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Rho GTPases are involved in the regulation of many cell functions, including some related to the actin cytoskeleton. Different Rho GTPases have been shown to be important for T-cell development in mice. However, their role in human T-cell development has not yet been explored.



Design and Methods We examined the expression and activation of Rho GTPases along different stages of T-cell development in the human thymus. Early stage human thymocytes were transduced with constitutively active and dominant negative mutants of different Rho GTPases to explore their role in human T-cell development, as analyzed in fetal thymus organ cultures. The use of these mutants as well as Rho GTPase-specific inhibitors allowed us to explore the role of GTPases in thymocyte migration.



Results We found that the expression of several Rho GTPases is differently regulated during successive stages of T-cell development in man, suggesting a specific role in human thymopoiesis. In chimeric fetal thymus organ culture, T-cell development was not or only mildly affected by expression of dominant negative Rac1 and Rac2, but was severely impaired in the presence of dominant negative Cdc42, associated with enhanced apoptosis and reduced proliferation. Kinetic analysis revealed that Cdc42 is necessary in human T-cell development both before and after expression of the pre-T-cell receptor. Using inhibitors and retrovirally transferred mutants of the aforementioned Rho GTPases, we showed that only Rac1 is necessary for migration of different thymocyte subsets, including the early CD34+ fraction, towards stromal cell-derived factor-1α. Constitutively active mutants of Rac1, Rac2 and Cdc42 all impaired migration towards stromal cell-derived factor-1α and T-cell development to different degrees.



Conclusions This is the first report on Rho GTPases in human T-cell development, showing the essential role of Cdc42. Our data suggest that enhanced apoptotic death and reduced proliferation rather than disturbed migration explains the decreased thymopoiesis induced by dominant negative Cdc42. Key words: lymphopoiesis, Rho GTP-binding proteins, Rac GTP-binding proteins, hematopoietic stem cells, T lymphocytes.
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Introduction The family of Rho GTPases comprises a major subgroup of the Ras superfamily of small GTPases. RhoA, Rac1 and Cdc42 are the best characterized members of this family of at least 23 genes. Most Rho GTPases cycle between an active GTP-bound and an inactive GDP-bound state. In the GTP-bound conformation, Rho GTPases are able to interact with downstream effectors, thereby initiating diverse signaling cascades. Because each Rho GTPase can recognize multiple effectors, and some effectors are recognized by more than one Rho GTPase, these interactions generate a complex network.1-4 Cycling of Rho GTPases is tightly regulated by different types of regulatory molecules, including Rho guanosine nucleotide exchange factors, Rho GTPase activating proteins and Rho GDP dissociation inhibitors. Rho GTPases are involved in the regulation of many cell functions, sometimes cell type-specific, including a number of functions related to the actin cytoskeleton: gene transcription, cell cycle progression, survival, adhesion, migration, cell polarity, enzymatic activities, and axon guidance.1,3,4 These functions can be both overlapping and unique to different Rho GTPases, which complicates interpretation of loss-of-function studies. Rac1, Cdc42 and RhoA are ubiquitously expressed, whereas Rac2 is restricted to the hematopoietic system.5 In the past 10 years, efforts have been made to elucidate the specific roles of Rho GTPases in murine T-cell development using gain- and loss-of-function strategies. The size and cellularity of thymi lacking functional Rho are drastically reduced.6 Thymocyte-specific expression of C. botulinum C3 exoenzyme, an inhibitor of RhoA, B and C, results in a survival defect of early thymocyte progenitors and CD4+CD8+ double-positive cells.7,8 Thymocyte development is not perturbed in Rac2–/– mice and the effect on T-cell development is limited in conditional Rac1–/– mice.9-11 However, the generation of conditional Rac1–/–Rac2–/– double knock-out mice showed that proliferation, apoptosis, adhesion and migration of thymocytes were disturbed, revealing a crucial but redundant role of Rac1 and Rac2.10 This was confirmed by a recent study that used an alternative approach to create conditional double knock-out mice, which, in addition, linked the results to altered Notch signaling.12 A dominant negative mutant of Rac1 was used to demonstrate that Rac1 is required for the generation of CD4 single-positive cells from a murine double-positive cell line by preventing apoptosis.13 Loss of function of Cdc42 causes in utero death. Conditional knock-out mice for this Rho GTPase were recently generated and used to study hematopoietic stem cells but, so far, the effect on T-cell development has not been studied.14,15 Expression of constitutively active RhoA promotes positive selection and generates hyper-responsive mature T cells.16 Transgenic mice expressing constitutively active Rac1 in the thymus have revealed a role for Rac1 as a positive regulator of β selection.17 However, development into single-positive cells is not possible because of exacerbated negative selection.18 Thymocyte-specific expression of constitutively active Rac2 and Cdc42 results in severely reduced thymic cellularity because of the deletion of double-positive cells, which could be explained by the induc-
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tion of apoptosis.19,20 Although the importance of Rho GTPases in T-cell development is well established, the mode of action is not clear. In the case of Rho, it was suggested that the inability of thymocytes lacking Rho function to migrate correctly could explain why Rho is necessary for T-cell development.21 It has been shown that directed migration is essential for T-cell development. During their journey through the thymus, developing thymocytes encounter specific microenvironments that provide the appropriate signals for a particular stage of T-cell development, such as cell surface molecules, secreted proteins and extracellular matrix components.22 It is, therefore, plausible that factors disturbing migration may also disturb development as cells fail to make the necessary cell-cell contacts. Besides migration, (pre-) T-cell receptor (TCR) signaling, which affects thymic selection by balancing survival against apoptosis and which induces proliferation, might explain the essential role of Rho GTPases. In this study we investigated the importance of different Rho GTPases in human T-cell differentiation.



