard, N. Neutrophils at work. Nat Immunol (2014) 15(7):602–11. doi: 10.1038/ni.2921

4. Ambruso, DR, Knall, C, Abell, AN, Panepinto, J, Kurkchubasche, A, Thurman, G, et al. Human neutrophil immunodeficiency syndrome is associated with an inhibitory Rac2 mutation. Proc Natl Acad Sci U.S.A. (2000) 97(9):4654–9. doi: 10.1073/pnas.080074897

5. Williams, DA, Tao, W, Yang, F, Kim, C, Gu, Y, Mansfield, P, et al. Dominant negative mutation of the hematopoietic-specific Rho GTPase, Rac2, is associated with a human phagocyte immunodeficiency. Blood (2000) 96(5):1646–54.

6. Troeger, A, and Williams, DA. Hematopoietic-specific Rho GTPases Rac2 and RhoH and human blood disorders. Exp Cell Res (2013) 319(15):2375–83. doi: 10.1016/j.yexcr.2013.07.002

7. Keszei, M, and Westerberg, LS. Congenital defects in neutrophil dynamics. J Immunol Res (2014) 2014:303782. doi: 10.1155/2014/303782

8. Nemeth, T, Sperandio, M, and Mocsai, A. Neutrophils as emerging therapeutic targets. Nat Rev Drug Discov (2020) 19(4):253–75. doi: 10.1038/s41573-019-0054-z

9. Pantarelli, C, and Welch, HCE. Rac-GTPases and Rac-GEFs in neutrophil adhesion, migration and recruitment. Eur J Clin Invest (2018) 48 Suppl 2:e12939. doi: 10.1111/eci.12939

10. Yoo, SK, Deng, Q, Cavnar, PJ, Wu, YI, Hahn, KM, and Huttenlocher, A. Differential regulation of protrusion and polarity by PI3K during neutrophil motility in live zebrafish. Dev Cell (2010) 18(2):226–36. doi: 10.1016/j.devcel.2009.11.015

11. Wennerberg, K, Rossman, KL, and Der, CJ. The Ras superfamily at a glance. J Cell Sci (2005) 118(5):843–6. doi: 10.1242/jcs.01660

12. Rossman, KL, Der, CJ, and Sondek, J. GEF means go: turning on Rho GTPases with guanine nucleotide-exchange factors. Nat Rev Mol Cell Biol (2005) 6(2):167–80. doi: 10.1038/nrm1587

13. Cherfils, J, and Zeghouf, M. Regulation of small GTPases by GEFs, GAPs, and GDIs. Physiol Rev (2013) 93(1):269–309. doi: 10.1152/physrev.00003.2012

14. Rottner, K, Stradal, TEB, and Chen, B. WAVE regulatory complex. Curr Biol (2021) 31(10):R512–7. doi: 10.1016/j.cub.2021.01.086

15. Welch, HC. Regulation and function of P-Rex family Rac-GEFs. Small GTPases (2015) 6(2):1–11. doi: 10.4161/21541248.2014.973770

16. Rodriguez-Fdez, S, and Bustelo, XR. The Vav GEF family: an evolutionary and functional perspective. Cells (2019) 8(5):465. doi: 10.3390/cells8050465

17. Maltas, J, Reed, H, Porter, A, and Malliri, A. Mechanisms and consequences of dysregulation of the Tiam family of rac activators in disease. Biochem Soc Trans (2020) 48(6):2703–19. doi: 10.1042/BST20200481

18. Ji, L, Xu, S, Luo, H, and Zeng, F. Insights from DOCK2 in cell function and pathophysiology. Front Mol Biosci (2022) 9:997659. doi: 10.3389/fmolb.2022.997659

19. Dong, X, Mo, Z, Bokoch, G, Guo, C, Li, Z, and Wu, D. P-Rex1 is a primary Rac2 guanine nucleotide exchange factor in mouse neutrophils. Curr Biol (2005) 15(20):1874–9. doi: 10.1016/j.cub.2005.09.014

