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Editorial on the Research Topic 


Balancing alloantigen-induced immune responses and anti-tumor immunity in transplantation





Introduction

Transplantation medicine has transformed from an experimental procedure with limited success to a life-saving intervention performed hundreds of thousands of times annually worldwide. Despite remarkable advances in unraveling the immune cascades and molecular interactions involved in solid organ and hematopoietic stem cells transplantation (HCT), alloimmune reactions remain the primary barrier to optimal long-term transplant outcomes.

Extensive research has established the pivotal role of T-cell-mediated and antibody-mediated adaptive immunity in alloimmune reactions. More recently, the critical role of innate immunity in early alloreactive response induction and maintenance of chronic organ rejection and chronic graft-versus-host disease (GVHD) has gained recognition (1, 2). The complexity of alloimmune reactions continues to challenge the transplant community. While acute solid organ rejection rates have declined significantly over the past three decades, improvements in long-term graft survival have plateaued. This disconnect underscores our incomplete understanding of the chronic alloimmune processes that ultimately lead to graft failure.

The allorecognition landscape metaphor proposed by Rinkevich bridges natural and clinical transplantation by conceptualizing self/non-self-recognition as dynamic continuum of evolving states that shift throughout a patient’s lifespan. Rinkevich’s innovative perspective suggests that immunity evolved not as a pathogen-driven mechanism but as a system to preserve individuality by preventing invasion from conspecific cells. This revolutionary concept provides valuable insight, advocating for reevaluation of fundamental immune tolerance principles derived from natural allorecognition mechanisms observed in marine invertebrates and humans, such as tolerogenic fetal-maternal immune interactions during successful fetal implantation. These biological insights could inspire novel therapeutic strategies for achieving sustained graft acceptance.





Strategies to induce donor-recipient tolerance

Achieving long-lasting donor-recipient tolerance requires complex interventions before, during, and after transplantation. Primary considerations include identifying optimal donor-recipient matches regarding major and minor histocompatibility antigens, developing predictive biomarkers for post-transplant graft rejection or GVHD onset, and determining optimal immunosuppressive therapy to prevent or mitigate graft rejection or GVHD while preserving adequate anti-pathogen and anti-tumor immune surveillance.

Haider et al. addressed a critical need in transplantation immunology by achieving high-resolution HLA genotyping with enhanced accuracy and efficiency. This advancement is highly relevant for improving donor-recipient matching and reducing alloimmune complications.

Pasi et al. explored the underexamined role of recipient-specific anti-HLA antibodies (RSA) in HCT, investigating RSA-mediated damage mechanisms and their potential involvement in endothelial damage contributing to GVHD. Particular attention was directed toward RSA targeting non-inherited maternal or paternal antigens in haploidentical HCT (3).

Tao et al. provided detailed exploration of TIM proteins and miRNA in transplantation immunity, specifically focusing on liver, kidney, and heart transplantation. Their work examined immune response regulation by TIM proteins and highlighted miRNA influence on transplantation outcomes, including the miRNA-TIM network with potential for improving transplantation results.

Luo et al. identified two distinct MICA polymorphism types that differentially regulate NKG2D receptor activation on NK lymphocytes. Given NK alloreactivity’s role in transplantation, these findings suggest that genetic variation in MICA may contribute to understanding individual differences in post-transplant alloreactive immune activation.

Naciri Bennani et al. explored innovative approaches to overcoming alloimmune barriers such as ABO incompatibility, reporting favorable outcomes in ABO-incompatible kidney transplant recipients, including those with exceptionally high baseline antibody titers. These successful outcomes required aggressive immunosuppression, indicating both feasibility and inherent challenges in extending transplant eligibility.





Opportunistic infections in transplantation

Achieving favorable long-term outcomes in HCT or solid organ transplantation depends critically on balancing effective prevention of severe GVHD and allograft rejection with risks of compromised anti-pathogen and anti-tumor immune surveillance. Powerful immunosuppressive drugs that substantially reduce rejection and GVHD incidence increase transplant recipient susceptibility to life-threatening opportunistic infections.

Addressing heightened infection risk from intensive immunosuppression, Zhong et al. evaluated prophylactic CMV hyperimmune globulin (CMV-Ig) effectiveness, demonstrating significant reductions in human CMV (HCMV) viremia and improved renal function preservation in ABO-incompatible transplant recipients. Their findings advocate incorporating passive immune prophylaxis in high-risk management protocols.

Cuesta-Martín de la Cámara et al. highlighted Epstein-Barr virus (EBV)-specific polyfunctional CD8 T lymphocyte profiles as predictive biomarkers for infection control following pediatric liver transplantation. Similarly, Zavaglio et al. linked robust HCMV-specific T cell responses to spontaneous HCMV clearance in kidney transplant recipients.

Mele et al. described proof-of-concept for a novel whole-blood interferon-γ release assay for detecting and evaluating HCMV-specific CD4 T lymphocytes to improve HCMV infection management in immunocompromised patients—a major concern in transplantation medicine.

Additional work by Cuesta-Martín de la Cámara et al. aimed to identify immunological biomarkers as risk factors for opportunistic infection in pediatric liver transplantation. While significant predictive immunological markers could not be identified for early post-transplant infections, late-onset infections appeared connected with T-cell lymphopenia and hypogammaglobulinemia.

These studies collectively underscore the potential of threatening opportunistic infections (4, 5).





Antibodies and cell-based advanced therapies

Anti-thymocyte globulin (ATG) is widely utilized in HCT for GVHD prophylaxis, available primarily as ATG-Fresenius (ATG-F) and ATG-Thymoglobulin (ATG-T). Determining optimal formulation and dosing remains challenging due to the need to balance effective GVHD prevention with associated infection risks. Falicovich et al. compared low-dose ATG-F to standard-dose ATG-T in unrelated HCT recipients, finding comparable GVHD incidence, overall survival, and non-relapse mortality. However, ATG-T recipients experienced significantly higher EBV reactivation rates, highlighting formulation-specific risks.

Mesenchymal stromal cells (MSCs) represent a promising therapeutic strategy due to their immunomodulatory capabilities (6). Liang et al. investigated human liver-derived MSCs (L-MSCs) in murine renal ischemia models, demonstrating their superiority in reducing inflammation and enhancing macrophage polarization toward anti-inflammatory and reparative phenotypes compared to bone marrow (BM-MSCs) and adipose MSC (A-MSCs). These findings highlight the importance of MSC source selection for maximizing therapeutic efficacy.

Clinical validation was provided by Hendriks et al., who conducted a phase Ib trial of allogeneic BM-MSC infusion in kidney transplant recipients. They reported MSC therapy safety and identified minor immune cell changes post-infusion. Notably, MSC infusions induced distinct, transient B and T cell phenotypes (CD11b+CD11c+Ki-67+), suggesting acute immune modulation. While the clinical relevance of these transient cells requires further investigation, their emergence underscores the rapid immunological influence of MSC treatments.

Wang et al. reviewed emerging biotechnological approaches, introducing the potential of allogeneic CAR virus-specific T cells (CAR-VST) designed to target both malignancy and infection without inducing GVHD.

Li et al. described a compelling strategy applied to a leukemia patient who relapsed after umbilical cord blood transplantation (UCBT) and was subsequently treated with CD19 CAR-T cells derived from the patient himself. The patient with refractory disease at CAR-T infusion is still in remission more than six years post-therapy.

Montagna et al. focused on establishing a Phase I/II clinical trial evaluating safety and preliminary efficacy of cell-based advanced therapy. Their proposed trial results from extensive preclinical studies investigating donor-derived cytotoxic T lymphocytes to prevent leukemia relapse in pediatric patients undergoing haploidentical HCT, a highly relevant and innovative concept addressing clear clinical needs.





Conclusion

This Research Topic captures the dynamic state of alloimmunity research, from fundamental mechanistic studies to innovative clinical applications. The contributions highlight how technological advances, including single-cell analytics, spatial biology, and computational modeling, provide unprecedented insights into alloimmune complexity. These developments promise to advance our understanding and treatment of transplant-related complications while improving long-term patient outcomes.
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Introduction

The immunomodulatory properties of mesenchymal stromal cells (MSC) have been well-characterized in in-vitro and in-vivo models. We have previously shown that liver MSC (L-MSC) are superior inhibitors of T-cell activation/proliferation, NK cell cytolytic function, and macrophage activation compared to adipose (A-MSC) and bone marrow MSC (BM-MSC) in-vitro.





Method

To test these observations in-vivo, we infused these types of MSC into mice with unilateral renal artery stenosis (RAS), an established model of kidney inflammation. Unilateral RAS was induced via laparotomy in 11-week-old, male 129-S1 mice under general anesthesia. Control mice had sham operations. Human L-MSC, AMSC, and BM-MSC (5x105 cells each) or PBS vehicle were injected intra-arterially 2 weeks after surgery. Kidney morphology was studied 2 weeks after infusion using micro-MRI imaging. Renal inflammation, apoptosis, fibrosis, and MSC retention were studied ex-vivo utilizing western blot, immunofluorescence, and immunohistological analyses.





Results

The stenotic kidney volume was smaller in all RAS mice, confirming significant injury, and was improved by infusion of all MSC types. All MSC-infused groups had lower levels of plasma renin and proteinuria compared to untreated RAS. Serum creatinine improved in micetreated with BM- and L-MSC. All types of MSC located to and were retained within the stenotic kidneys, but L-MSC retention was significantly higher than A- and BM-MSC. While all groups of MSC-treated mice displayed reduced overall inflammation and macrophage counts, L-MSC showed superior potency in-vivo at localizing to the site of inflammation and inducing M2 (reparative) macrophage polarization to reduce inflammatory changes.