Design and Methods Monoclonal antibodies and reagents The mouse anti-human monoclonal antibodies used were CD4allophycocyanin (APC) or phycoerythrin (PE) (SK3), CD34-APC (8G12), HLA-DR-APC (L243), CD3-PE or fluorescein isothiocyanate (FITC) (SK7), Ki-67-PE (B56) and CD8-FITC (SK1), all from Becton Dickinson Immunocytometry Systems (BDIS, Erembodegem, Belgium); CD8β-PE (2ST8.5H7) from Coulter (Miami, FL, USA); CD1-biotin (OKT 6), unlabeled CD3 (OKT 3) and CD8 (OKT 8) from American Type Culture Collection (ATCC, Rockville, MD, USA); anti-glycophorin-A was a kind gift from Dr. L. Lanier (University of California, San Francisco, CA, USA). Stem cell factor (SCF) and interleukin (IL)-7 were from R&D Systems (Abingdon, UK), recombinant human stromal cell-derived factor-1 (SDF-1α/CXCL12) was from Peprotech (London, UK). The Rho GTPase inhibitors used were Rac inhibitor NSC23766 (Calbiochem, Nottingham, UK) and secramine A.23



Cell purification Child thymus tissue, removed during cardiac surgery, was obtained and used following the guidelines of the Medical Ethical Commission of Ghent University Hospital. Informed consent was provided according to the Declaration of Helsinki. Immature single-positive (ISP4) cells were purified from total thymocytes by immunomagnetic depletion using antibodies against glycophorinA, CD3 and CD8 and sheep anti-mouse Dynabeads (Dynal Biotech, Hamburg, Germany) according to the manufacturer’s instructions. The enriched population was labeled with CD4-PE, CD34-APC, CD8-, CD3- and HLA-DR-FITC and the CD34–CD4+FITC– fraction was sorted on a FACS Vantage (BDIS) using CellQuest software (BDIS). Double-positive cells were sorted from total thymocytes after labeling with CD3-FITC, CD4APC and CD8β-PE. For isolation of mature CD3+, single-positive cells and CD34+ cells, thymus mononuclear cells were isolated over a Lymphoprep density gradient (Axis-Shield PoC AS, Oslo, Norway). For single-positive cells, this was followed by depletion of CD1+ cells using CD1-biotin and Streptavidin MicroBeads (MACS; Miltenyi Biotec, Bergisch Gladbach, Germany). Cells were subsequently labeled with CD3-FITC, CD4-APC and CD8βPE, and sorted for either CD3+CD8+ or CD3+CD4+ cell subsets. haematologica | 2010; 95(3)
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Purity of all these thymocyte subsets was at least 98.4%. CD34+ thymus cells were enriched by positive selection using either CD34 MACS (Miltenyi Biotec) or EasySep (StemCell Technologies SARL, Grenoble, France). The purity of the collected cells was on average 95.3±3.3%.