20. Welch, HC, Condliffe, AM, Milne, LJ, Ferguson, GJ, Hill, K, Webb, LM, et al. P-Rex1 regulates neutrophil function. Curr Biol (2005) 15(20):1867–73. doi: 10.1016/j.cub.2005.09.050

21. Lawson, C, Donald, S, Anderson, K, Patton, D, and Welch, H. P-Rex1 and Vav1 cooperate in the regulation of fMLF-dependent neutrophil responses. J Immunol (2011) 186(3):1467–76. doi: 10.4049/jimmunol.1002738

22. Damoulakis, G, Gambardella, L, Rossman, KL, Lawson, CD, Anderson, KE, Fukui, Y, et al. P-Rex1 directly activates RhoG to regulate GPCR-driven rac signalling and actin polarity in neutrophils. J Cell Sci (2014) 127(11):2589–2600. doi: 10.1242/jcs.153049

23. Pantarelli, C, Pan, D, Chetwynd, S, Stark, AK, Hornigold, K, Machin, P, et al. The GPCR adaptor protein Norbin suppresses the neutrophil-mediated immunity of mice to pneumococcal infection. Blood Adv (2021) 5(16):3076–91. doi: 10.1182/bloodadvances.2020002782

24. Herter, JM, Rossaint, J, Block, H, Welch, H, and Zarbock, A. Integrin activation by P-Rex1 is required for selectin-mediated slow leukocyte rolling and intravascular crawling. Blood (2013) 121(12):2301–10. doi: 10.1182/blood-2012-09-457085

25. Pan, D, Amison, RT, Riffo-Vasquez, Y, Spina, D, Cleary, SJ, Wakelam, MJ, et al. P-Rex and Vav Rac-GEFs in platelets control leukocyte recruitment to sites of inflammation. Blood (2015) 125(7):1146–58. doi: 10.1182/blood-2014-07-591040

26. Kim, C, Marchal, CC, Penninger, J, and Dinauer, MC. The hemopoietic Rho/Rac guanine nucleotide exchange factor Vav1 regulates n-formyl-methionyl-leucyl-phenylalanine-activated neutrophil functions. J Immunol (2003) 171(8):4425–30. doi: 10.4049/jimmunol.171.8.4425

27. Phillipson, M, Heit, B, Parsons, SA, Petri, B, Mullaly, SC, Colarusso, P, et al. Vav1 is essential for mechanotactic crawling and migration of neutrophils out of the inflamed microvasculature. J Immunol (2009) 182(11):6870–8. doi: 10.4049/jimmunol.0803414

28. Gakidis, MA, Cullere, X, Olson, T, Wilsbacher, JL, Zhang, B, Moores, SL, et al. Vav GEFs are required for β2 integrin-dependent functions of neutrophils. J Cell Biol (2004) 166(2):273–82. doi: 10.1083/jcb.200404166

29. Graham, DB, Robertson, CM, Bautista, J, Mascarenhas, F, Diacovo, MJ, Montgrain, V, et al. Neutrophil-mediated oxidative burst and host defense are controlled by a Vav-PLCgamma2 signaling axis in mice. J Clin Invest (2007) 117(11):3445–52. doi: 10.1172/JCI32729

30. Utomo, A, Hirahashi, J, Mekala, D, Asano, K, Glogauer, M, Cullere, X, et al. Requirement for Vav proteins in post-recruitment neutrophil cytotoxicity in IgG but not complement C3-dependent injury. J Immunol (2008) 180(9):6279–87. doi: 10.4049/jimmunol.180.9.6279

31. Boespflug, ND, Kumar, S, McAlees, JW, Phelan, JD, Grimes, HL, Hoebe, K, et al. ATF3 is a novel regulator of mouse neutrophil migration. Blood (2014) 123(13):2084–93. doi: 10.1182/blood-2013-06-510909

32. Kunisaki, Y, Nishikimi, A, Tanaka, Y, Takii, R, Noda, M, Inayoshi, A, et al. DOCK2 is a Rac activator that regulates motility and polarity during neutrophil chemotaxis. J Cell Biol (2006) 174(5):647–52. doi: 10.1083/jcb.200602142