Discussion

These in-vivo findings extend our in-vitro studies and suggest that L-MSC possess unique anti-inflammatory properties that may play a role in liver-induced tolerance and lend further support to their use as therapeutic agents for diseases with underlying inflammatory pathophysiology.
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Introduction

Mesenchymal stromal cells (MSC) have been widely studied for their potential as therapeutic agents to treat a multitude of inflammatory pathologies due to their immunomodulatory capabilities. MSC have been derived from several types of tissues, but those isolated from adipose tissue and bone marrow are most often used in clinical trials. Guided by the liver’s unique tolerogenic microenvironment and immunomodulatory properties, we postulate that liver-derived MSC (L-MSC) may have superior therapeutic potential. In fact, in-vitro studies that directly compared MSC isolated from healthy adult liver (L-MSC) to either those from adipose (A-MSC) or bone marrow (BM-MSC) demonstrate that L-MSC are superior at inhibiting the proliferation of alloreactive T cells, IFNy production by T cells (1), and the cytotoxic abilities of NK cells (2). Additionally, transcriptomic and proteomic analyses of A-, BM-, and L-MSC show significantly higher level of expression of several key immunomodulatory molecules in L-MSC (1).

Collectively, the in-vitro studies suggest that L-MSC possess a distinct genomic profile that may enhance their immunomodulatory capabilities compared to A- or BM-MSC. The goal of this study is to characterize the function of L-MSC in-vivo and evaluate if their superior immunomodulatory capabilities seen in-vitro translate into better function in-vivo. We examined the therapeutic and immunomodulatory function of L-MSC in the context of ischemic injury using the validated unilateral renal artery stenosis (RAS) mouse model and directly compared their effect to that of A- and BM-MSC. We hypothesized that L-MSC would be non-inferior in their ability to improve overall renal function in the stenotic kidney with greater influence on immunological changes compared to A- or BM-MSC.





Materials and methods




Cell culture

The collection of MSC from healthy adults are approved by Mayo Clinic Institutional Review Board (IRB #17-007379 (liver), IRB #11-009182 (adipose tissue) and IRB # 10-002572 (bone marrow). All tissues are collected as part of scheduled donation procedures and informed consent are obtained prior to collecting tissue samples for this study. MSC are isolated and passaged from human adipose, bone marrow, and liver tissue as previously described (1–3). Specifically, adipose tissue is obtained from the subcutaneous compartment during the abdominal incision for a living donor nephrectomy procedure. Bone marrow aspiration from the iliac crest is performed by specialized hematology team under general anesthesia as part of living donor nephrectomy procedure. A liver biopsy sample, measuring 1cm x 1cm, is obtained from donor organs (deceased or living donor) for isolation of MSC. After obtaining tissue samples, the source tissue is enzymatically digested, and the plastic-adherent cells from the resulting cell suspension are placed into MSC culture media and are allowed to proliferate for 2 weeks before first passage. The cell lines used to date represent both sexes (50% female), racial heterogeneity (>10% non-Caucasians), and a wide range of ages from 20 to 75. Their phenotype and trilineage differentiation capacity were confirmed with flow cytometry and MSC functional identification assay (R&D Systems, Minneapolis, MN, USA), respectively. Prior to administration into mice, MSC (5x105 cells in 200ul PBS) in Passage 3 were fluorescently labeled with CellTrace™ Far Red (CTFR, ThermoFisher Scientific, Waltham, MA, USA) to allow for detection after infusion.





Renal artery stenosis model

All protocols were approved by Mayo Clinic IRB and Institutional Animal Care and Use. As previously described (4), 11-week-old, male 129-S1 mice (Jackson laboratory, Bar Harbor, ME, USA) underwent open laparotomy under general anesthesia. After exposure of the right renal artery, a 0.15mm diameter arterial cuff was placed on the artery and secured with sutures to achieve partial occlusion of blood flow to the right kidney (i.e., stenotic kidney, STK). Two weeks following RAS surgery, fluorescently tagged MSC (5x105 cells in 200ul of PBS) derived from human adipose (A-MSC), bone marrow (BM-MSC), or liver (L-MSC) tissues, were given to RAS mice intra-arterially through direct cannulation of the carotid artery via vascular cut down. Mice that underwent surgery without cuff placement (n=4) served as negative controls (i.e. sham group). Mice that underwent RAS surgery but received an infusion of PBS (n=4) served as positive controls (i.e. untreated RAS group). Tail cuff blood pressures (Kent Scientific, Torrington, CT, USA) were also obtained at baseline, two weeks following RAS surgery, and two weeks following MSC infusion. General anesthesia was achieved using 3% isoflurane inhalation for induction and 1.5% during RAS surgery and intra-arterial MSC injection. Mice were euthanized after MRI imaging. Briefly, mice underwent general anesthesia with isoflurane as stated above. A midline abdominal incision (approximately 1-2cm in length) was made to access the peritoneal cavity. Peritoneal organs were then reflected superiorly to expose the inferior vena cava in order to obtain blood samples. After exsanguination, the STKs were collected for tissue processing.





Imaging protocol

Two weeks after MSC or PBS injection, mice were scanned using MRI as previously described (5). Previously established imaging protocols were used to acquire the appropriate images to quantify the volume, perfusion, and oxygenation of the STKs (5, 6). All image analyses were performed using Analyze software (version 12.0; Biomedical Imaging Resource, Mayo Clinic, MN, USA) and Matlab (The MathWorks, Natick, MA, USA).





Serum and urinary biomarker measurements

Post MRI imaging, blood from the inferior vena cava and urine were collected at the time of euthanasia. Whole blood was centrifuged, and the resulting plasma was collected. Plasma renin concentration was measured by the Renin Assay Kit (Cat#MAK157, Millipore Sigma, St. Louis, MO, USA). Serum creatinine was measured using the Serum Creatinine Detection Kits (Cat# KB02-H, Arbor Assays, Ann Arbor, MI, USA). Urinary protein levels were measured using the Pierce™ Bradford Protein Assay kit (Cat#23200, ThermoFisher, Waltham, MA, USA). All kits were used per manufacturer’s instructions.





Immunohistochemistry

Following imaging, mice were euthanized as described above, and the STKs were collected and divided into equal parts for both frozen and paraffin-embedded sectioning. Paraffin-embedded STK sections were stained with CD45 (overall inflammation, 1:200 dilution, Cat#ab10558, Abcam, Waltham, MA, USA); CD14 (overall macrophage, 1:200 dilution, Cat#ab182032, Abcam); F4/80 (1:100 dilution, Cat#ab6640, Abcam) and iNOS (M1, inflammatory macrophage: 1:100 dilution, Cat#sc-7271, Santa Cruz Biotechnology, Dallas, TX, USA); F4/80 and mannose receptor-1 (M2, reparative macrophage, 1:100 dilution, Cat#HPA004114, Sigma Aldrich, St. Louis, MO, USA); trichrome (fibrosis, Cat#NC9485545, ThermoFisher); TUNEL (apoptosis, Cat#G3250, Promega, Madison, WI, USA); and PAS (renal cortical tubular atrophy, Cat#395B-1KT, Sigma Aldrich). Frozen STK sections were stained with DHE (reactive oxygen species, Cat#D11347, ThermoFisher). All non-diluted antibodies were used per manufacturer instructions. Six images of each stain were captured with Zeiss® microscope for immunofluorescence stains and Nikon® microscope for immunohistochemistry stains. M1 (double positive for F4/80 and iNOS+), M2 (double positive for F4/80 and mannose receptor-1+), TUNEL+, and MSC retention were quantified by manual counts per high power field. Cortical tubular atrophy was scored by adapting the Banff criteria by an independent pathologist who was blinded to the treatment groups using PAS-stained slides (7). All other stains were quantified based on the percentage of positive stain area using ImageJ (8).





RT-PCR

Frozen STK samples were homogenized in 350ul of ice-cold lysis buffer, supplied by mirVana PARIS total RNA isolation kit (Cat# AM1556, ThermoFisher Scientific). Total RNAs were then isolated from homogenized samples according to the kit protocol. Total RNA concentrations were measured by a NanoDrop Spectrophotometer (NanoDrop). First-strand cDNA was produced from 800ng of total RNA using SuperScript VILO cDNA Synthesis kit (Cat#11755-050, ThermoFisher Scientific). Relative quantitative PCR were performed using Taqman assays, containing 4ul of cDNA products. All primers were purchased from ThermoFisher Scientific with the following catalog numbers: CD45 (Mm01293577); IFNy (Mm01168134); TNFa (Mm00443258); and GAPDH (Mm99999915). PCR analysis was done on Applied Biosystems Quantstudio 7 using the following conditions: 50°C for 2 minutes, 95°C for 10 minutes and 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. Fold changes of gene expressions were calculated using 2-ΔΔCT method.





Western blot

Frozen STK samples were homogenized, and protein expression was expressed by western blotting. Protein concentrations were measured using a BCA Protein Assay Kit (Cat# 23225, ThermoFisher Scientific) per manufacturer’s instructions. The membranes were blocked with 5% BSA, incubated with primary antibodies, washed, and incubated with secondary antibodies at room temperature. Finally, the membranes were washed and incubated with ECL Western Blot Substrate (Cell Signaling Technology, Inc., Danvers, MA, USA) and were visualized on ImageQuant™ LAS4000. Anti-IFNy (Cat# BS-0480R, Bioss, Woburn, MA, USA) and anti-TNFa (Cat# ab6671, Abcam, Waltham, MA, USA) antibodies were used as primary antibodies. GAPDH antibody was used to normalize the results.





Statistical analysis

All statistical analyses were performed using GraphPad Prism version 10.2.2 (324) for Windows (GraphPad Software, Boston, Massachusetts USA, www.graphpad.com). All data are expressed as either mean ± SD for normally distributed data or median [IQR] for non-normally distributed data. Hypothesis testing was carried out using one-way ANOVA followed by a student t-test for normally distributed data. Data not following normal distribution were analyzed using Kruskal-Wallis followed by Wilcoxon test. All data were considered significant if p<0.05.






Results




Blood pressure

Initially, eight mice were randomly assigned to receive infusion of each type of MSC. At the conclusion of the study, two mice in the A-MSC group were lost due to total infarction of the STK, one mouse in the BM-MSC was lost due to hydronephrosis of the STK secondary to ureteral stricture, and one mouse in the L-MSC died just prior to MRI imaging, resulting in a final count of A-MSC (n=6), BM-MSC (n=7), and L-MSC (n=7) for analyses. Blood pressure using tail cuffs were obtained at baseline, post-RAS surgery, and post-MSC or PBS infusion. As expected, mean systolic (SBP) and diastolic blood pressure (DBP) measurements were higher than baseline after RAS surgery (Figure 1A). Injection of MSC did not show reduction of overall SBP or DBP nor in the amount of absolute or percent change in SBP or DBP from RAS surgery to post-MSC injection (data not shown).