Constructs, viral production and transduction All plasmid constructs were made into the retroviral vector LZRS-IRES-EGFP as described before.24 Dominant negative mutants Rac1N17, Rac2N17 and Cdc42N17 (placenta isoform), and constitutively active mutants Rac1V12 and Rac2V12 were obtained from the UMR cDNA Resource Center (www.cdna.org) and EcoRI-XhoI transferred from pcDNA3.1+ to LZRS-IRES-EGFP. Cdc42V12 (placenta isoform) was BamHI transferred from pEBGCdc42V12/GST to LZRS-IRES-EGFP.25 Direct sequencing (ABI, Foster City, CA, USA), western blotting or a pull-down based Rho GTPase activity assay (G-LISATM, Cytoskeleton, Denver, CO, USA) was used as instructed by the respective supplier and using standard protocols to confirm the integrity of all constructs and to measure RhoA, Rac1, total Rac (Rac1+Rac2+Rac3) and Cdc42 activity in thymocyte subsets. For the production of retroviral supernatant, the PhoenixAmphotropic packaging cell line was transfected with LZRSIRES-EGFP (control) and LZRS-(insert)-IRES-EGFP plasmids using calcium-phosphate precipitation.26 Viral supernatants contained between 3.0×106 and 15.5×106 transducing units per mL titrated on 293T cells (ATCC). For chemotaxis and fetal thymus organ culture, CD34+ thymus cells were cultured in Iscove’s modified Dulbecco’s medium (IMDM) supplemented with penicillin (100 IU/mL), streptomycin (100 µg/mL) and 10% heat-inactivated fetal calf serum (complete IMDM, Invitrogen) in the presence of SCF (5 ng/mL) and IL-7 (10 ng/mL) for 24 h prior to transduction. After transduction, performed as previously described,24 cells were cultured with the same concentrations of cytokines for an additional period of 1 day prior to fetal thymus organ culture or 2 days prior to chemotaxis.



Real-time polymerase chain reaction After sorting of thymocyte subsets, cells were resuspended in TRIzol (Invitrogen) and stored at -70 °C until use. Total RNA was extracted from thymocytes as instructed by the supplier of TRIzol (Invitrogen), and then DNase-treated (DNase I, Invitrogen) and reverse transcribed (Reverse Transcription Core Kit, Eurogentec, Seraing, Belgium). Genes assayed included RhoA (Sybr Green I detection, Eurogentec), Rac1, Rac2 and Cdc42 (TaqMan detection chemistry, Eurogentec). For normalisation, YWHAZ mRNA was chosen from ten housekeeping genes based on GENORM (Sybr Green I detection, Eurogentec).27 Primers (Invitrogen) and Taqman probes (Eurogentec) were described previously27-29 or were designed with Primer Express 2.0 software (Applied Biosystems, Foster City, CA) for RhoA (forward CGGAATGATGAGCACACAAGG; reverse ATGTACCCAAAAGCGCCAATC). Primer specificity was confirmed with plasmids expressing one of the Rho GTPases. Quantitative real-time PCR was performed on an ABI Prism 7300 Sequence Detection System (Applied Biosystems) as described before.29 Comparative quantification of the target gene expression was performed based on the standard curve method. To compare different donors, donor subsets were normalized to own total mean relative expression.



