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Abstract
Alemtuzumab (ALM) is used for T-cell depletion in the context of allogeneic hematopoietic stem cell transplantation (alloSCT) to prevent acute graft versus host disease and graft rejection. Following ALM-based T-cell depleted alloSCT, relatively rapid recovery of circulating T cells has been described, including T cells that lack membrane expression of the glycophosphatidylinositol (GPI)-anchored ALM target antigen CD52. We show in a cohort of 89 recipients of an ALM-based T-cell depleted alloSCT graft that early lymphocyte reconstitution always coincided with the presence of large populations of T cells lacking CD52 membrane expression. In contrast, loss of CD52 expression was not overt within B cells or NK cells. We show that loss of CD52 expression from the T-cell membrane resulted from loss of GPI-anchor expression caused by a highly polyclonal mutational landscape in the PIGA gene. This polyclonal mutational landscape in the PIGA gene was also found in CD52-negative T cells present at low frequency in peripheral blood (PB) of healthy donors. Finally, we demonstrate that the GPI/CD52-negative T-cell populations that arise after ALM-based T-cell depleted alloSCT contain functional T cells directed against multiple viral targets that can play an important role in immune protection early after ALM-based T-cell depleted transplantation.
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Introduction
Allogeneic hematopoietic stem cell transplantation (alloSCT) is being used in the treatment of patients with a variety of malignant and non-malignant hematological diseases. The goal of alloSCT is to replace a patient’s hematopoiesis (including the malignancy) with cells derived from a healthy donor by administration of a hematopoietic stem cell graft. T cells derived from patient and donor origin play a major role in both the effectiveness and the toxicity of this treatment. Whereas recognition of residual malignant cells by donor T cells can induce a therapeutic graft-versus-tumor effect (GvT) (1), recognition of non-hematopoietic healthy tissue by these donor T cells can result in detrimental graft-versus-host disease (GvHD) (2, 3). On the other hand, recognition of donor hematopoiesis by residual patient T cells may induce graft rejection. Depletion strategies of patient and donor T cells before transplantation have been developed to reduce the risk of graft rejection and GvHD. Postponed application of donor lymphocyte infusions is used to induce the therapeutic GvT effect and conversion to full donor chimerism (4, 5). 
Alemtuzumab (ALM, Campath-1H), a humanized therapeutic IgG1 antibody, has been successfully used for in vivo and in vitro T-cell depletion in the alloSCT setting for several decades (6, 7). ALM targets the glycophosphatidylinositol (GPI)-anchored protein CD52 that is expressed on all mature lymphocytes, but not (or only marginally) on hematopoietic stem cells (8). Although ALM induces profound depletion of lymphocytes, relatively rapid recovery of circulating T cells can be observed after ALM-based in vitro T-cell depleted alloSCT. Moreover, reconstitution of populations of T cells completely lacking CD52 membrane expression has been described (9, 10). The mechanism underlying this lack of CD52 expression and the effect on the functionality of these T cells are not known.
The aim of this study was to comprehensively analyze to what extent CD52-negative lymphocytes contribute to early lymphocyte reconstitution in recipients of an ALM-based T-cell depleted alloSCT and to unravel the mechanism underlying the loss of CD52 membrane expression. We show in a cohort of 89 patients with hematological diseases treated with an ALM-based T-cell depleted alloSCT that reconstitution of CD52-negative cells is common within the CD4 and the CD8 T-cell compartment, but not within the B-cell and NK-cell compartment. We demonstrate that loss of CD52 expression from the membrane of these cells did not result from loss of CD52 gene expression, but from loss of GPI-anchor expression. In turn, loss of GPI-anchor expression resulted from a highly polyclonal mutational landscape in the PIGA gene, one of the genes essential for GPI-anchor biosynthesis. We show that GPI/CD52-negative PIGA mutant T cells are also present at low frequencies in peripheral blood (PB) of healthy donors. Finally, we show that GPI/CD52-negative T-cell populations contain functional T cells specific against multiple viral targets that can contribute to early immune protection after alloSCT.