[image: Bar graphs display the effects of different treatments on blood pressure and biomarkers. Panel A shows systolic and diastolic blood pressure changes under SHAM, RAS, A-MSC, BM-MSC, and L-MSC treatments. Panel B compares serum creatinine, urinary protein, and plasma renin levels across the same groups. Baseline, post-RAS, and post-MSC infusion data are color-coded, with significant p-values indicated for comparisons.]
Figure 1 | Blood pressure (mean ± SD) measured by tail cuff within each group at baseline, after RAS surgery, and after PBS or MSC infusion are shown in (A). Serum creatinine, urinary protein, and plasma renin levels for each group are shown in (B). All levels are expressed as mean ± SD. RAS, renal artery stenosis.





Serum and urine biomarkers

RAS induced proteinuria (1795 ± 199ug/ml vs 938 ± 297ug/ml in sham, p= 0.002) and tended to elevate serum creatinine (0.27 ± 0.05mg/dL vs 0.16 ± 0.02mg/dL in sham, p= 0.062) compared to sham (Figure 1B). Compared to RAS, proteinuria (A-MSC: 717 ± 350ug/ml, p<0.001; BM-MSC: 986 ± 374ug/ml, p= 0.002; L-MSC: 1292 ± 624ug/ml, p= 0.047) and plasma renin (A-MSC: 205.5 ± 22.2ng/ml, p= 0.002; BM-MSC: 169.6 ± 24.7ng/ml, p< 0.001; L-MSC: 149.8 ± 47.2ng/ml, p< 0.001; RAS: 256.3 ± 21.0ng/ml) decreased with MSC treatment for all types. Mice treated with either BM-MSC or L-MSC also resulted in decreased mean serum creatinine (BM-MSC: 0.14 ± 0.09mg/dL, p= 0.024; L-MSC: 0.12 ± 0.14mg/dL, p= 0.009; all vs RAS). Compared to A-MSC, L-MSC treated mice had lower plasma renin levels (149.8 ± 47.2ng/ml vs A-MSC, p= 0.002) but higher proteinuria (1292 ± 624ug/ml vs A-MSC, p= 0.018). No differences were noted among the three MSC groups for serum creatinine (Figure 1B).





Renal volume, perfusion, and oxygenation

Non-invasive evaluation of the volume, perfusion, and oxygenation of the STKs were performed using micro-MRI analysis. Compared to the sham group, untreated RAS mice had significant loss of volume in the STKs (94.18 ± 50.6mm3 vs 266 ± 24.7mm3 in sham, p< 0.001), suggestive of ischemic injury (Figures 2A, B). With MSC treatment, the volumes of the STKs significantly improved compared to the untreated RAS mice (A-MSC: 188.8 ± 17.6mm3; BM-MSC: 226.1 ± 37.9mm3; L-MSC: 181.9 ± 62mm3; all vs RAS, p<0.001). No significant differences were noted in the volume of the STKs among the MSC treatment groups (Figure 2B). Cortical and medullary perfusion and oxygenation were also measured using micro-MRI. In this method, R2*(sec-1) reflects hypoxia, thus lower R2* indicated better oxygenation. The untreated RAS group had decreased oxygenation to both the cortex (163.8 ± 30.5 sec-1 vs 122.1 ± 24.1sec-1 in sham, p= 0.008) and the medulla (186 ± 81.3 sec-1 vs 119 ± 30.8 sec-1 in sham, p= 0.009) and decreased mean perfusion to the cortex (301 ± 91.2ml/100g/min vs 591 ± 182ml/100g/min in sham, p= 0.006) when compared to the sham group. Mice treated with MSC had higher oxygenation to the medullary region compared to the RAS group (A-MSC: 118 ± 28.2 sec-1, p= 0.011; BM-MSC: 131 ± 29.3 sec-1, p= 0.031; L-MSC: 115 ± 20 sec-1, p=0.008; all vs RAS), while those treated with A-MSC (128.8 ± 17.1 sec-1 vs 163.8 ± 30.5 sec-1 in RAS, p= 0.029) or BM-MSC (128.7 ± 18.2 sec-1 vs RAS, p= 0.024) had improved oxygenation in the cortex. No significant improvement was observed in perfusion to the cortex and medulla with MSC treatment (Figure 2C), but medullary perfusion in BM-MSC group was higher than in A-MSC group.

[image: MRI image labeled "STK" and bar graphs depicting data on stenotic kidney volume, oxygenation, and perfusion. Graphs show comparisons among groups: SHAM, RAS, A-MSC, BM-MSC, and L-MSC, with significance levels indicated for differences in volume (Part B), cortex oxygenation (top left), medulla oxygenation (top right), cortex perfusion (bottom left), and medulla perfusion (bottom right) in Part C.]
Figure 2 | Representative MRI image of STK in coronal section (A). Non-invasive measurement of volume in the STKs (B) and the oxygenation and perfusion to the cortex and medulla in the STKs (C) within each group. All measurements are expressed as mean ± SD. For oxygenation, R2*(sec-1) reflects hypoxia with lower R2* indicating better oxygenation. STK, stenotic kidney.





Inflammatory profiles

Untreated RAS mice had significantly higher gene expression of CD45 (27.8 ± 25.5 vs 1.02 ± 0.2 in sham, p< 0.001), IFNy (10.8 ± 10.3 vs 1.03 ± 0.27 in sham, p= 0.002), and TNFa (35.9 ± 34.4 vs 1 ± 0.2 in sham, p= 0.001). Treatment with MSC of all types resulted in decreased gene expression of CD45 (A-MSC: 0.55 ± 0.23; BM-MSC: 0.49 ± 0.26; L-MSC: 1.26 ± 1.12; all vs RAS, p< 0.001); IFNy (A-MSC: 0.67 ± 0.74; BM-MSC: 0.31 ± 0.21; L-MSC: 0.35 ± 0.28; all vs RAS, p≤ 0.001); and TNFa (A-MSC: 0.39 ± 0.17; BM-MSC: 0.30 ± 0.12; L-MSC: 0.63 ± 0.61; all vs RAS, p≤ 0.001) when compared to the untreated RAS group (Figure 3A). On western blot, the protein expression of IFNy was higher for A-MSC (0.8 ± 0.03 vs RAS, p< 0.001) and BM-MSC treated mice (0.76 ± 0.07 vs RAS, p= 0.002) compared to untreated RAS mice (0.52 ± 0.06). On the other hand, mice treated with L-MSC (0.43 ± 0.1) had lower protein expression of IFNy compared to A-MSC (p< 0.001) and BM-MSC (p< 0.001) and similar level of expression to the untreated RAS group. No significant differences were observed for TNFa protein expression among untreated and MSC-treated RAS mice (Figure 3B), but they were no longer lower than sham.
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Figure 3 | Levels of gene expression for overall inflammation (CD45), IFNy, and TNFa were measured using real-time PCR (A). Protein expression of IFNy and TNFa were measured using western blot (B). All measurements are expressed as mean ± SD. IFNy, interferon gamma; TNFa, tumor necrosis factor alpha.

MSC were tagged with a fluorescent protein (CTFR, in pink) prior to administration to allow for evaluation of their retention in the STK on unstained frozen sections. Among the three types, L-MSC (8 [6.4] cells) had the highest retention in the STK compared to A-MSC (5 [2.7] cells vs L-MSC, p= 0.011) or BM-MSC (4 [1.3] cells vs L-MSC, p< 0.001) (Figures 4A, B). Untreated RAS mice displayed the highest level of overall inflammation (CD45 positivity: 7.4 ± 4.6% vs 0.9 ± 0.5% in sham, p< 0.001) and total macrophage expression (CD14 positivity: 18.4 [21.5] % vs 0.2 [1] % in sham, p< 0.001) on histology compared to the sham group (Figures 4A, C, D). Infusion of all MSC types led to reduction in overall inflammation (A-MSC: 1 ± 0.3%; BM-MSC: 1.8 ± 0.9%; L-MSC: 2.4 ± 0.3%; all vs RAS, p< 0.001). For overall macrophage expression, A-MSC (2.9 [7.7] % vs RAS, p= 0.044) and L-MSC (3.6 [4.4] % vs RAS, p= 0.011) treated mice resulted in lower expression compared to untreated RAS mice (Figures 4A, C, D).
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Figure 4 | Representative histological images of MSC retention, CD45 stain, and CD14 stain. MSCs are labeled in pink. Positive staining for either CD45 or CD14 are in brown (A). Manual counts (median ± IQR) of retained MSCs and TUNEL+ cells per high power field (40x) and percent area of positive stain for CD45 (mean ± SD), CD14 (median ± IQR), Trichrome (median ± IQR), DHE (median ± IQR), and PAS (counts in each score) in the STKs within each group are shown in (B–H). MSC, mesenchymal stromal cells; TUNEL, Terminal deoxynucleotidyl transferase dUTP nick end labeling; DHE, Dihydroethidium; PAS, Periodic acid-Schiff.