Fetal thymus organ culture Chimeric fetal thymus organ culture and subsequent flow cytohaematologica | 2010; 95(3)



metric analysis at day 21 were performed as described previously.30,31 The total progeny of 104 pre-cultured CD34+ or ISP4 cells, transduced 24 h earlier, was seeded into each lobe using the ‘hanging drop’ method. The excess of transduced progenitor cells, which were not used for the hanging drop, were kept in culture to determine transduction efficiency after 2 or 4 days. The mean transduction efficiency of different viruses varied between 8±3% and 26±4%. After 14 days, half of the medium of the fetal thymus organ culture was replaced. The mean number of human cells per thymic lobe harvested after 21 days of culture and starting from control transduced cells was 408×103 cells (range, 190×103 to 880×103 cells) (n=10). This large variation can be attributed to differences between human donors and murine thymic lobes. However, the fraction of transduced cells was previously shown to be very reproducible, which allows quantification of thymic development using the thymocyte generation ratio, i.e., the ratio of the fraction of EGFP+ thymocytes harvested to the fraction of EGFP+ progenitors that were put in the fetal thymus organ culture.31 The thymocyte generation ratio does not take into account the total number of cells generated in each lobe, but compares the development of transduced cells to that of non-transduced cells, the latter serving as an internal control since they are derived from the same donor and cultured in the same thymic lobe.31



Chemotaxis Chemotaxis assays were performed in duplicate using 5 µm pore filters (Transwell, 24 well cell cluster, Corning Costar, Cambridge, MA, USA). Migration medium [600 µL IMDM supplemented with penicillin (100 IU/mL), streptomycin (100 µg/mL) and 0.5% bovine serum albumin (Sigma-Aldrich, Bornem, Belgium)] containing 50 ng/mL SDF-1α was added to the lower compartment; 100 µL of cell suspension in migration medium without SDF-1α (between 1.2×106 and 5.0×106 cells/mL for total thymus single cell suspensions and between 2.0×105 and 1.7×106 cells/mL for sorted CD34+ cells) were placed in the upper well. In experiments with inhibitors for Rho GTPases, total thymus or CD34+ thymus cells were cultured overnight in complete IMDM with SCF (5 ng/mL) and IL-7 (10 ng/mL) and NSC23766 (200 µM for total thymocytes or 100 µM for CD34+ cells) or secramine A (2 µM). These inhibitors were added at the same concentration to the upper well during migration. Transwells were incubated for 3 h at 37ºC in 7% (v/v) CO2. Upper wells were removed and cells migrated into the lower compartment were harvested after addition of a fixed amount of Flow-Count Fluorospheres (Beckman Coulter, Fullerton, CA, USA). In experiments starting from total thymocytes, migrated cells were stained with CD4-APC, CD8‚-PE and CD3-FITC. Flow cytometry was done on a FACS®Calibur (BDIS) to determine the absolute number of input and migrated cells as well as the relative frequencies of specific subsets of thymocytes in initial and migrated populations. The fraction of migrating cells (e.g. double-positive thymocytes) was calculated as follows: (% double-positive cells in migrated population x total amount of migrated cells) / (% double-positive cells in initial population x total amount of input cells). For each subset, migration was evaluated relative to migration of the same population in the absence of an inhibitor. When thymus CD34+ cells were transduced with mutants of Rho GTPases, mean transduction efficiency was 17%, giving us the opportunity to use the non-transduced EGFP– cells, present in each well, as an internal control for migration. In this case, relative migration was calculated as follows: fraction of migrating EGFP+ cells / fraction of migrating EGFP– cells, where fraction of migrating cells is calculated as indicated above. The per-
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centage of migration typically fluctuates around 25% for both total and CD34+ cells.