33. Nishikimi, A, Fukuhara, H, Su, W, Hongu, T, Takasuga, S, Mihara, H, et al. Sequential regulation of DOCK2 dynamics by two phospholipids during neutrophil chemotaxis. Science (2009) 324(5925):384–7. doi: 10.1126/science.1170179

34. Liu, Z, Man, SM, Zhu, Q, Vogel, P, Frase, S, Fukui, Y, et al. DOCK2 confers immunity and intestinal colonization resistance to citrobacter rodentium infection. Sci Rep (2016) 6:27814. doi: 10.1038/srep27814

35. Moens, L, Gouwy, M, Bosch, B, Pastukhov, O, Nieto-Patlan, A, Siler, U, et al. Human DOCK2 deficiency: report of a novel mutation and evidence for neutrophil dysfunction. J Clin Immunol (2019) 39(3):298–308. doi: 10.1007/s10875-019-00603-w

36. Namkoong, H, Edahiro, R, Takano, T, Nishihara, H, Shirai, Y, Sonehara, K, et al. DOCK2 is involved in the host genetics and biology of severe COVID-19. Nature (2022) 609(7928):754–60. doi: 10.1038/s41586-022-05163-5

37. Baker, MJ, Pan, D, and Welch, HC. Small GTPases and their guanine-nucleotide exchange factors and GTPase-activating proteins in neutrophil recruitment. Curr Opin Hematol (2016) 23(1):44–54. doi: 10.1097/MOH.0000000000000199

38. McCormick, B, Chu, JY, and Vermeren, S. Cross-talk between Rho GTPases and PI3K in the neutrophil. Small GTPases (2019) 10(3), 187–95. doi: 10.1080/21541248.2017.1304855

39. Utomo, A, Cullere, X, Glogauer, M, Swat, W, and Mayadas, TN. Vav proteins in neutrophils are required for Fc{gamma}R-mediated signaling to Rac GTPases and nicotinamide adenine dinucleotide phosphate oxidase component p40(phox). J Immunol (2006) 177(9):6388–97. doi: 10.4049/jimmunol.177.9.6388

40. Watanabe, M, Terasawa, M, Miyano, K, Yanagihara, T, Uruno, T, Sanematsu, F, et al. DOCK2 and DOCK5 act additively in neutrophils to regulate chemotaxis, superoxide production, and extracellular trap formation. J Immunol (2014) 193(11):5660–7. doi: 10.4049/jimmunol.1400885

41. Johnsson, AE, Dai, Y, Nobis, M, Baker, MJ, McGhee, EJ, Walker, S, et al. The rac-FRET mouse reveals tight spatiotemporal control of Rac activity in primary cells and tissues. Cell Rep (2014) 6(6):1153–64. doi: 10.1016/j.celrep.2014.02.024

42. Itoh, RE, Kurokawa, K, Ohba, Y, Yoshizaki, H, Mochizuki, N, and Matsuda, M. Activation of Rac and Cdc42 video imaged by fluorescent resonance energy transfer-based single-molecule probes in the membrane of living cells. Mol Cell Biol (2002) 22(18):6582–91. doi: 10.1128/MCB.22.18.6582-6591.2002

43. Fukui, Y, Hashimoto, O, Sanui, T, Oono, T, Koga, H, Abe, M, et al. Haematopoietic cell-specific CDM family protein DOCK2 is essential for lymphocyte migration. Nature (2001) 412(6849):826–31. doi: 10.1038/35090591

44. Malliri, A, van der Kammen, RA, Clark, K, van der Valk, M, Michiels, F, and Collard, JG. Mice deficient in the Rac activator Tiam1 are resistant to ras-induced skin tumours. Nature (2002) 417(6891):867–71. doi: 10.1038/nature00848

45. Felasa working group, Mahler Convenor, M, Berard, M, Feinstein, R, Gallagher, A, Illgen-Wilcke, B, et al. FELASA recommendations for the health monitoring of mouse, rat, hamster, guinea pig and rabbit colonies in breeding and experimental units. Lab Anim (2014) 48(3):178–92. doi: 10.1177/0023677213516312