Material and methods
Patients and samples
A consecutive cohort of 89 adult patients who underwent alloSCT with ALM-based T-cell depleted grafts at Leiden University Medical Center (LUMC), Leiden, The Netherlands, was included in this retrospective study. Study protocols were approved by the LUMC research ethics committee and patients had given informed consent for treatment and scientific evaluation. Patients received a myeloablative (MA) or a non-myeloablative (NMA) conditioning regimen (Supplemental Table I). MA conditioning consisted of cyclophosphamide combined with total body irradiation or intravenous busulfan. In the case of an unrelated donor (UD), patients received 15 mg ALM (MabCampath, Sanofi Genzyme, Naarden, The Netherlands) intravenously at days -6 and -5. NMA conditioning consisted of 15 mg ALM intravenously at days -4 and -3, fludarabine, and intravenous busulfan. Nine NMA-conditioned patients with an UD additionally received ATG (thymoglobulin, 1 or 2 mg/kg at day -2, Supplemental Table I). Patients received an allogeneic G-CSF mobilized peripheral stem cell (n = 86) or a bone marrow graft (n = 3). All grafts were subjected to T-cell depletion by addition of 20 mg ALM “to the bag” (11). Cyclosporin as post-transplantation immune suppression was only given to MA-conditioned patients with an UD, starting at day -1 and tapered off from day 30 onwards. PB was collected for direct routine clinical evaluation and PB mononuclear cells (PBMC) were isolated by Ficoll-isopaque separation and cryopreserved for later scientific evaluation.
CD52 and GPI-anchor expression analysis
PBMC were thawed and CD52 membrane expression was analyzed on CD4 and CD8 T cells (gating on CD3+CD4+ or CD3+CD8+ cells, respectively), NK cells (gating on CD3-CD56+ cells), and B cells (gating on CD3-CD19+ cells) by counterstaining with ALM conjugated to fluorescein isothiocyanate (FITC, Sigma-Aldrich, Zwijndrecht, The Netherlands), as described previously (12), combined with allophycocyanin (APC)-conjugated anti-CD3, phycoerythrin (PE)-conjugated anti-CD4, and peridinin chlorophyll (PerCP)- or pacific blue (PacBlue)-conjugated anti-CD8 or anti-CD3-APC, anti-CD8-PerCP, and anti-CD56-PE or anti-CD3-PerCP and anti-CD19-APC antibodies (BD, Becton Dickinson, Breda, The Netherlands).
GPI-anchor expression was analyzed on CD4 and CD8 T cells (gating on CD3+CD4+ or CD3+CD4+ cells, respectively) by staining with the GPI-anchor specific inactivated toxin pro-aerolysin coupled to Alexa Fluor 488 (FLAER-AF488, Sanbio, Uden, The Netherlands), anti-CD3-PE-Texas Red (PETxR, Invitrogen, Thermo Fisher Scientific, Bleiswijk, The Netherlands), anti-CD4-PerCP (BD), anti-CD8-PacBlue (BD), and anti-CD52-APC (HI186, ITK diagnostics BV, Uithoorn, The Netherlands). Fluorescence was measured by flow cytometry on a FACSCalibur (BD) or LSRII analyzer (BD). 
Analysis of absolute numbers of circulating cells
Absolute numbers of circulating CD4 T cells (gating on CD45+CD3+CD4+ cells), CD8 T cells (gating on CD45+CD3+CD8+ cells), B cells (gating on CD45+CD3-CD19+ cells), and NK cells (gating on CD45+CD3-CD16/CD56+ cells) were determined as part of routine clinical evaluation on fresh venous blood using Trucount tubes (BD) following the manufacturer’s instructions. Samples were stained either with anti-CD3-APC, anti-CD4-FITC, anti-CD8-PE, and anti-CD45-PerCP, or with anti-CD3-FITC, anti-CD16-PE, anti-CD19-APC, anti-CD45-PerCP, and anti-CD56-PE (BD). Fluorescence was measured on a FACSCalibur.
Chimerism analysis
Donor-patient chimerism analysis was performed on FACS purified CD4 and CD8 T cells using a short tandem repeat (STR)-PCR based protocol as described before (13).
CD52 and GPI-anchor synthesis pathway gene expression analysis
GPI/CD52-negative and GPI/CD52-positive CD4 and CD8 T-cell populations were purified from thawed PBMC using flow cytometric cell sorting (FACS) after staining with FLAER-AF488, anti-CD3-PETxR, anti-CD8-PacBlue, anti-CD4-PerCP, and anti-CD52-APC. mRNA was isolated from 2.5 x 104 cells using the RNAqueous-Micro Kit (Thermo Fisher Scientific) and completely converted to cDNA using Moloney murine leukemia virus reverse transcriptase (Invitrogen) and oligo-dT primers. CD52 mRNA was amplified by polymerase chain reaction (PCR) using specific primers (Supplemental Table II) and phusion flash high-fidelity PCR master mix (Thermo Fisher Scientific). As a control GAPDH was amplified. mRNA coding for the 28 GPI-anchor synthesis pathway genes was amplified by individual PCRs using specific primers (Supplemental Table II) and Pwo SuperYield DNA polymerase (Roche, Woerden, The Netherlands). Resulting products were analyzed by gel electrophoresis. 