Statistical analysis Fetal thymus organ culture and chemotaxis data were analyzed using the paired sample t test (SPSS, version 12; SPSS, Chicago, IL, USA). P values less than 0.05 were considered statistically significant.



Results Expression of Rho GTPases in the thymus Whereas Rac1, Cdc42 and RhoA are ubiquitously expressed in mammalian tissue, Rac2 expression is restricted to the hematopoietic system. We examined the expression pattern of Rho GTPases in different stages of thymocyte development to gain information on their potential role in human T-cell development. Rac1 and RhoA are broadly expressed, with highest levels in the early stages of T-cell development (CD34+, ISP4) (Figure 1). Rac2 expression is upregulated during development towards single-positive cells and Cdc42 is expressed in very early (CD34+) as well as in late (single-positive) stages of development. Because the activity of Rho GTPases is the result of post-transcriptional regulation by Rho guanosine nucleotide exchange factors, GTPase activating proteins and dissociation inhibitors, we used a pulldown-based Rho GTPase activity assay (G- LISATM, Cytoskeleton; data not shown) to examine activity in different thymocyte subsets. We found RhoA and Rac1 activity in most fractions (CD34+, ISP4, double-positive and CD3+) comparable to that of unseparated thymocytes (±50%). The Cdc42 G-LISA was not sensitive enough to reproducibly measure Cdc42 activity. Different expression and activation patterns reflect modulation during T-cell development, suggesting a role for Rho GTPases in human thymocyte development.



Human T-cell development is disturbed by deregulating the activity of Rho GTPases To investigate the role of Rho GTPases in human T-cell development, we used an in vitro chimeric fetal thymus organ
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Cdc42 is essential from early stages of human T-cell development Among all Rho GTPases tested, manipulation of Cdc42, whether this was mediated by expression of constitutively active or dominant negative mutants, resulted in the most profound effect on T-cell development. As Cdc42 has been shown to be important in different processes that could be relevant in the context of T-cell development, such as proliferation, apoptosis and migration, we examined whether
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culture, the best validated in vitro model for human T-cell development at the moment.32 Fetal thymus organ culture has previously been shown to support development of retrovirally transduced CD34+ and immature CD3–CD4+CD8– singlepositive ISP4 cells.30 A flowchart to explain the fetal thymus organ culture experiment is presented in Figure 2. The percentage of EGFP+ cells after the culture, corrected for initial transduction efficiency (thymocyte generation ratio), is a parameter for T-cell development. It allows comparison of the effect of the transgene to untransduced cells, and is not blurred by individual differences between donors or between murine thymic lobes. A large set of data has shown that the median thymocyte generation ratio of control transduced cells is well above one.31 This indicates that transduced cells have a slight advantage over non-transduced cells in this assay. Given that retroviral vectors are used for the gene transfer, this suggests that cycling cells (after 24 h of culture in the presence of appropriate cytokines) within the CD34+ fraction are more potent T-cell precursors. As the lentiviral vectors expressing shRNA against Rho GTPase family members described before29 expressed only transiently in fetal thymus organ culture, human CD34+ thymus cells were retrovirally transduced with dominant negative or constitutively active mutants of Rho GTPases, and assayed for T-cell development. Dominant negative Cdc42 severely impairs T-cell development, as measured by the thymocyte generation ratio (Figure 3A). The few T cells that were generated while expressing dominant negative Cdc42 displayed a normal phenotype (Figure 3C) and the relative frequencies of doublepositive and single-positive cells were comparable to those of control transduced cells (Figure 3C and data not shown). The absence of Rac1 or Rac2 activity resulted in only very small albeit statistically significant effects on thymopoiesis. All constitutively active mutants disturb T-cell development (Figure 3B). Although the relative number of transgeneexpressing cells was reduced, the percentage of double-positive cells or CD3+ cells was comparable between EGFP+ and EGFP– cells (Figure 3D). In the CD3+ population, no differences in the fractions expressing TCRαβ or TCRγδ were observed between EGFP+ and EGFP– cells (data not shown). However, we observed a positive correlation between transgene expression level (measured by EGFP) and CD3 expression levels for cells transduced with constitutively active Rac1, Rac2 or Cdc42 but not with control (Figure 3D).
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Figure 1. Expression pattern of Rho GTPases in human thymus. Real time PCR analysis of sorted thymocyte subsets. Bars indicate mRNA expression level of the indicated gene relative to the housekeeping gene YWHAZ for the corresponding subset. For comparison of the three donors, levels of individual subsets were normalized to mean donor expression overall subsets, designated zero. Error bars indicate standard deviation.
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point of pre-TCR expression, as both CD34+ and ISP4 progenitor cells expressing dominant negative Cdc42 show reduced T-cell generation.