46. Hornigold, K, Chu, JY, Chetwynd, SA, Machin, PA, Crossland, L, Pantarelli, C, et al. Age-related decline in the resistance of mice to bacterial infection and in LPS/TLR4 pathway-dependent neutrophil responses. Front Immunol (2022) 13:888415. doi: 10.3389/fimmu.2022.888415

47. Schindelin, J, Arganda-Carreras, I, Frise, E, Kaynig, V, Longair, M, Pietzsch, T, et al. Fiji: An open-source platform for biological-image analysis. Nat Methods (2012) 9(7):676–82. doi: 10.1038/nmeth.2019

48. Arganda-Carreras, I, Sorzano, COS, Marabini, R, Carazo, JM, Ortiz-de-Solorzano, C, and Kybic, J. Consistent and elastic registration of histological sections using vector-spline regularization. In:  RR Beichel, and M Sonka, editors. Computer vision approaches to medical image analysis. lecture notes in computer science series, vol. 4241 . Berlin, Heidelberg: Springer (2006). p. 85–95.

49. Ferguson, GJ, Milne, L, Kulkarni, S, Sasaki, T, Walker, S, Andrews, S, et al. PI(3)Kγ has an important context-dependent role in neutrophil chemokinesis. Nat Cell Biol (2007) 9(1):86–91. doi: 10.1038/ncb1517

50. Norton, L, Lindsay, Y, Deladeriere, A, Chessa, T, Guillou, H, Suire, S, et al. Localizing the lipid products of PI3Kgamma in neutrophils. Adv Biol Regul (2016) 60:36–45. doi: 10.1016/j.jbior.2015.10.005

51. Sun, H, Zhi, K, Hu, L, and Fan, Z. The activation and regulation of beta2 integrins in phagocytes and phagocytosis. Front Immunol (2021) 12:633639. doi: 10.3389/fimmu.2021.633639

52. Fagerholm, SC, Guenther, C, Llort Asens, M, Savinko, T, and Uotila, LM. Beta2-integrins and interacting proteins in leukocyte trafficking, immune suppression, and immunodeficiency disease. Front Immunol (2019) 10:254. doi: 10.3389/fimmu.2019.00254

53. Murata, J, Saiki, I, Ogawa, R, Nishi, N, Tokura, S, and Azuma, I. Molecular properties of poly(RGD) and its binding capacities to metastatic melanoma cells. Int J Pept Protein Res (1991) 38(3):212–7. doi: 10.1111/j.1399-3011.1991.tb01431.x

54. Ludwig, BS, Kessler, H, Kossatz, S, and Reuning, U. RGD-binding integrins revisited: how recently discovered functions and novel synthetic ligands (re-)shape an ever-evolving field. Cancers (Basel) (2021) 13(7):1711. doi: 10.3390/cancers13071711

55. Varga, G, Balkow, S, Wild, MK, Stadtbaeumer, A, Krummen, M, Rothoeft, T, et al. Active MAC-1 (CD11b/CD18) on DCs inhibits full T-cell activation. Blood (2007) 109(2):661–9. doi: 10.1182/blood-2005-12-023044

56. Faridi, MH, Altintas, MM, Gomez, C, Duque, JC, Vazquez-Padron, RI, and Gupta, V. Small molecule agonists of integrin CD11b/CD18 do not induce global conformational changes and are significantly better than activating antibodies in reducing vascular injury. Biochim Biophys Acta (2013) 1830(6):3696–710. doi: 10.1016/j.bbagen.2013.02.018

57. Lammermann, T, and Sixt, M. Mechanical modes of a’moeboid’ cell migration. Curr Opin Cell Biol (2009) 21(5):636–44. doi: 10.1016/j.ceb.2009.05.003

58. Couto, A, Mack, NA, Favia, L, and Georgiou, M. An apicobasal gradient of Rac activity determines protrusion form and position. Nat Commun (2017) 8:15385. doi: 10.1038/ncomms15385