Isolation and culture of T-cell clones
GPI/CD52-negative and GPI/CD52-positive CD4 and CD8 T-cell clones were generated by single cell FACS from thawed PBMC collected at 3 months after transplantation. PBMC were stained with FLAER-AF488, anti-CD4-PacBlue, anti-CD8-PacBlue, anti-CD45-PerCP, and anti-CD52-APC. Isolated T cells were stimulated with irradiated PBMC as feeder cells, phytohaemagglutinin, and IL-2 as described (14). Proliferating T-cell clones were restimulated every 14 days. The phenotype of individual clones was analyzed by staining with FLAER-AF488, anti-CD4-PE, anti-CD8-PerCP, and anti-CD52-APC.
GPI/CD52-negative T cells from a healthy donor were pre-enriched by magnetic activated cell sorting (MACS) before single cell FACS. T cells were isolated from 100 × 106 PBMC using the MACS pan T-isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). Subsequently, CD52-positive cells were depleted by MACS using anti-CD52-APC and anti-APC microbeads (Miltenyi) following the manufacturer’s instructions.
PIGA mutational analysis
mRNA was isolated from 5 x 105 cells from each T-cell clone and converted to cDNA as described. PIGA mRNA was amplified using primer set 1 (Supplemental Table II) and phusion flash high-fidelity PCR master mix. The resulting product was directly cleaned using the wizard SV gel and PCR clean-up system (Promega, Leiden, The Netherlands). Nested PCRs were performed using primer sets 2a and 2b (Supplemental Table II) for which the forward or reverse primer nested in the terminal region of exon 2 thereby amplifying only PIGA transcription variant 1 (NM_002641.3). Resulting products were directly cleaned and analyzed by Sanger sequencing using the four primers from sets 2a and 2b.
Retroviral transduction
A construct encoding wtPIGA coupled via a GSG linker and a self-cleaving T2A peptide sequence to a truncated form of the nerve growth factor receptor (tNGFR), which served as a marker gene, were cloned into the LZRS plasmid. As control (Mock), wtPIGA was removed from the plasmid by restriction enzyme digestion followed by re-ligation. Retroviral transduction was performed as described before (15). Briefly, for each T-cell clone 2.5 x 104 cells were restimulated and after 3 or 4 days incubated in wells containing retroviral particles, generated using the ϕ-NX-A packaging cell line, for 24h at 37°C. T-cell clones were transferred to new plates and expanded for seven days before analysis by flow cytometry, counterstaining with FLAER-AF488, anti-CD52-APC, anti-CD3-PETxR, and anti-NGFR-PE (BD).
Functional analysis
Virus antigen-specific T-cell populations were identified using flow cytometry by staining with PE-conjugated peptide/MHC complexes (16) (tetramers) (Supplemental Table III), for 15min at 37°C followed by counterstaining with anti-CD8-PerCP for 15min at 4°C. Tetramer positive CD8 T cells were isolated by FACS sorting and expanded as described for the T-cell clones. After 2 weeks, reactivity of isolated T cells was assessed. 4 x 103 (HLA-B*08:01/CMV-IE1-QIKVRVDMV ) or 5 x 103 (HLA-B*35:01/CMV-pp65-IPSINVHHY, HLA-A*02:01/CMV-IE1-VLEETSVML, and HLA-B*08:01/EBV-BZLF1-RAKFKQLL) virus antigen-specific T cells were co-cultured for 24h at 37°C with Epstein-Barr virus-transformed lymphoblastoid cells (EBV-LCLs) (effector-to-target ratio 1:5) exogenously loaded with a serial dilution (10 pM to 1 μM) of the relevant peptide. IFN-γ secretion was analyzed in the supernatant by enzyme-linked immunosorbent assay (ELISA, PeliKine compact human IFN-γ, Sanquin, Amsterdam, The Netherlands) following the manufacturer’s instructions.