Focusing specifically on M1 (inflammatory) and M2 (reparative) macrophage types, RAS led to significant increase in the frequency of M1 macrophages (6.4 [4.6] cells vs 0.1 [0.35] cells in sham, p= 0.002) in STKs (Figures 5A, C). L-MSC-treated mice had decreased frequency of M1 (3 [2.4] cells vs 6.4 [4.6] cells in RAS, p= 0.045) and markedly increased M2 macrophages (3.8 [4.4] cells vs 1.2 [1.3] cells in RAS, p= 0.048) in the STKs compared to untreated RAS mice (Figures 5A–C). Treatment with A-MSC or BM-MSC did not achieve significant reduction in M1 or elevation in M2 macrophages (Figure 5C). Looking at the ratio of M1 to M2 presence in the STKs, L-MSC-treated (ratio: 0.45 [0.46]) mice resulted in the lowest polarization toward the inflammatory M1 macrophage subtype compared to either untreated RAS (ratio: 6.13 [3.6] vs L-MSC, p= 0.002) or A-MSC (ratio: 4.9 [5.8] vs L-MSC, p= 0.003) and BM-MSC (ratio: 2.1 [7] vs L-MSC, p=0.014) treated mice (Figure 5C).
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Figure 5 | Representative images of inflammatory macrophages, M1 in (A) and reparative macrophages, M2 in (B) the STKs within each group. Manual counts of M1 and M2 per high power field (40x) and their ratio within the STKs are shown in (C) as median ± IQR. RAS, renal artery stenosis; A-MSC, Adipose mesenchymal stromal cells; BM-MSC, Bone Marrow mesenchymal stromal cells; L-MSC, Liver mesenchymal stromal cells.

For non-immune related changes, significant reduction in fibrosis was noted for A-MSC (4 [2.3]% vs 25.5 [13.5]% RAS, p= 0.04) treated mice. Oxidative stress was also reduced for BM-MSC (18.8 [33.1]% vs RAS, p= 0.017) and L-MSC (4.3 [25.7]% vs RAS, p= 0.002) treated mice compared to untreated RAS group (75.3 [13.6]%). No significant differences were noted in apoptosis or tubular atrophy scores between untreated RAS and MSC treated groups (Figures 4E–H).






Discussion

In this study, we aimed to characterize the effect of the novel L-MSC in-vivo and to directly compare their impact on ischemic injury to the more established A- and BM-MSC. We demonstrated that L-MSC are equally as effective as A-MSC and BM-MSC at improving renal function, the volume, and oxygenation of the renal medulla in the STKs. Additionally, L-MSC-treated RAS mice achieved a similar reduction in inflammation in the STKs as those treated with A- and BM-MSC. However, significantly more L-MSC were retained in the STKs, and L-MSC-treated mice had greater polarization of macrophages toward a more reparative (M2) phenotype compared to A- and BM-MSC treated groups.

MSC have been extensively investigated as therapeutic agents for inflammatory conditions, classically in graft versus host disease and inflammatory bowel disease, but also in ischemic renal injury (9–12). Although the clinical efficacy of MSC treatments has been variable, data from experimental and human clinical trials support MSCs’ immunomodulatory potential through intricate communications with both the innate and adaptive immune system via several proposed routes, including paracrine secretions, direct cell-to-cell contact, and release of exosomes. The downstream effect is the resolution of inflammation and the promotion of tissue regeneration through several mediatory pathways such as induction of M2 macrophage polarization (12, 13).

The source tissue of MSC and the microenvironment in which they are found impact MSC functions and properties. The liver is often considered to be an immunologically privileged organ that serves as a critical immune interface (14). Several clinical studies involving simultaneous liver and kidney transplant or simultaneous liver and heart transplant demonstrate that compared to solitary kidney or heart transplants, the presence of concomitant liver allograft was protective against both T cell and antibody-mediated rejection and overall improved graft survival (15–18). On a cellular level, simultaneous liver and kidney transplant recipients demonstrated lower frequency of circulating CD8+, activated CD4+, and effector memory T cells and had decreased alloreactivity to donor cells compared to solitary kidney transplant recipients (16). Likewise, secretome analysis of simultaneous liver and kidney transplant recipients showed downregulation of inflammatory pathways and upregulation of tissue integrity pathways (17). Taken together, the superior immunomodulatory properties of the MSC isolated from liver may be closely associated with the immune context surrounding the organ.

Our findings in this study underscore previous studies that demonstrated improvement in renal function, oxidative stress, and inflammation after MSC treatment (4, 19, 20) as well as the impact of MSC on macrophage polarization (12). However, the current study augments the previous bodies of literature in several ways. We directly determined and compared the positive impact of MSC isolated from liver tissue, which has not been explored in detail to our best knowledge as a therapeutic agent, to that of more established MSC isolated from adipose and bone marrow tissues. Additionally, we demonstrated that a significantly higher number of L-MSC homed to site of injury than A-MSC and BM-MSC and exhibited greater impact on macrophage phenotypes. Interestingly, for more structural related changes, only A-MSC treated group achieved reduction in fibrosis while BM- and L-MSC treated groups showed significant reduction in levels of reactive oxygen species. While MSCs generally share many similar characteristics, previous studies have demonstrated significant differences among A-, BM, and L-MSCs that may explain some of the differing effects we observed in this study. For example, in-vitro studies have shown that L-MSC have a more homogenous migration kinetics toward chemoattractants than A-MSC, while the latter have superior anti-fibrotic and pro-angiogenic properties (21–24). Macrophage polarization plays a major role in liver disease (25). M1 macrophages promote tissue injury in vast majority of the liver diseases (viral, alcohol-related and metabolic-associated), whereas M2 macrophages attenuate liver injury and inflammation (26). At steady state, the liver microenvironment favors M2 polarization (27) for homeostasis. Interestingly, here, we demonstrate that adoptive transfer of human L-MSC in a mouse model of inflammation also promotes M2 polarization. Thus, it is possible that L-MSC have a role in liver homeostasis, which will need to be investigated further in the future.

Our study is not without limitations. The MSC treated groups did not result in improvement in blood pressures and perfusion or decrease in apoptosis compared to untreated RAS group. Given our small sample size, it is possible that our study may not have been adequately powered to evaluate all these physiological and histological changes. We also found that despite L-MSC-treated RAS mice having lower plasma renin, the urinary protein level was higher compared to the A-MSC group. This might be due to differential impact of MSC types on cells in the juxtaglomerular apparatus. Additionally, we noted discordance between IFNy gene expression and protein expression for A- and BM-MSC treated mice. The elevated IFNy protein expression in the A- and BM-MSC groups, but not in L-MSC group, could be related to post-transcriptional regulation. Indeed, previous transcriptomic analysis comparing A-, BM-, and L-MSC demonstrated significant upregulation of INFy regulatory genes in L-MSC (1, 2), further supporting that L-MSC likely exert greater influence on the immune system than A- or BM-MSC. Additionally, while some of the superior effects on macrophages might have resulted from the engraftment of a larger number of L-MSC compared to A- and BM-MSC, such differences were not consistently observed in other parameters. Therefore, cell number may not have been the sole determinant of L-MSCs’ effects. In our study, mice were also given a single infusion of MSC. Multiple infusions may be needed in order for MSC to exert maximal effect on the ischemic injury to the kidney (28). Additionally, more time than the allocated two weeks in this study may have been needed to see a more pronounced impact of reduced inflammation on renal function in the MSC-treated groups.

In summary, our study established the effect of L-MSC in-vivo on ischemic injury and directly compared their impact to that of A-MSC and BM-MSC. We showed that L-MSC are as effective as the commonly studied A- and BM-MSC at mitigating ischemic renal injuries. Furthermore, they are superior at homing to site of injury and at inducing polarization toward reparative macrophages when compared to A- and BM-MSC. Based on these findings, we are currently exploring the effect of local delivery of MSC on alloimmune mediated damages through direct infusion into the allograft renal artery in our ongoing clinical trials with adult renal transplant recipients (NCT05456243). As part of the clinical trial, we are collaborating with the Mayo Clinic Center for Regenerative Biotherapeutics Laboratory (IRB 17-007379) to routinely generate and culture MSC cell lines from adipose, bone marrow, and liver tissue (1cm x 1cm biopsy sample) from healthy adult donors in a GMP facility and testing for MSC phenotypic markers and tri-lineage differentiation to meet the release criteria for clinical use. More work will need to be done to detail the mechanism(s) through which L-MSC interact with the immune system to effectuate their impact on the surrounding environment.
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Background

Infusion of mesenchymal stromal cells (MSCs) has been proposed as immune-modulatory therapy in solid organ transplantation. The use of allogenic MSCs could improve standardization and allow for direct availability of the product.





Method

The nonrandomized phase Ib Neptune clinical trial provided safety and feasibility data on the use of allogenic bone-marrow-derived MSCs, infused in 10 patients at week 25 and 26 post kidney transplantation. Here, we performed detailed analysis on the peripheral blood immune cell composition of these patients up to 52 weeks post transplantation. We used a 40 marker antibody panel with mass cytometry to assess potential effects of MSC therapy on the immune system.





Results

We showed minor changes in major immune lineages at week 27, 34 and 52 post kidney transplantation after MSC infusion at week 25 and week 26, confirming previous data with regular flow cytometry. However, in a direct comparison between pre- and post MSC infusion, as soon as 4 hours after MSC infusion, we observed a significant increase in cell numbers of B cell and T cell subsets that shared a unique expression of CD11b, CD11c, CD38, CD39, and Ki-67.





Conclusion

Exploring these CD11b+CD11c+CD38+CD39+Ki-67+ B cells and T cells in the context of MSC infusion after kidney transplantation may be a promising avenue to better understand the immunological effects of MSC therapy.





Keywords: kidney transplantation, immunosuppression, mesenchymal stromal cells, immune regulation, mass cytometry, allogenic





Introduction

Kidney transplantation continues to be the treatment of choice for patients with end-stage kidney disease (1). Short-term kidney graft survival has improved due to, amongst others, the use of potent immunosuppressive agents. However, long-term graft survival has not followed this trend, partially due to long-term toxicity of these immunosuppressive drugs (2–4). For example, calcineurin inhibitors, the backbone of current immunosuppressive regimens, are nephrotoxic and may cause tubulointerstitial damage (5). Therefore, new strategies are being explored to reduce the use of immunosuppressive drugs without increasing the risk of allograft rejection.