59. Saha, S, Nagy, TL, and Weiner, OD. Joining forces: crosstalk between biochemical signalling and physical forces orchestrates cellular polarity and dynamics. Philos Trans R Soc Lond B Biol Sci (2018) 373(1747):20170145. doi: 10.1098/rstb.2017.0145

60. Gu, Y, Filippi, MD, Cancelas, JA, Siefring, JE, Williams, EP, Jasti, AC, et al. Hematopoietic cell regulation by Rac1 and Rac2 guanosine triphosphatases. Science (2003) 302(5644):445–9. doi: 10.1126/science.1088485

61. Pestonjamasp, KN, Forster, C, Sun, C, Gardiner, EM, Bohl, B, Weiner, O, et al. Rac1 links leading edge and uropod events through rho and myosin activation during chemotaxis. Blood (2006) 108(8):2814–20. doi: 10.1182/blood-2006-01-010363

62. Steffen, A, Ladwein, M, Dimchev, GA, Hein, A, Schwenkmezger, L, Arens, S, et al. Rac function is crucial for cell migration but is not required for spreading and focal adhesion formation. J Cell Sci (2013) 126(Pt 20):4572–88. doi: 10.1242/jcs.118232

63. Sun, CX, Downey, GP, Zhu, F, Koh, AL, Thang, H, and Glogauer, M. Rac1 is the small GTPase responsible for regulating the neutrophil chemotaxis compass. Blood (2004) 104(12):3758–65. doi: 10.1182/blood-2004-03-0781

64. Li, Z, Hannigan, M, Mo, Z, Liu, B, Lu, W, Wu, Y, et al. Directional sensing requires G beta gamma-mediated PAK1 and PIX alpha-dependent activation of Cdc42. Cell (2003) 114(2):215–27. doi: 10.1016/S0092-8674(03)00559-2

65. Nobis, M, Herrmann, D, Warren, SC, Kadir, S, Leung, W, Killen, M, et al. A RhoA-FRET biosensor mouse for intravital imaging in normal tissue homeostasis and disease contexts. Cell Rep (2017) 21(1):274–88. doi: 10.1016/j.celrep.2017.09.022

66. Dobbs, K, Dominguez Conde, C, Zhang, SY, Parolini, S, Audry, M, Chou, J, et al. Inherited DOCK2 deficiency in patients with early-onset invasive infections. N Engl J Med (2015) 372(25):2409–22. doi: 10.1056/NEJMoa1413462

67. Alizadeh, Z, Mazinani, M, Shakerian, L, Nabavi, M, and Fazlollahi, MR. DOCK2 deficiency in a patient with hyper IgM phenotype. J Clin Immunol (2018) 38(1):10–2. doi: 10.1007/s10875-017-0468-5

68. Welch, HC, Coadwell, WJ, Ellson, CD, Ferguson, GJ, Andrews, SR, Erdjument-Bromage, H, et al. P-Rex1, a PtdIns(3,4,5)P3- and Gβγ-regulated guanine-nucleotide exchange factor for Rac. Cell (2002) 108(6):809–21. doi: 10.1016/S0092-8674(02)00663-3

69. Graziano, BR, Gong, D, Anderson, KE, Pipathsouk, A, Goldberg, AR, and Weiner, OD. A module for Rac temporal signal integration revealed with optogenetics. J Cell Biol (2017) 216(8):2515–31. doi: 10.1083/jcb.201604113

70. Marei, H, Carpy, A, Woroniuk, A, Vennin, C, White, G, Timpson, P, et al. Differential Rac1 signalling by guanine nucleotide exchange factors implicates FLII in regulating Rac1-driven cell migration. Nat Commun (2016) 7:10664. doi: 10.1038/ncomms10664




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


Copyright © 2023 Machin, Johnsson, Massey, Pantarelli, Chetwynd, Chu, Okkenhaug, Segonds-Pichon, Walker, Malliri, Fukui and Welch. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1180886-g005.jpg
C

fMLP

40 min 90 min
00204 0.0069 ] mock
16 00457 00393 B fmLp

12

H

Neutrophils migrated
through 3 um pores (%)
o]