Results
Reconstitution of CD52-negative T cells after ALM-based T-cell depleted alloSCT is a common phenomenon
To evaluate whether reconstitution of CD52-negative lymphocytes is a common phenomenon after ALM-based T-cell depleted alloSCT, we retrospectively analyzed PBMC samples taken from 89 alloSCT recipients at a median of 42 days after transplantation (range 35 to 98 days). CD52 expression on CD4 and CD8 T cells, B cells, and NK cells was determined by multicolor flow cytometry (results summarized in Supplemental Table I). CD52-negative T cells were found in all recipients that displayed T-cell reconstitution and accounted for a median of 81% of circulating CD4 T cells (range 0.0% - 98.2%) and for a median of 32% of circulating CD8 T cells (range 0.0% - 97.5%). In contrast, presence of CD52-negative B cells was uncommon, with populations observed in only 3 recipients (5.7%, 7.7%, and 88.2% of the circulating B cells). Within NK cells, no CD52-negative cell populations were detected in 59 recipients, while in the remaining 30 recipients potential CD52-negative NK cells could not be discriminated from the bulk of cells that displayed low CD52 expression. Combining these results with the absolute number of circulating lymphocytes, which were determined for individual lymphocyte subset as part of routine clinical evaluation at the same time point (Supplemental Table I), showed that sizeable populations of CD52-negative CD4 T cells (median 65.5 x 106 cells/L, range 0.0 – 608.8 x 106 cells/L, Fig. 1A) and CD52-negative CD8 T cells (median 6.1 x 106 cells/L, range 0.0 – 1718.9 x 106 cells/L, Fig. 1B) were present within recipients early after ALM-based T-cell depleted alloSCT. These CD52-negative T cells remained detectable in some patients even years after transplantation (data not shown).
These data show that CD52-negative T cells contribute for a large portion to T-cell reconstitution after ALM-based T-cell depleted alloSCT. 
Reconstituted CD52-negative T cells are mainly from donor origin
[bookmark: _GoBack]Since both donor cells (20mg ALM “to the bag” containing the stem cell graft) and patient cells (by ALM in the conditioning and/or residual ALM infused with the graft) are exposed to ALM, we investigated whether CD52-negative T cells found in recipients after alloSCT were from donor or patient hematopoietic origin. Donor-patient chimerism analysis was performed on purified CD4 (n = 52) and CD8 (n = 46) T-cell subsets derived from 53 of the 89 patients (for whom sufficient sample was available) and plotted against the percentages of CD52-negative T cells present in these respective subsets (Fig. 2). In general, for each recipient equal or higher percentages of donor chimerism were found compared to the percentages of CD52-negative T cells within the CD4 and CD8 T cell subsets, indicating a marked contribution of donor T cells in the observed CD52-negative T-cell populations. Notable exceptions were recipients 6, 19, 38, and 57, who displayed high percentages of CD52-negative T cells coinciding with high levels of patient chimerism, indicating that in some patients the observed CD52-negative T-cell populations were dominated by T cells of recipient origin. These four patients had received NMA conditioning and in addition, recipient 19 had received high doses of ALM shortly before transplantation to treat the primary disease and recipient 38 was transplanted for severe aplastic anemia and possibly contained GPI-negative paroxysmal nocturnal hemoglobinuria (PNH)-like cells already pre-transplantation (not tested due to absence of sample material).
These data show that the majority of CD52-negative T cells reconstituting following ALM-based T cell depleted alloSCT are of donor origin.
CD52-negative T cells lack expression of the GPI anchor
To unravel the mechanism underlying the loss of CD52 membrane expression on a portion of the circulating T cells in recipients of an ALM-based T-cell depleted alloSCT, we analyzed CD52 mRNA expression in these cells. CD52-negative and CD52-positive CD4 and CD8 T-cell populations were purified by flow cytometric cell sorting from PBMC of recipients 2, 28, and 37. Normal CD52 mRNA expression was observed in CD4 and CD8 T cells without CD52 membrane expression and their CD52-positive counterparts (Supplemental Fig. S1A), showing that loss of CD52 membrane expression was not caused by loss of CD52 gene expression.
Since CD52 membrane expression depends on expression of the GPI anchor, we evaluated whether loss of CD52 membrane expression resulted from loss of GPI-anchor expression. We examined GPI-anchor (by direct FLAER staining) and CD52 membrane expression on CD4 and CD8 T cells in PBMC from 46 recipients using flow cytometry. Fig. 3A shows in three representative examples that loss of CD52 membrane expression coincided with absence of GPI-anchor expression in the majority of CD52-negative CD4 T cells and CD8 T cells (lower left quadrant) while the remaining CD52-negative T cells expressed significantly lower levels of the GPI anchor (lower right quadrant) compared to CD52-positive T cells (upper right quadrant). Aggregated results from all 46 recipients showed strong correlations between the percentage of CD52-negative and GPI-anchor negative cells (CD4 r = 0.94, p < 0.0001; CD8 r = 0.88, p < 0.0001; Fig. 3B). These data illustrate that loss of CD52 membrane expression is due to defective GPI-anchor expression.