The effects of Rho GTPases on migration and T-cell generation are not correlated Migration is crucial for T-cell development. Rho GTPases have been shown to be important for migration of many cell types, including hematopoietic stem cells14,15,34-37 and thymocytes21 in the mouse. We, therefore, examined the in
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any of these processes could be linked to its mechanism of effect on T-cell development. Both thymus CD34+ and ISP4 cells transduced with control vector or mutant Cdc42 were cultured in medium supplemented with cytokines (SCF and IL-7) or used to initiate T-cell development in fetal thymus organ culture. Cell culture, initiated with transduced CD34+ cells, for more than 1 week resulted in comparable amounts of Cdc42N17-expressing cells and control transduced cells (% of EGFP+ cells after 8 days of culture / % of EGFP+ cells after 4 days of culture: 0.92±0.08 and 1.01±0.14 for Cdc42N17 and control-transduced cells, respectively; n=3). By contrast, T-cell generation from these progenitors was greatly reduced in fetal thymus organ culture already after 4 days (Figure 4). This was observed both with CD34+ progenitors and with ISP4 thymocytes, the latter known to be in part TCR-β selected.33 Cells transduced with the constitutively active mutant of Cdc42 hampered T-cell development only after longer culture periods (Figure 4, beyond day 8), suggesting that the effect of Cdc42 overactivity on T-cell generation arises only later in development. To explore whether apoptosis was induced and proliferation was hampered in the absence of functional Cdc42, we performed additional fetal thymus organ culture experiments. Firstly, we analyzed the fraction of annexin V+ and 7AAD+ cells in fetal thymus organ culture initiated with Cdc42N17 and control transduced cells. Double-positive annexin V+ 7-AAD+ dead and annexin V+ 7-AAD– apoptotic cell fractions were increased in the presence of Cdc42N17 (Figure 4D). Secondly, the proliferation marker Ki-67 was stained in these cultures. As shown in Figure 5, both at day 4 and day 21 of fetal thymus organ culture, Cdc42N17-transduced thymocytes showed a reduced fraction of Ki-67 positive cells (less than 10%) compared to control-transduced cells (up to 20%). The observation that transduced cell numbers are not reduced after cell culture of CD34+ thymocytes, but are drastically reduced in fetal thymus organ culture over the same period, indicates a thymus-specific effect of dominant negative Cdc42 on CD34+ cell proliferation. Cdc42 is necessary early in T-cell development as well as past the
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Figure 2. Flow-chart of fetal thymus organ culture. TGR: thymocyte generation ratio.
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Figure 3. Influence of expression of mutant Rho GTPases on human T-cell development. (A-B) Overview of T-cell development as evaluated in fetal thymus organ culture. Cells transduced with dominant negative mutants (A) and constitutively active mutants (B) of Rho GTPases. Thymocyte generation ratio was calculated as indicated in the ‘Design and Methods’ section. Within each graph, each symbol represents data derived from the same thymus donor. The mean is represented by the thick horizontal line. Asterisks indicate statistically significant differences between mutant Rho GTPase and control (*P 
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