The use of mesenchymal stromal cell (MSC) therapy could be such an approach. MSCs have been shown to exert anti-inflammatory, immune-regulatory and tissue repair properties (6, 7). Autologous MSCs have shown beneficial effects in clinical trials in the setting of solid organ transplantation (8–10). However, since in vitro expansion to obtain sufficient numbers of MSCs can take several weeks, autologous MSC are not readily available, which is often impractical in the clinical setting. Additionally, the per-patient nature of this process incurs considerable expenses. Alternatively, allogenic MSCs may be used for acute treatments and be beneficial due to standardized quality control and direct availability of the product. Yet, allogenic MSCs could potentially evoke a donor-specific alloimmune response, potentially harming the kidney allograft (11). In our recently published nonrandomized phase Ib Neptune clinical trial, allogenic bone-marrow-derived-MSCs were infused to assess safety and feasibility of administration of third-party MSCs after kidney transplantation (12). In view of safety, the MSCs were selected based on the absence of repeated Human Leukocyte Antigen (HLA) mismatches with the organ donor. The patients received MSCs at week 25 and 26 after transplantation in combination with alemtuzumab induction therapy at day 0 and day 1 and maintenance triple therapy consisting of prednisone, tacrolimus and everolimus. The study showed that the administration of allogenic MSCs was safe and feasible. Additionally, using a major immune lineage flow cytometry panel on freshly obtained blood samples, it was shown that, while monocytes, B cells, NK cells, and CD8+ T cells remained stable after the two infusions, CD4+ T cells increased upon the infusions. This could potentially be explained by lymphocyte repopulation after induction therapy (12).

Both direct and indirect interactions of MSCs with various immune cells have been described (6, 7, 13–15). However, indirect effects through the release of extracellular vesicles, membrane particles and by undergoing apoptosis are thought to be most relevant due to the short lifespan of MSCs in vivo (6, 7). Our recent work described cell death of MSC within 4 hours of infusion, as shown by the rapid and short-lived appearance of MSC-specific cell-free DNA in the circulation (16). MSC-derived vesicles, including exosomes, that occur during cell death may trigger monocytes and phagocytes to induce tolerogenic dendritic cells and regulatory T cells (Treg) (17, 18). The effects of the MSCs on the peripheral immune cells shortly after intravenous MSC infusion have not been elucidated yet.

Therefore, in the current study we applied mass cytometry to perform in-depth characterization of the peripheral blood immune composition of patients included in the Neptune trial. We exploited a metal-conjugated mass cytometry antibody panel containing 40 antibodies, previously used for a study with autologus MSC therapy (19), for the staining of bio-banked peripheral blood mononuclear cells (PBMCs). We report the influence of MSC therapy in kidney transplantation patients on major immune cell lineages up to 52 weeks after transplantation. Furthermore, we show the short-term effects 4 hours after each MSC infusion at week 25 and week 26 in an in-depth analysis of the immune cell subsets.





Materials and methods




Study design

The Neptune clinical trial was a nonrandomized, prospective, single-center, phase Ib study in living-donor kidney transplant recipients in which allogenic bone marrow derived MSCs were infused 25 weeks and 26 weeks after transplantation (day 0) in 10 patients (Figure 1) (12). All patients received alemtuzumab induction therapy at day 0 and day 1 and maintenance triple therapy consisting of prednisone, tacrolimus (Advagraf), and everolimus (Certican). The study was performed at Leiden University Medical Center (LUMC), the Netherlands. The trial design and trial protocol have been previously described and were approved by the local ethics committee at the LUMC, Leiden, and by the Central Committee on Research involving Human Subjects in the Netherlands (12, 20). The trial was performed in accordance with the principles of the Declaration of Helsinki. Inclusion and exclusion criteria were described in the trial protocol (12, 20). Written informed consent was obtained from all participants.
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Figure 1 | Identification of immune cell lineages in peripheral blood. Experimental setup. MSC infusion took place at week 25 and week 26 after kidney transplantation (Tx). Blood samples were taken at the following time points: week 0, week 24, week 25 before MSC infusion and 4 hours after MSC infusion, at week 26 before and 4 hours after MSC infusion, at week 27, week 34 and week 52. After fresh blood cell counts, isolation of PBMCs and cryopreservation the cells were stained and measured in one batch per patient. After debarcoding, the cells were split based on a first level FlowSOM, already showing a discrepancy between major immune lineages (CD19, CD3, CD16/CD56 and CD11b/CD11c), but a second step provides cleaner data (e.g. removed duplicates) and in-depth analysis which is used for further analysis in this paper.

Processing of the MSCs took place at the GMP Facility of the LUMC. The MSC product was infused via peripheral intra venous infusion within a period of 30 min, with a target dose of 1.5 × 106 cells per/kg body weight (range 1– 2 × 106 cells).

During the trial protocol 9 blood samples were obtained of each of the 10 patients; before transplantation (week 0), at week 24, at week 25 and 26 before infusion of MSCs and 4 hours after infusion of MSCs, at week 27, at week 34 and at week 52 (Figure 1). All patients received their allocated treatment. One patient had not enough PBMCs stored at 26 weeks.





Mass cytometry staining and data acquisition

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll-Paque density-gradient centrifugation and cryopreserved in liquid nitrogen until time of analysis in 20%FCS, 10%DMSO RPMI. A metal conjugated 40-antibody panel for mass cytometry was developed incorporating all major immune cell lineages. Heavy metal isotope-tagged monoclonal antibodies (mAbs) for mass cytometry are listed in Supplementary Table S1. Antibody conjugations and sample staining have been described previously (19). Samples were live-cell barcoded, stained and measured in batches of 9 time point samples and 1 reference sample (samples of each patient were kept within one batch). Barcoding of live cell samples was performed with α-B2M (anti-β-2-microglobulin) and α-CD298 mAbs using a protocol adapted from Mei et al (21). Cells were acquired within 48h of staining on a Helios mass cytometer (Fluidigm) at an event rate of <250 events/sec in Cell Acquisition Solution (Fluidigm) containing 10x diluted EQ Four Element Calibration Beads (Fluidigm). To make a compensation matrix, staining beads (eComp) were individually stained with the conjugated antibodies and incubated for 45 min at a volume of 100µl. After washing, the beads were pooled, washed and acquired in cell staining buffer. Experiments and acquisition were performed in a period of 65 days.





Mass cytometry data analysis

Data were normalized with EQ-normalization passport for each experiment. Followed by gating to remove debris, dead cells, and doublets with channels 89Y_CD45, 193Ir_DNA, Residual, 103Rh_DNA (life/dead), and 140Ce_bead (Flowjo v. 10.6.1.) Next, the data were compensated in R version 4.1.1 using the CATALYST package and automatic cutoffs. Data were debarcoded with HSNE in Cytosplore. Data were arcsin 5 transformed in R, and batch effects were corrected using the reference samples. The data were downsampled to a maximum of 50,000 cells/sample to both create similar numbers of cells per sample and minimize computational time, while keeping enough cells for in-depth analyzation, and analyzed using the FlowSOM package (22). The downsampled cells were clustered into 100 clusters and gathered in 30 metaclusters for the first overview FlowSOM. Metaclusters with similar phenotypes were then merged, resulting in four groups resembling the major lineages (Figure 1; Supplementary Figure S1). A separate FlowSOM was then performed for each group for in-depth analysis. This two step approach allowed for better in-depth phenotyping as there are less cells in the analysis and small differences can be visualised. For group 1, 2 and 3 a FlowSOM was created with 121 clusters and 100 metaclusters and for group 4, a FlowSOM with 225 clusters and 200 metaclusters was made. Metaclusters with similar phenotypes were merged. Clusters that contained over 500 cells and originated from different samples were included, while doublet clusters were removed (Supplementary Figure S1). Using the absolute cell counts obtained on fresh blood samples (BD Multitest kit, BD Biosciences) the absolute number of cells in each subset could be calculated. Graphs were generated using Graphpad prism version 8.4.2 by comparing the absolute number of cells at different time points. Any measurements with a value of zero were depicted as a dot on the X-axis. Selected subsets were gated for validation purposes using Flowjo v10.6.1.





Statistical analysis

For the discovery analysis, the comparisons within one cluster were performed with the Wilcoxon signed rank test in Graphpad prism version 8.4.2 and corrected for multiple testing with Bonferroni.






Results




Increase of B cells and CD8+ T cells 9 weeks after MSC infusion at week 34

In the Neptune clinical trial allogenic bone marrow-derived MSCs were infused at 25 and 26 weeks post kidney transplantation in 10 patients (Figure 1). Notably, no adverse effects directly attributable to the MSC infusions were observed in these patients (age 24-68). All patients maintained a functioning kidney graft at the study’s conclusion, with no occurrences of biopsy-proven acute rejection (BPAR). Detailed clinical information on the study population is available in Dreyer et al. (12).

Participants provided nine blood samples: pre-transplantation (week 0), at weeks 24, 25, and 26 (before and 4 hours after MSC infusion), and at weeks 27, 34, and 52. A 40-marker antibody panel was used with mass cytometry to analyze all samples. Acquired data were analyzed using the FlowSOM clustering method using two steps resulting in 368 phenotypically distinct clusters, as illustrated in Figure 1 and Supplementary Figure S1. For each cluster we determined to which major immune lineage it belonged (B cells, myeloid cells, CD3+CD4-CD8- (CD3+DN) T cells, CD4+ T cells, CD8+ T cells or NK cells, Supplementary Figure S1). Next, the proportion of each cluster was assessed as percentage of the total CD45+ population and as percentage of total lymphocytes at each of the time points (Figure 2A). Pre-transplantation (week 0) lymphocytes (49.0%) and myeloid cells (50.4%) each made up half of the total CD45+ population. However, at week 24 till week 52 this distribution was skewed towards a dominance of myeloid cells (74.6%-83.4%). Within the lymphocytes, before transplantation (week 0) 54.6% lymphocytes were CD4+ T cells, whereas at week 24 till 34 the NK cells made up 40.4%-48.8% of the lymphocytes. While at week 52 the percentage of both B cells and CD4+ T cells were again increased, the CD4+ T cells remained low compared to week 0 (Figure 2A). Due to alemtuzumab induced lymphodepletion these changes in the immune composition were expected and our results confirm that after one year the immune compartment is still not fully recovered.
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Figure 2 | Longitudinal quantification and distribution of major immune cell lineages. (A) Graphs showing the number of cells/ml in the MSC treated patients at timepoint w0, w24, w25, w26, w27, w34 and w52, for the six major immune lineages, Myeloid, NK/ILC, B cells, CD3+DN Tcells, CD4+ T cells and CD8+ T cells. Each dot represents an individual patient at the timepoint indicated. P-values were calculated using the Mann-Whitney U test and corrected within each cluster with Bonferroni. (B) The contribution of the different cell clusters and major lineages as percentage of CD45+ cells (left panel) and as percentage of lymphocytes (right panel), in the MSC treated patients at timepoint w0, w24, w25, w26, w27, w34 and w52.