Mutations in PIGA lead to loss of GPI-anchor expression
To study whether loss of GPI-anchor expression in the T cells lacking CD52 membrane expression occurs by active genetic downregulation of one of the 28 genes that comprise the GPI-anchor biosynthesis pathway, we performed mRNA expression analysis for these genes in purified GPI/CD52-negative and GPI/CD52-positive CD4 and CD8 T-cell populations from recipients 2, 28, and 37. Normal mRNA expression was observed for all 28 GPI-anchor genes within both the GPI/CD52-negative CD4 and CD8 T-cell populations of all three recipients (Supplemental Fig. S1B, representative example), indicating that loss of GPI-anchor expression was not caused by loss of expression of one of the GPI-anchor biosynthesis pathway genes.
[bookmark: OLE_LINK1]Since loss of GPI-anchor expression in bone marrow disorders such as PNH and aplastic anemia has been described to result from mutations in the gene PIGA (17, 18), one of the 28 GPI-anchor biosynthesis genes and unique for its location on the X-chromosome, we analyzed whether the GPI/CD52-negative phenotype of T cells found in recipients after ALM-based T-cell depleted alloSCT also resulted from mutations in the PIGA gene. Initial analysis on bulk isolated GPI/CD52-negative T-cell populations indicated that these populations were polyclonal and carried multiple mutations in the PIGA gene. To perform detailed analysis, we clonally isolated and expanded GPI/CD52-negative CD4 and CD8 T cells from recipients 2, 28, and 37. As controls, GPI/CD52-positive CD4 and CD8 T-cell clones were generated from the same individuals. For each clone, PIGA mRNA was amplified by PCR and analyzed by Sanger sequencing. In total, 61 GPI/CD52-negative CD4, 12 GPI/CD52-positive CD4, 12 GPI/CD52-negative CD8, and 6 GPI/CD52-positive CD8 T-cell clones were screened. PIGA mutations were detected in 52 out of 61 GPI/CD52-negative CD4 T-cell clones and in 10 out of 12 GPI/CD52-negative CD8 T-cell clones (Table I). Mutations included deletions (n = 24), substitution mutations (n = 16), exon skipping (n = 14), and insertions (n = 8). In 48 T-cell clones (all clones except those that displayed exon skipping) the exact nucleotide sequence resulting in the mutation were identified. Most mutations were detected only once, except for one mutation (r.427del) which was found three times within CD4 T-cell clones from recipient 37, two mutations (r.1102_1103ins; r.679-834del) which were found within both the CD4 and CD8 T-cell compartment of recipient 28, and one mutation (r.693-697del) which was found in both recipient 28 and 37. No mutations in PIGA mRNA were found in the GPI/CD52-positive CD4 or CD8 T-cell clones from the same recipients. These data show that GPI-anchor deficiency in the CD52-negative T cells reconstituting after ALM-based T-cell depleted alloSCT coincided with a highly polyclonal mutational landscape in the PIGA gene.
To confirm that mutations found in PIGA caused the GPI-anchor negative phenotype, we retrovirally transduced all GPI/CD52-negative T-cell clones (n = 73) with a construct encoding wtPIGA, or empty vector as a control. In 48 T-cell clones, marker gene expression indicated successful transduction (CD4 clones n = 46; CD8 clones n = 2; median transduction efficiency within these clones 15%) which always coincided with restored GPI-anchor and CD52 membrane expression in the wtPIGA transduced cells, independent of the type of mutation found in the individual clones (Fig. 4, representative examples). No restored expression was observed in the mock transduced controls. These data validate that the various mutations found in the PIGA gene in the individual T-cell clones were solely responsible for the GPI/CD52-negative phenotype.