Wild type Dock27/~ Wild type

o
8
t

Rac-FRET Wild type

Rac-FRET Dock27~ Rac-FRET Prex17/~ Vavl™/~

Dock27/~

high

low

Lag to turning (s)

5um

I Rac-FRET Wild type
M Rac-FRET Dock27~
I Rac-FRET Prex1 - Vav1™

160 00227 || 0.0007

POy oy
120

80

40

Genotype





OEBPS/Images/fimmu-14-1180886-g008.jpg
I Rac-FRET Wild type
I Rac-FRET Dock27/~
I Rac-FRET Prex1~~ Vavi7/-

E
|

-
[

Engulfed beads
per neutrophil

o -

(<)} N

o
Phagocytosing

neutrophils (%)

o

-+ -+ -4 -+ -+ -4

high
10 um
low
D
8 0.0280 0.0448
oS 40 @ 160
© O
o S S
o e &
" 36 g2 120
=
£ 55
= 32 “ £ 80
S E S«
© 228 LS
o 2 2 4
B, ] o 25
< 4 £
& [= 0

| I I N B R RN R B |
0 10 20 30 40 50 60 70 80

Time (s)

Genotype





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Dock2 generates characteristic spatiotemporal patterns of Rac activity to regulate neutrophil polarisation, migration and phagocytosis

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Mice

          



          		

            Neutrophil purification

          



          		

            Adhesion, spreading and polarisation (fixed cells)

          



          		

            TIRF-FRET imaging of Rac activity

          



          		

            Adhesion and spreading (live cells)

          



          		

            Polarisation and random migration (live cells)

          



          		

            Chemokinesis (ibidi)

          



          		

            Chemotaxis (transwell)

          



          		

            Chemotaxis (micropipette)

          



          		

            Phagocytosis (fixed cells)

          



          		

            Phagocytosis (live cells)

          



          		

            Peritonitis

          



          		

            Data collection and statistical analysis

          



        



        



        		

          Results

        

          		

            Rac activity at the basal cell surface does not correlate with the ability of neutrophils to adhere and spread

          



          		

            Dock2-mediated Rac activity at the basal cell surface correlates with the ability of neutrophils to polarise and undergo random migration

          



          		

            Dock2-mediated Rac activity at the basal cell surface correlates with the ability of neutrophils to undergo chemokinesis

          



          		

            Dock2-mediated Rac activity at the basal cell surface correlates with the ability of neutrophils to migrate, but is not required for directional sensing

          



          		

            Dock2 generates Rac activity at the leading edge of migrating neutrophils

          



          		

            Dock2 stabilises Rac activity at the uropod of migrating neutrophils

          



          		

            Dock2-mediated Rac activity correlates with the speed of particle engulfment during phagocytosis

          



          		

            Dock2 is required for neutrophil recruitment during aseptic peritonitis

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1180886-g006.jpg
Migrating

Stationary

Rac-FRET ratio Rac activity central

Rac-FRET ratio
(AUC bins 2-3 vs 18-19)

Distance (um)

axis (FRET ratio)

(AUC)

10

20

30

40

50

10

20

30

40

50

3.2

Rac-FRET Dock27~

Rac-FRET Wild type

uropod

leading edge

0 30 60 90 60
Time (s)
migrating stationary
32
2.8
2.4 Tl
2.0
1.6
0 4 8 12 16 20 0 4 8 12
Front Bin number Back Front Bin number
overall leading edge

Rac-FRET Prex17~ Vavl”~

uropod

high leading edge

low

T
120

@ Rac-FRET Wild type
V Rac-FRET Dock27/~
@ Rac-FRET Prex17- Vavi”-

16

20
Back

B migrating
[C] stationary

4.0

33

2.6

Rac-FRET Rac-FRET Rac-FRET Rac-FRET Rac-FRET
Wild type Dock2/~ Prex17/~ Wild type Dock2™/~
Vavi7-
migrating stationary
0.0068 L 0.0063
k
<0.0001, 0.0007 <0.0001,
! 1 !
D g y
4 Z 13

Rac-FRET

Prex17/-

Vavi/-
B leading edge
[] uropod

Rac-FRET
Wild type

Rac-FRET
Dock27~

Rac-FRET
Prex17-
Vavl—/-

Rac-FRET
Wild type

Rac-FRET
Dock27/~

Rac-FRET
Prex17/-
Vavil/-





OEBPS/Images/fimmu-14-1180886-g002.jpg
Rac activity at basal Neutrophil surface Neutrophil surface

cell surface (FRET ratio)

Rac activity at basal
cell surface (FRET ratio)

area (um?)

area (um?)