Next, for each major immune lineage the absolute number of cells at week 25 after transplantation (before MSC infusion) was compared with the number of cells at the following timepoints; week 26 before second infusion of MSC, week 27, week 34 and week 52 (Figure 2B). This revealed no differences in the absolute cell numbers between those time points within the myeloid compartment, NK cells, CD3+DN T cells and CD4+ T cells. However, at week 34 the number of both CD8+ T cells and B cells was increased compared to week 25 (both p=0.027). B cell numbers continued to be elevated at week 52 (p=0.027) while the CD8+ T cells were not.





CD3+CD4-CD8- T cells were decreased 4 hours after first MSC infusion

Although infused MSC are only short lived, we hypothesized that this could still affect circulating immune cells early after MSC infusion. Therefore, we directly compared the absolute numbers of cells at week 25 and week 26 before and 4 hours after each MSC infusion at the major immune lineage level in all individual patients (Figure 3). We did not observe significant changes in the major lineages of myeloid cells, NK cells, B cells, CD4+ T cells and CD8+ T cells upon MSC infusion. However, the number of CD3+DN T cells was decreased 4 hours after the first, but not the second, MSC infusion (p=0.010, Figure 3).
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Figure 3 | Quantification of major immune cell lineages pre and post MSC therapy. Graphs showing the number of cells/ml in the MSC treated patients at timepoint w25 pre and post MSC and w26 pre and post MSCs for the six major immune lineages, Myeloid, NK/ILC, B cells, CD3+DN Tcells, CD4+ T cells and CD8+ T cells. Each dot represents an individual patient at the timepoint indicated connected with a line to the following timepoint. Blue: pre-MSC infusion, red: 4 hours after MSC infusion. P-values were calculated using the Mann-Whitney U test and corrected within each cluster with Bonferroni.





Lineage+CD11b+CD11c+CD38+CD39+Ki-67+ subsets are increased 4 hours after each MSC infusion

We next focused on a more detailed analysis of the 368 phenotypically distinct clusters resulting from the FlowSOM clustering. For this we compared the absolute cell numbers of these individual clusters at week 25 and week 26, before and 4 hours after each MSC infusion. This analysis revealed statistically significant differences for 75 clusters (Supplementary Table S2). Within these 75 cluster we next combined clusters that exhibited a similar phenotype, resulting in three B cell subsets, seven myeloid subsets, seven CD3+DN T cell subsets, four CD8+ T cell subsets, 14 CD4+ T cell subsets and 14 NK cell subsets, showing a statistically significant increase or decrease when comparing the time points before MSC infusion with the time points 4 hours after MSC infusion (Supplementary Tables S3-S9).

Within both the B cells and the T cells we observed several subsets that all shared the expression of CD11b, CD11c, CD38, CD39, and Ki-67 (Supplementary Tables S3-S9, indicated in bold). Strikingly, all these subsets were significantly increased 4 hours after MSC infusion, at either one or both infusion moments (Table 1). To confirm the changes in these subsets derived from the FlowSOM analysis, we in addition manually gated for these CD11b+CD11c+CD38+CD39+Ki-67+ phenotypes. Manual gating revealed similarly increased B cell and T cell subsets 4 hours after MSC infusion (Supplementary Figures S2, S3A). Significance was reached for the B cells with this phenotype at week 25, for the CD3+DN T cells at both week 25 and week 26, for the CD4+ T cells at week 25 and for the CD8+ T cells both at week 25 and week 26 (Supplementary Figures S3B-E). To conclude, lineage+CD11b+CD11c+CD38+CD39+Ki-67+ subsets discovered in the FlowSOM analysis are increased 4 hours after each MSC infusion which was confirmed with manual gating of these subsets.

Table 1 | CD11b+CD11c+CD38+CD39+Ki-67+ B cells and T cells from FLOWSOM analysis.
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Discussion

In the current work we used mass cytometry to gain insight on the impact of MSC therapy on the immune compartment in kidney transplant recipients. In previous work we described the safety and feasibility of the allogenic MSC infusion (12). In the current study we used mass cytometry to visualize the composition of the immune compartment before and up to 52 weeks after kidney transplantation in MSC treated patients. We focused on the effects as soon as 4 hours post MSC transfusion and were able to show significant changes in specific B cell and T cell subsets shortly post MSC transfusion.

It is known that MSCs can impact various immune cell types such as dendritic cells, monocytes, macrophages, B cells, T cells including Treg/Th1/Th2 and Th17 helper cells, NK cells and NKT cells, ILCs, myeloid-derived suppressor cells, neutrophils, and mast cells (6, 7, 13–15). This effect can occur through direct cell-cell contact or indirectly by MSC-derived vesicles, including exosomes and apoptotic bodies, or soluble factors, as reported in studies by Weiss et al. and Jiang et al (23, 24). Upon intravenous infusion MSCs tend to accumulate in the lungs as they cannot pass through narrow capillaries due to their size (17, 25). We have recently shown the rapid death of MCSs upon infusion, determined by MSC-specific cell free DNA measured in plasma 4 hours after infusion (16). In the current study we focused on potential changes in the composition of immune cell subsets at this time point, since massive cell death of MSCs may affect immune cell composition. We showed that absolute cell numbers of three B cell subsets, seven myeloid subsets, seven CD3+DN T cell subsets, four CD8+ T cell subsets, 14 CD4+ T cell subsets (2 Treg), and 14 NK cell subsets were significantly changed 4 hours after infusion compared to pre-infusion. Strikingly, we observed that several of these subsets exhibited an unusual CD11b+CD11c+CD38+CD39+Ki-67+ phenotype. Manual gating confirmed the increased presence of CD11b/CD11c/CD38/CD39/Ki-67 positivity in B cells, CD3+DN, CD4+ and CD8+ T cells 4 hours after MSC infusion.

CD38, CD39 and Ki-67 are commonly expressed by both B cells and T cells (CD3+DN, CD4+ and CD8+). Both CD38 and CD39 suggest activation and Ki-67 can indicate proliferation (26, 27). CD38, CD39 and Ki-67 could be upregulated by B cells and T cells within the first hours of activation upon encounter with either the apoptotic MSCs or phagocytic cells. Alternatively, increase of these CD38+CD39+Ki-67+ cells could indicate recruitment from adjacent tissues, like the lung, in response to the accumulation of dead MSCs. The integrins CD11b and CD11c are commonly expressed by dendritic cells, monocytes and macrophages. Although not typical, B and T cells can express both CD11b and CD11c (28–30). CD11b+CD11c+ B cells have been found to strongly stimulate T cells but produce modest levels of secreted antibody (29). While the exact role of CD11c+ on T cells is unclear, it has been reported that CD11c may have a regulatory function on CD8+ T cells and that these cells have a high migratory capacity (30, 31). While the infusion of MSCs may potentially trigger early and transient upregulation of CD11b and CD11c in B cells and T cells, this remains unexpected and warrants further study. The conduction of a kinetic study with closer intervals could track the marker expression on these cells and thus shed a light on the upregulation of these markers.

The identification of the unusual marker combinations made us consider the formation of doublets. While it is possible that cells stick together and form doublets during staining, doublets were excluded by gating on DNA, width, residual, center and offset excluding the vast majority of doublets. Furthermore, using the barcoding, cells with extra barcodes were also excluded, further mitigating this potential bias. While some cells could theoretically form doublets and contain a single barcode, this is unlikely and would occur equally for all 9 pooled samples of a patient. Therefore these cells would not be elevated specifically 4 hours after each MSC infusion. While limited, doublet formation could still introduce some bias in CyTOF studies, future studies are recommended to use the latest staining techniques to minimize these occurrences and up-to-date post-acquisition data analysis workflow to distinguish these cells.

An alternative explanation for the unusual marker combination can be trogocytosis, a process in which a cell acquires fragments from another living cell. The trogocytic cell has the capability to assimilate membrane proteins from other cells, which can then become integrated in its own plasma membrane (32, 33). While antigen presenting cells (APCs), B cells and T cells all have this ability, the transfer of membrane proteins from APCs to B cells and T cells is best described (34). One could envisage that during the process of trogocytosis, CD11b and CD11c may be transferred from myeloid cells to CD38+CD39+Ki-67+ B cells or T cells, resulting in the CD11b+CD11c+CD38+CD39+Ki-67+ B cell and T cell phenotype. Trogocytosis of the MSCs, or integration of extracellular vesicles or apoptotic blebs derived from the MSC, are unlikely to explain the observed phenotype as MSCs do not express CD45, CD11b, CD11c, CD38, CD19 or CD3, though they can express CD39 (35). How MSC would drive the increased interaction between myeloid cells and B or T cells, and thereby the process of trogocytosis, is currently unknown. In our previous work we tracked the response of 29 cytokines 4 hours after each MSC infusion (12). TNFα showed a significant decrease 4 hours after the first MSC infusion however this effect was not seen after the second infusion. Anti-inflammatory cytokine IL4 showed small though significant differences after both the first and second infusion. Anti-inflammatory cytokine IL10 was decreased after each infusion, which was significant after the second infusion. Proinflammatory cytokine IFNγ showed non-significant decrease at both time points. No major changes were observed 4 hours after MSC infusions for the other cytokines. The responses of these cytokines, anti-inflammatory as well as proinflammatory, are systemic in nature, and therefore a direct association with the identified cells cannot be definitively established.