PIGA mutations found in GPI/CD52-negative donor T cells 
[bookmark: OLE_LINK3]Since it has been reported that low numbers of circulating GPI/CD52-negative T cells can be found in healthy individuals (17), we explored whether GPI/CD52-negative T cells carrying PIGA mutations could be detected in donors. We screened PBMC from two donors for the presence of GPI/CD52-negative T cells by flow cytometry. GPI/CD52-negative T cells were detected at frequencies of 22 per 106 T cells for donor A (donor of recipient 2) and 27 per 106 T cells for donor B (donor of recipient 37). To explore whether the GPI/CD52-negative phenotype in these cells resulted from mutations in PIGA, we purified, clonally expanded, and screened GPI/CD52-negative T cells from donor A for PIGA mutations. A total of 40 GPI/CD52-negative CD4 and 3 GPI/CD52-negative CD8 T-cell clones were analyzed. A similar pattern of mutational diversity of the PIGA gene was found within this donor as was shown in the recipients (who showed full donor chimerism at the time of analysis) and included substitution mutations (n = 25), deletions (n = 16), and exon skipping (n = 2) (Table II). One of these mutations (r.499a>g) was found twice in both donor A and the corresponding recipient 2. No mutations in PIGA mRNA were found in GPI/CD52-positive T-cell clones isolated from this donor (CD4 n = 9, CD8 n = 9; data not shown). Retroviral transduction was performed on the GPI/CD52-negative donor T-cell clones (n = 43) with a construct encoding wtPIGA, or an empty vector as a control. Marker gene expression indicated successful transduction in 28 clones (only CD4 clones; median transduction efficiency within these clones 16%) which always coincided with a restored GPI/CD52-positive phenotype in the wtPIGA transduced cells, but not in the control condition (Fig. 5, 3 representative examples). These results confirmed that the mutations found in PIGA caused the GPI/CD52-negative phenotype in donor T cells.
Functional T cells specific against multiple viral targets are present within the GPI/CD52-negative T-cell population
[bookmark: OLE_LINK2]Since loss of GPI-anchor expression results in the loss of membrane expression of a large number of GPI-anchored proteins, some of which are involved in T-cell activation (19), we explored whether T cells that lost GPI-anchor expression remained functional. We screened PBMC from recipient 2, 28, and 37 to identify GPI/CD52-negative and/or GPI/CD52-positive CD8 T-cell populations specific against antigens from the cytomegalovirus (CMV) or Epstein–Barr virus (EBV) by flow cytometry using fluorescently labelled HLA/peptide complexes (tetramers). In PBMC from recipient 37, a HLA-B*08:01/CMV-IE1-QIK positive CD8 T-cell population was identified that contained both GPI/CD52-negative and GPI/CD52-positive T cells. These cells were purified and expanded. Comparable levels of IFN-γ were produced between the GPI/CD52-negative HLA-B*08:01/CMV-IE1-QIK CD8 T cells and their GPI/CD52-positive counterparts upon stimulation with EBV-LCLs loaded with the relevant viral peptide (Fig. 6A). In addition, similarly high levels of IFN-γ were observed when GPI/CD52-negative CD8 T cells positive for tetramers HLA-A*02:01/CMV-IE1-VLE (recipient 2) and HLA-B*35:01/CMV-pp65-IPS (recipient 28) were tested and compared to GPI/CD52-positive CD8 T cells positive for tetramer HLA-B*08:01/EBV-BZLF1-RAK (recipient 37) (Fig. 6B). These data show that loss of GPI-anchor expression did not impair the functionality of virus-specific GPI/CD52-negative CD8 T cells.

Discussion
[bookmark: _Hlk495788840]ALM-based T-cell depleted alloSCT protocols are used to prevent acute GvHD and graft rejection. In this study we show in a cohort of 89 ALM-based T-cell depleted alloSCT recipients that early lymphocyte reconstitution generally comprises reconstitution of large populations of T cells lacking membrane expression of the ALM target antigen CD52. In contrast, CD52-negative cells were found to be uncommon within B cells and NK cells, confirming earlier reports (9, 10). We and others have previously shown that lack of CD52 expression from the membrane of T cells following ALM-based alloSCT results from loss of GPI-anchor expression. However, the mechanism resulting in this loss remained unknown. Here we illustrate that a highly polyclonal mutational landscape in the PIGA gene results in the loss of GPI-anchor expression in CD52-negative T cells reconstituting following ALM-based T-cell depleted alloSCT. The  patterns of PIGA mutations were highly diverse between recipients as well as within T cell populations from single recipients. A similar diverse pattern of PIGA mutations was observed within the extremely low frequency of CD52-negative T cells isolated from peripheral blood of a healthy donor, indicating that the susceptibility for gaining mutations in the highly mutagenic PIGA gene of T cells is a general phenomenon and not solely caused by exposure to ALM. In turn, this provides an explanation for the frequent presence of CD52/GPI-anchor negative T cell populations following ALM treatment, since this treatment allow the preferential outgrowth of CD52-negative cells. Despite loss of GPI-anchor expression, we show that GPI/CD52-negative T-cell populations contain functional T cells specific against multiple viral antigens.