Wild type

&

Prex1/- Vavi”/-
»

5um

120
90
an
60
30
0
o 50 100 150 200
Time (s)

0 50 100 150 200
Time (s)
ICAM1

i
o

w
w

e
=)

B
©

[}
N

0 50 100 150 200

&
n

w
%

w
HN

N
>

=
~

0 50 100 150 200
Time (s)

Rac-FRET ratio Neutrophil surface area Neutrophil surface area

(AUC 0-125 s x 102)

Rac-FRET ratio
(AUC 0-125 s x 10?)

(AUC 0-125 s x 103)

(AUC 0-125 s x 103)

high

low

Rac-FRET Wild type
Rac-FRET Tiam17~
Rac-FRET Dock27~
Rac-FRET Prex17/- Vavi™-

Genotype

0.0464

20 00266
00256

[RAZE

Genotype

00031
<0.0001, <0.0001

5.8 A

Genotype

0.0001
6.2 <0.0001, <0.0001

ooy

Genotype





OEBPS/Images/fimmu-14-1180886-g004.jpg
A

migrating stalling
Rac-FRET
Wild type
high
8.0
Rac-FRET e
Tiam17~ 5
3.8
Rac-FRET
Dock27~
Rac-FRET
Prex17/~
Vavi’/~
B ~@— Rac-FRET Wild type oot B migrating
Rac-FRET Tiam17/ o0 [ stalling
—%¥— Rac-FRET Dock2”/~ 0.0002
Rac-FRET Prex17~ Vavi”/- 00074
<0001
_ 0 16 migrating stalling a5 <0.0001
M = "
g8 o 00048 00053 00255
S = 32 { BEESSETCETE =770 ° >
- - ©
© o : S
£ o 28 W oS 55
=] ks
g & 52
L 24 g < 40
& 2 -4
€3 20 25
0 5 10 15 200 5 0 15 20 Rac-FRET Rac-FRET Rac-FRET Rac-FRET
+ . i iam1-/- /- /-
Time (S) Time (S) Wild type Tiam1 Dock2 Prex1
Vavi7/-
C
B migrating Rac-FRET Wild type
LIS — [ stalling T Rac-FRET Tiam17/~
24 0008, L S 32 o012ty 00024 M Rac-FRET Dock27-
Sz £ Rac-FRET Prex1/~ Vavi~-
e o — 24
= o £ >
3 x ] N >
=E c < 16 =0 5o =ik
o =, o g o
= =1
© ®© o = 8 o BN
[ ) oo
M = —
o © S
0
Rac-FRET Rac-FRET Rac-FRET Rac-FRET Genotype
Wild type Tiam17/~ Dock27/~ Prex17/~

Vavl-/-





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





OEBPS/Images/fimmu-14-1180886-g009.jpg
L] mock

B thioglycollate

1.6

o
-

0.8
0.4

(50T X) siiydoainau
|esaydiiad

0.0269

N 2w ®o o
o0 'l — o
(50T X) 214003 n3|
a8ene| |eauoliad |e10]

0.0017

oo ol

= o e )
o~ - — o
(90T X) sjtydosnau
a8eAe| [eauolliad

Dock27~

Wild type

Dock27~

Wild type

Dock27~

Wild type

(&)

o o o o
© © < ~

(Jw/8d) 04N ewse|d

0.0336

o o (=] o
o < O 0
o o~ -
(Jw/8d) 97| ewse|d
w 0|
3
3
o
)
o o (=3 o
>\ (<)} o m
w m o~ -

(lw/3d) T10XD ewseld

o

T oo

o)
=5 ol
n o n o n
= 0 o < I
- — — — <)