In previous work we showed that while absolute numbers of monocytes, B cells, NK cells and CD8+ T cells remained stable in the two weeks after infusion (week 26 and 27), CD4+ T cells increased in the second week post MSC infusion (week 27). However, this could be due to the immune cell repopulation as a consequence of induction therapy with alemtuzumab (12). In the current study we could confirm that B cells, CD4+ T cells and CD8+ T cells did not reach their base line levels at week 25, the time of the first MSC infusion (12). Repopulation after induction therapy was still ongoing at 52 weeks, as the number of CD4+ T cells and CD8+ T cells was still lower compared to baseline. Unexpectedly, our data show that the absolute number of CD3+DN T cells was not decreased at 24 weeks compared to baseline. This double negative population was not studied in our previous report. These data indicate that either the CD3+DN T cells are less efficiently depleted by the induction therapy or they repopulate quicker within 24 weeks compared to both CD4+ and CD8+ T cells.

The transient upregulation of markers such as CD11b, CD11c, CD38, CD39, and Ki-67 on B cells and T cells shortly after MSC infusion suggests early immune activation. However, it remains to be established whether this contributes to potential long-term beneficial clinical effects. Autologous MSC infusion has been exploited for a safe reduction in immunosuppressive drugs (9), and has been proposed to induce an immune regulatory milieu (10). Both CD38 and CD39 play key roles in the adenosine pathway, which is known to regulate immune responses by generating the immunosuppressive molecule adenosine (36, 37). The extracellular adenosine level normally kept low under physiological conditions, but it increases during inflammation and cell death which could be triggered by the massive cell death of MSCs (37). CD38, through its enzymatic activity, influences the metabolism of NAD+, indirectly contributing to the generation of substrates such as ATP and ADP, which are crucial for the adenosine-producing activity of CD39. CD39 further catalyses the conversion of ATP and ADP into AMP, a precursor of adenosine. Unfortunately, we do not have information on CD73, a molecule required for the final conversion of AMP to adenosine. Future studies should incorporate CD73 to provide a more comprehensive view of adenosine regulation and its potential role in immune modulation via this pathway. This could reveal whether the transient increase in CD11b+CD11c+CD38+CD39+Ki-67+ B cells and T cells contributes to a sustained immunosuppressive or regulatory environment, particularly through the adenosine pathway, and help clarify the longer-term effects of MSCs infusion on allograft survival in kidney transplantation.

The current research involved an unbiased discovery analysis of various immune cell markers, leading to the identification of numerous distinct clusters/subsets. As a result, a large number of comparisons were made. In this study we corrected with Bonferroni to account for multiple comparisons within a single cluster. Correcting for false positives across the entire study would require extremely low p-values to remain significant after correction. Therefore, we argue that the subsets discovered in this study should be validated and examined more closely in future studies to determine their potential role in MSC therapy. As the current study was a single center study with a limited number of patients, these future studies are recommended to involve multiple centers and include a larger number of patients.

In conclusion, we here report an extensive description of the immune cell composition in kidney transplantation patients 4 hours after receiving MSC therapy. While the mechanisms of action are still unclear, our results indicate that subsets of cells within all the immune cell lineages respond to MSC infusion as soon as 4 hours. We highlight the discovery of CD11b+CD11c+CD38+CD39+Ki-67+ B and T cell subsets which increased consistently 4 hours after MSC infusion. Our findings may facilitate in the ongoing quest to understand the effect of MSC therapy on the immune system.
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Background

Epstein-Barr virus (EBV) specific T-cell response measurement can help adjust immunosuppression in transplant patients with persistent infections. We aim to define T-cell responses against EBV in a cohort of pediatric liver-transplant patients.





Methods

Thirty-eight immunosuppressed pediatric liver-transplant patients (IP) and 25 EBV-seropositive healthy-adult controls (HC) were included in our cross-sectional study. Based on their EBV serological (S) and viral load (VL) status, patients were categorized into IP-SNEG, IP-SPOSVLNEG and IP-SPOSVLPOS groups. T-cell response was assessed at two timepoints by stimulating cells with EBV peptides (PepTivator®) and performing intracellular-cytokine and activation-induced marker staining. Background subtraction was used to determine EBV-specific T-lymphocyte frequency.





Results

Polyfunctional CD8+ T cells indicated previous EBV contact (IP-SNEG 0.00% vs IP-SPOS 0.04% and HC 0.02%; p=0.001 and p=0.01, respectively). Polyfunctional CD8+CD107a+IFNɣ+IL2-TNFα- profile was increased in serology-positive (IP-SNEG 0.01% vs IP-SPOS 0.13% and HC 0.03%; p=0.01 and p=0.50, respectively) and viral-load positive (IP-SPOSVLPOS 0.43% vs IP-SPOSVLNEG 0.07% and HC 0.03%; p=0.03 and p=0.001, respectively) patients. Central-memory cells were increased among serology-positive adults (IP-SNEG 0.00% vs IP-SPOS 0.13% and HC 4.33%; p=0.58 and p=0.002, respectively). At the second timepoint, IP-SNEG patients remained negative (first visit 0.01% vs second visit 0.00%, p=0.44). On the other hand, IP-SPOSVLPOS patients had cleared viral loads and, subsequently, decreased polyfunctional CD8+CD107a+IFNɣ+IL2-TNFα- cells (first visit 0.43% vs second visit 0.10%, p=0.81).





Conclusion

Polyfunctional CD8+ EBV-specific T-cell response allows detecting EBV previous contact in liver-transplant children. %CD8+CD107a+IFNɣ+IL2-TNFα- is increased in patients with positive viral loads. Central memory CD4+ T-cell population more effectively determines prior EBV-exposure in adults.
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1 Introduction

The progressive improvement of immunosuppressive treatments to prevent graft rejection over the past few decades has contributed to the remarkable improvement in overall graft survival in children receiving liver transplants (1, 2). However, because of this effective immunosuppressive treatment, graft recipients experience a secondary state immunodeficiency, that renders them highly susceptible to infections (3, 4) and malignancies (5).

Most humans are infected with Epstein-Barr virus (EBV), which primarily targets epithelial and B cells, leading to both lytic and latent infections (6). Although EBV has oncogenic potential, it is usually controlled by the immune response. Adults are generally more competent in managing EBV than children, due to a more mature immune system and prior exposure to the virus.

However, in immunosuppressed recipients, EBV reactivation can lead to post-transplant lymphoproliferative disorder (PTLD) (1, 7), a condition characterized by uncontrolled proliferation of EBV-infected cells (8). In liver transplantation, the incidence of PTLD is remarkably higher in pediatric patients (6.3-15.0%) than adults (1.2-2.8%) (9, 10), partially due to their immunologically naïve status for the virus pre-transplantation (seroprevalence in children is approximately 50% vs. 90% in adults) (11) and the incidence of EBV primary infection under immunosuppression (12). In fact, several studies have reported that pre-transplant EBV-seronegative pediatric liver recipients are at higher risk (hazard ratio 12-18) (13) of developing PTLD (14–16).

The Healthcare Working Group of the European Reference Network on Pediatric Transplantation (ERN TransplantChild) has recently published the results of a cross-sectional survey evaluating PTLD strategies for diagnosis and treatment across several pediatric solid organ transplantation programs, from 9 different European countries (17). Over the 2012-2016 period, 1471 pediatric liver transplants were performed and 115 (7.8%) PTLD cases were diagnosed. PTLD preemptive strategies varied across different programs, but all of them included EBV DNA-load measurement by quantitative polymerase chain reaction (qPCR) as the main subrogated biomarker for EBV-specific immunity.

Although EBV-load informative capacity appears to be widely integrated into daily clinical practice, its interpretation for PTLD diagnosis and surveillance is still controversial (18). Actually, no specific EBV viremia cutoff value has been defined to initiate preemptive treatment of PTLD (17). Regarding pediatric liver recipients, the association between high viral load and risk of PTLD development seems to be very poor (19), highlighting the necessity of new biomarkers.

Several techniques have been previously validated in different transplantation settings to estimate T-cell EBV response, being the most standardize one the detection of interferon gamma (IFNɣ) by either enzyme-linked immunospot (ELISpot) (20–23) or enzyme-linked immunosorbent (ELISA)-based (QuantiFERON®) assays (24–29). Other promising techniques involve the identification by flow cytometry of antigen-specific cells using mayor histocompatibility complex class I and class II multimers (23, 30–32), intracellular cytokine staining (ICS) (30, 31, 33–42) or activation-induced marker staining (AIMS) (43, 44).

Research on the T-cell compartment against EBV in pediatric liver recipients is scarce and primarily utilizes ELISpot and tetramer assays. There seems to be a correlation between immunosuppression doses and frequency of EBV-specific cells by ELISpot (45–47). Similar results were reported prospectively, measuring cellular response by tetramers (46). Nevertheless, neither tetramers nor dextramers are apparently effective in discriminating transplanted patients according to EBV viral load (32, 48).

Ning et al. used ICS to measure specific T-cell response in two pediatric liver recipients with detectable viral loads and diagnosis of PTLD. Those patients presented a reduction in T-cell polyfunctionality, with an increment in the expression of CD107a and tumor necrosis factor alpha (TNFα) (49). Another study, examining 20 pediatric-transplanted patients (7 liver-graft recipients), presented findings on T-cell response by ICS. Authors reported a significant increment in EBV-specific T cells in PTLD patients during rituximab treatment, which correlated with a reduction in viral load and subsequent control of EBV by T-cell responses following B-cell recovery (50). To our knowledge, the use of AIMS in this field has never been reported, although OX40 (CD134) has been previously defined as a potential biomarker of T-cell activation status in various types of transplants (51, 52).

The aim of this cross-sectional study is to characterize the specific helper and cytotoxic T-cell response to EBV in a cohort of pediatric liver recipients by both ICS and AIMS flow-cytometry methods, and compare it with a cohort of EBV-seropositive healthy adult controls (HC). Furthermore, we aim to identify cellular profiles that allow the discrimination of liver recipients according to both their EBV serological and viral-load status. We hypothesize that pediatric liver recipients controlling EBV will exhibit higher percentages of EBV-specific T cells compared to non-controllers, while also displaying specific cellular profiles.