CD52 is expressed on all mature lymphocytes subsets, but at different levels: CD4 T cells generally express higher levels of CD52 than CD8 T cells (20). Subsets with higher CD52 expression levels are more sensitive to ALM-induced cell death resulting in more profound depletion (8, 20). We show that upon lymphocyte reconstitution following ALM-based T-cell depleted alloSCT, ALM-resistant CD52-negative cells were more abundant in the CD4 T-cell than in the CD8 T-cell compartment (median 81.3% versus 32.0%, respectively).These fractions of CD52-negative T cells are inversely correlated with the normal level of CD52 expressed on these subsets in healthy individuals, suggesting that more profound ALM-induced selective pressure resulted in higher proportions of CD52-negative ALM-resistant cells. Higher selective pressure likely also explains why CD52-negative T cells are mainly from donor origin since ALM concentrations present in the bag containing the graft are at least five fold higher compared to ALM plasma concentrations reached in the patient (unpublished data). In concordance, in patients receiving transplantation without ALM treatment,CD52-negative T cell populations are only detected at the same low frequencies as seen in peripheral blood of healthy donors(9).
Many of the PIGA mutations found in this study have previously been reported to result in a GPI-anchor deficient phenotype in patients with PNH, aplastic anemia, or myelodysplastic syndrome (21-24). In these patients, this phenotype results from clonal outgrowth of a progenitor cell carrying a single PIGA mutation that generally affects multiple hematopoietic cell lineages. In contrast, the GPI/CD52-negative cell populations found in ALM-based T-cell depleted alloSCT recipients were mainly restricted to the T-cell lineage. Furthermore, the GPI/CD52-negative phenotype in T-cell populations from individual alloSCT recipients resulted from a multitude of PIGA mutations. The mechanism resulting in PIGA mutations in the GPI/CD52-negative T cells was not studied, but they are likely acquired spontaneously during cell division. This implies that especially cell populations that have experienced an (antigen driven) expansion phase are likely to have acquired these mutations, which is supported by the observation that especially T cells with a memory phenotype survive ALM-based T-cell depletion (25, 26). Although this study has focused of the presence of GPI/CD52-negative T cells early after transplantation, when few naïve T cells are present in the circulation, we indeed observed in a different cohort that at later time points GPI/CD52-negative T cells are mainly observed in the effector and memory T cell populations (unpublished data).
We found GPI/CD52-negative T cells in donor PBMC in similar frequencies previously reported to be present in healthy individuals (17). In contrast to that report, which recorded only 1 or 2 PIGA mutations per individual as a result of limited testing, we show that the GPI-anchor negative phenotype in the donor T-cell population resulted from at least 41 different PIGA mutations within a single individual. Our data, in combination with the data published for patients with PNH, aplastic anemia, or myelodysplastic syndrome, show that hundreds of distinct mutations in PIGA can result in the GPI-deficient phenotype. This may explain why only one of the mutations we detected in donor material correlated with a mutation found in the corresponding recipient.
Based on the frequencies of GPI/CD52-negative T cells determined in the donors, the average composition of a G-CSF mobilized PB graft (384 x 106 T cells/kg of recipients body weight (27, 28)), and the assumption that GPI/CD52-negative T cells survive ALM treatment, an average of 1.0 x 104 GPI/CD52-negative donor T cells per kg of recipients body weight are infused with the graft during alloSCT. Antigen dependent and homeostatic proliferation of these pre-existing GPI/CD52-negative cell likely explains why GPI/CD52-negative T cells are abundantly present during the first months following alloSCT (29). However, de novo acquired loss-of-function PIGA mutations in rapidly proliferating GPI/CD52-positive T cells that survived ALM-based depletion may also contribute to the GPI/CD52-negative T-cell population. The long life span of T cells (30) results in persistence of GPI/CD52-negative T cells for up to years before being completely replaced by GPI/CD52-positive T cells derived from engrafted stem cells (9).
We show that functionality of GPI/CD52-negative T cells is comparable to their GPI/CD52-positive counterparts, confirming previous reports using T cells derived from PIGA deficient mice (31, 32). The clinical relevance of these GPI/CD52-negative T cells in the setting of alloSCT remains largely unknown. They may be beneficial by promoting GvT or by eliciting early antiviral immune protection. Alternatively, they may result in toxicity by induction of GvHD. We show that GPI/CD52-negative T-cell populations contained functional T cells specific against multiple viral antigens implicating their involvement in early immune protection. Since GPI/CD52-negative T cells are likely of memory phenotype, they are less prone to induce GvHD (33-35) compared to unselected T cells. Together this may explain the clinical success of the ALM-based T-cell depleted alloSCT protocol.