(,0T X) moJsew auoq
ul sjiydosinau ainie|n

Dock2/-

Wild type

Dock2/~

Wild type

Dock2~/~

Wild type

Wild type Dock2~/-





OEBPS/Images/fimmu-14-1180886-g007.jpg
Distance migrated

Peak Rac activity at

Migrating

Stationary

(um / 2 min)

leading edge (s)

Distance (um)

40

w
S}

N
S}

=
o

Rac-FRET Wild type

Rac-FRET Dock27/~

Rac-FRET Prex17/~ Vav1l7~

0
~  Uropod
10 — Peak Rac activity
20 = Leading edge
30
40
50
0
10
20
30 w
. |
50 T T T T T T T T T T T T T L
0 30 60 90 120 0 30 60 90 120 0 30 60 90 120
Time (s) I Rac-FRET Wild type
M Rac-FRET Dock27/~
I Rac-FRET Prex17- Vavi™
: 00006
! __ 100
S $ 2
w
L 75 T 9
8 S &
o 50 5 3
£ = >
8 g€
e 25 52
oo A ©
s ©
0 0
Genotype Genotype Rac-FRET Rac-FRET Rac-FRET
Wild type Dock27~ Prex17/~
Vavi”/-
00085 7
0.0310 . .
L 0.0361 0.0080 . mlglja“ng
80 = = 2 [ stationary
®
’ Z
60 . s z 18
g3
o Q 12
ge
~ 2 6
©
&
0
Rac-FRET Rac-FRET Rac-FRET Rac-FRET Rac-FRET Rac-FRET
Wild type Dock2/~ Prex17/~ Wild type Dock2™/~ Prex17/~
Vavl/- Vavl/-





OEBPS/Images/fimmu-14-1180886-g003.jpg
Rac-FRET Dock27~ Rac-FRET Prex1™~ Vavl™”~

Rac-FRET Wild type

low

I Rac-FRET Wild type

°
35 38 0.0008, 00014 M Rac-FRET Dock27~
© = o< o M Rac-FRET Prex17~ Vavl”-
2 e 2 E 33 oo "
e
SE = Q
= w o og
S o x o
E o (T
c { G 2
® £ 82 23
> <
o 32 c
©
& e 18
Genotype
" 2 i
5 = )
< & q
i
zE - @
= w e
o= w 2
© © oY
[Sa] S 2
g O <
e €
8
0 4 8 12 16 20 Genotype
Front 3 Back P
Bin number
;\ 150 cﬁm:DQZB
© © 9 |
0z &g o
=] © = 115 °
8 % SE
] o 80 &
£ @ £9 2
3 33
32 To ¥
o oD
< 10
0 2 4 6 8 10 Genotype
Time (min)
F
o 250 ououxo = 5 0000500257 " 120 00008, 00066
£ ¢ 200 Og4doo0 =L °
¥ : EZ w1,
5% 150 L 53 ®=
> 2] £
22 . £ €5 60
29 100 e 2 o E L
v a 3 85 30
Eg 50 81 c e
F s 2 3 =
0 &0 0

Genotype Genotype Genotype





OEBPS/Images/fimmu-14-1180886-g001.jpg
Adhesion (cells/fov)

Rac-FRET Wild type

Rac-FRET Wild type

Genotype

Rac-FRET Tiam1-/-

Rac-FRET Tiam17/~

135
120
105

90

Cell surface area (um?)

75

Genotype

o

Rac-FRET Dock2/~

Rac-FRET Dock27/~

4

Circularity
o

Rac-FRET Prex1~/-Vav1l/-

Rac-FRET Prex1/- Vav1l~/~

B Rac-FRET Wild type
Rac-FRET Tiam17/~

P Rac-FRET Dock27/~

I Rac-FRET Prex17/~ Vavl™-

Genotype





OEBPS/Images/fimmu.2023.1180886_cover.jpg
& frontiers | Frontiers in Immunology

Dock2 generates characteristic
spatiotemporal patterns of Rac activity to
regulate neutrophil polarisation, migration

and phagocytosis