In conclusion, loss of CD52 membrane expression in T cells reconstituting early after alemtuzumab-based T-cell depleted alloSCT is the result of various mutations in the PIGA gene and consequential loss of GPI-anchor expression. These GPI/CD52-negative populations contain functional virus-specific T cells and may be essential in immune protection early after transplantation.
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Figure Legends
Figure 1. Presence of CD52-negative T-cell populations in alloSCT recipients early after transplantation
Absolute numbers of circulating CD52-negative (filled bars) and CD52-positive (open bars) within the CD4 (A) and CD8 (B) T-cell compartment were calculated for 89 alloSCT recipients by multiplying the absolute T cell counts, which were obtained for routine transplantation monitoring, with the portion of CD52-negative cells determined by flow cytometry on cryopreserved PBMC samples obtained from recipients at the same day. Results from individual recipients are arranged horizontally. Recipients were ordered based on the percentage of GPI-anchor negative cells within the CD4 T-cell compartment (Supplemental Table I).
Figure 2. Reconstituted CD52-negative T cells are mainly from donor origin
Relation between the percentages of CD52-negative CD4 (A) and CD8 (B) T cells and the levels of donor-patient chimerism in these respective subsets. Each dot represents the analysis for a single recipient. Analysis of recipient 6, 19, 38, and 57 are indicated with their respective recipient number. A 45 degree dotted line is depicted as reference. Donor-patient chimerism analysis was performed on samples that had been taken from the recipients at the same day as the samples used for CD52 membrane expression analysis.
Figure 3. Loss of CD52 membrane expression directly results from loss of GPI-anchor expression
(A) Representative examples of flow cytometric analysis of CD52 and GPI-anchor (FLAER) expression within CD4 and CD8 T cells from recipients 2, 28, and 37. Numbers represent the percentage of cells within the quartiles. (B) Correlation between the percentage of CD52-negative CD4 (left panel) and CD8 (right panel) T cells and the percentage of GPI-anchor negative CD4 and CD8 T cells within recipients. Each dot represents one recipient (n = 46). Linear regression analysis was performed and depicted as solid lines and the r-value of the curve is presented in the upper left corner of each graph.
Figure 4. Retroviral transduction with wtPIGA restores CD52 and GPI-anchor expression in clonally expanded GPI/CD52-negative T cells
Flow cytometric analysis of CD52 and GPI-anchor (FLAER) expression on clonally expanded GPI/CD52-negative CD4 T-cell clones retrovirally transduced with a construct encoding wtPIGA coupled to the tNGFR marker gene or with a control construct encoding marker gene only (Mock). A representative clone is displayed for each type of mutation that was found in the PIGA gene by Sanger sequencing. The upper panels depict the mock transduced clones gated on tNGFR marker gene positive cells and the lower panels depict the clones transduced with wtPIGA gated on tNGFR marker gene positive cells. Numbers represent the percentage of cells within the quartiles.
Figure 5. GPI/CD52-negative donor T-cell clones re-express CD52 and GPI-anchor expression upon retroviral transduction with wtPIGA
Three examples of GPI/CD52-negative CD4 T-cell clones from donor A retrovirally transduced with a construct encoding wtPIGA coupled to the tNGFR marker gene or with a control construct encoding the marker gene only (Mock). Depicted are flow cytometric analyses of CD52 and GPI-anchor (FLAER) expression. The upper panels depict the mock transduced clones gated on tNGFR marker gene positive cells and the lower panels depict the clones transduced with wtPIGA gated on tNGFR marker gene positive cells. Numbers represent the percentage of cells within the quartiles.
Figure 6. Functional T cells specific against multiple viral targets are present within GPI/CD52-negative T-cell populations
(A) Reactivity of GPI/CD52-negative and GPI/CD52-positive virus specific T cells (HLA-B*08:01/CMV-IE1-QIK) isolated and expanded from recipient 37 tested against third party EBV-LCLs loaded with a serial dilution of the relevant peptide in IFN-γ ELISA. Data are presented as concentration IFN-γ released in the supernatant after 24h of co-incubation. (B) Reactivity of isolated and expanded GPI/CD52-negative virus specific T-cell populations (HLA-A*02:01/CMV-IE1-VLE GPI- and HLA-B*35:01/CMV-pp65-IPS GPI-) tested against EBV-LCLs loaded with a serial dilution of relevant viral peptides in IFN-γ ELISA. As a reference, reactivity of a GPI/CD52-positive T-cell population (HLA-B*08:01/EBV-BZLF1-RAK GPI+) was tested. Data are presented as concentration IFN-γ released in the supernatant after 24h of co-incubation.
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