2 Materials and methods



2.1 Patients and samples

Our cross-sectional study included 38 immunosuppressed pediatric patients (IP) at University Hospital La Paz, who received a liver graft between March 2018 and November 2022, and 25 EBV seropositive HC. All patients gave informed consent, approved by the ethics committee of our institution (reference PI-4000).

Demographic and clinically relevant information from each patient were collected (Table 1). PTLD diagnosis was based on histopathologic criteria. Transplant indication was categorized in five groups (Table 1) (53).

Table 1 | Epidemiologic and clinical features in EBV-seropositive adult healthy controls (HC) and immunosuppressed pediatric liver-transplanted patients, categorized as positive/negative serology status (IP-SPOS and IP-SNEG, respectively) or positive/negative viral load status (IP-SPOSVLPOS and IP-SPOSVLNEG, respectively).


[image: Table displaying characteristics of study participants, comparing healthy controls (HC) and two groups with post-transplant conditions (IP-SRⱽⱼ-POS and IP-SRⱽⱼ-NEG). Variables include sex, age, donor details, transplantation indicators, immunosuppressive treatments, and immune phenotypes. Statistically significant p-values are in bold. Key variables like age and time since transplantation show significant differences between groups. Abbreviations explained include CE for corticosteroids and TAC for tacrolimus.]
Specific T-cell response against EBV was assessed at two different timepoints, determined by patient availability (median time 3.7 months interquartile range [IQR] 3.2-4.9 between visits). EBV serology and viral load were measured in parallel with each immune response assessment for every patient.

Based on their serological status at the first visit, patients were categorized into EBV seronegative (IP-SNEG) and EBV seropositive (IP-SPOS) individuals; the latter group was further classified according to EBV viral load into negative (IP-SPOSVLNEG) and positive (IP-SPOSVLPOS). At the time of the second visit, patients were reclassified based on their updated serological and viral load status at that time. Due to sample exclusions for technical reasons, the immune response was not measured in all samples. ICS was performed to 38/38 (100%) and 28/38 (74%) patients at first and second visit, respectively. AIMS was performed to 27/38 (71%) and 29/38 (76%) patients at first and second visit, respectively, although results for both timepoints were available for only 21 individuals. Among HC participants, ICS and AIMS were successfully performed to 24/25 (96%) and 20/25 (84%) samples, respectively.

Heparinized blood samples from all individuals were collected to isolate peripheral blood mononuclear cells (PBMCs) by density gradient.




2.2 Intracellular cytokine staining

Analysis of specific T-cell response to EBV by ICS was assessed as described by Lovelace and Maecker (54). Details of the method are provided in the Supplementary Material.

T-cell responses were further categorized as monofunctional, when only one response marker was displayed (CD107a, IFNɣ, Interleukin 2 [IL2] or TNFα), and polyfunctional, when more than one response marker was expressed. Integrated median fluorescence intensity (iMFI) was calculated for each response marker, multiplying MFI by the frequency of the corresponding specific population.

Unstimulated PBMCs background was subtracted from all test samples to obtain the frequency of EBV-specific T lymphocytes. Gating strategy is displayed in Supplementary Figure S1A.




2.3 Activation-induced cell marker staining

Analysis of AIMS was performed by flow cytometry. Details of the method are provided in the Supplementary Material.

CD4+ T lymphocytes were distributed in naïve (Tn, CD27+CD45RO-), effector (Teff, CD27-CD45RO-), central memory (Tcm, CD27+CD45RO+) and effector memory (Tem, CD27-CD45RO+) subpopulations. Memory compartment was calculated by the sum of Tcm and Tem subpopulations.

Unstimulated PBMCs background was subtracted from all test samples to obtain the frequency of EBV-specific T lymphocytes. Gating strategy is displayed in Supplementary Figure S1B.




2.4 Immunophenotype analysis

Immunophenotype of T, B, natural killer (NK) and natural killer T (NKT) lymphocytes was performed by multiparametric flow cytometry. Details of the method are provided in the Supplementary Material.




2.5 EBV viral load measurement

EBV viral loads were quantified in whole blood by a specific qPCR assay following manufacturer’s instructions (RealStar® EBV PCR-Kit 1.0, Altona). Results were informed in International Units per milliliter (IU/mL). The negative group for viral load comprised exclusively patients with zero IU/mL.




2.6 EBV serology

EBV serological status was determined by a chemiluminescent microparticle immunoassay. Presence of IgM antibodies against viral capsid antigen (VCA) and/or IgG antibodies against VCA and nuclear antigen (EBNA) were measured following manufacturer’s instructions (Abbott, Germany). EBV seropositive status was defined by the positivity of at least one of the analyzed antibodies.




2.7 Statistics

Descriptive data are presented as median with IQR. Categorical data are presented as absolute number and proportion (%). The software package Prism 8 (GraphPad, USA) was used for statistical analysis. Significance of differences comparing frequencies was determined by Pearson χ2-test and by t test or analysis of variance (Mann Whitney or Kruskal-Wallis tests) when comparing median values. Median frequencies between timepoints were compared by Wilcoxon signed-rank test. Correlation between ICS and AIMS results was assessed by linear regression. P-values under 0.05 were considered significant.





3 Results



3.1 Demographic and clinical characteristics

A first classification of our cohort (n=38) was performed according to EBV serological status: IP-SNEG (6/38, 16%) and IP-SPOS (32/38, 84%). A second distribution of EBV-seropositive patients (n=32) was made according to EBV viral loads: IP-SPOSVLPOS (8/32, 25%) and IP-SPOSVLNEG (24/32, 75%).

First analysis of our cohort (Table 1) showed statistically significant differences when comparing age (HC adults vs. IP) and EBV-serology pre-transplantation (seropositive vs. seronegative). Interestingly, 52% of post-transplant EBV seropositive patients were negative pre-transplantation. When time since transplantation was analyzed, we observed that IP with positive EBV viral loads had been more recently transplanted (IP-SPOSVLPOS 32 months IQR 12-36 vs. IP-SPOSVLNEG 44 months IQR 35-47, p=0.002). Percentages of T, B and NK subpopulations were similar among groups (Table 1).




3.2 EBV-specific T-cell response by intracellular cytokine staining

At first visit, EBV-specific %CD3+ T cells by ICS was higher in HC than IP groups (IP-SNEG 0.03% vs. IP-SPOS 0.04% and HC 0.06%; p=0.41 and p=0.24, respectively), but differences did not reach statistical signification. Nonetheless, all three groups showed similar positive-control stimulation (IP-SNEG 0.75%, IP-SPOS 0.79% and HC 0.45%; p=0.08), indicating that cellular response in vitro was not impaired by immunosuppression. Positive-control responses remained comparable when dividing mono/polyfunctional CD4+ and CD8+ T-cell subpopulations (data not shown).

However, when splitting EBV-specific response between T-cell subpopulations (Figure 1A), statistically significant differences were observed. Median frequency of monofunctional CD4+ and CD8+ T cells was higher than polyfunctional cells in all groups (Figure 1A). Interestingly, although monofunctional responses were detected in higher frequencies, only polyfunctional CD8+ T cells significantly discriminated EBV seronegative patients from seropositive HC and IP groups (IP-SNEG 0.00% vs. IP-SPOS 0.04% and HC 0.02%; p=0.01 and p<0.001, respectively; Figure 1A).
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Figure 1 | Specific T-cell response to Epstein-Barr virus (EBV) performed by intracellular cytokine staining of CD107a, IFNɣ, IL2 and TNFɑ markers in EBV seropositive healthy adult controls (HC) and immunosuppressed pediatric liver recipients (IP). (A) Median frequency of EBV-specific monofunctional (one response marker) or polyfunctional (more than one response markers) CD4+ and CD8+ T cells in HC and IP groups, the last one categorized according to their positive/negative serological status (IP-SPOS and IP-SNEG, respectively). (B) Median frequency of EBV-specific polyfunctional CD8+ T-cell subpopulations according to the different response markers in HC, IP-SPOS and IP-SNEG groups. (C) Median frequency of EBV-specific polyfunctional CD8+ T-cell subpopulations in HC and IP-SPOS groups, the last one segregated according to their positive/negative EBV viral-load status (IP-SPOSVLPOS and IP-SPOSVLNEG, respectively). The same HC group was used as the control group in panels (A–C). Significance levels are denoted as *p-value<0.05, **p-value<0.01 and ***p-value<0.001.

For a more detailed analysis, the different EBV-specific CD8+ T-cell profiles were analyzed (Figures 1B, C). Three different CD8+ polyfunctional profiles differentiated seronegative recipients from both HC and IP seropositive individuals: CD8+CD107a+IFNɣ+IL2+TNFɑ+, CD8+CD107a+IFNɣ+IL2-TNFɑ+ and CD8+CD107a-IFNɣ+IL2-TNFɑ+ (Figure 1B). Furthermore, seropositive IP had higher frequencies of EBV-specific CD8+ polyfunctional cells than seronegative IP in two other subsets: CD8+CD107a+IFNɣ+IL2-TNFɑ- and CD8+CD107a+IFNɣ-IL2-TNFɑ+. The profile CD8+CD107a+IFNɣ+IL2-TNFɑ- was the most frequent one (0.13%).

Precisely, this CD8+CD107a+IFNɣ+IL2-TNFɑ- subset significantly discriminated patients with positive viral loads from the rest of individuals (IP-SPOSVLPOS 0.43% vs. IP-SPOSVLNEG 0.07% and HC 0.03%; p=0.03 and p=0.001, respectively; Figure 1C). IP-SPOSVLPOS patients also showed higher %CD8+CD107a+IFNɣ-IL2+TNFɑ- compared to HC, but not to IP-SPOSVLNEG group (Figure 1C). Remarkably, polyfunctional response was more intense than monofunctional response in seropositive individuals (Supplementary Table S1). All three cytokine markers IFNɣ, IL2 and TNFɑ had significantly higher iMFI values in polyfunctional response, both in CD4+ and CD8+ T cells, whereas CD107a only showed higher intensity in polyfunctional CD8+ T cells (Supplementary Table S1). In line with our previous results, CD8+ polyfunctional subpopulation allowed discriminating seropositive from seronegative status, according to iMFI from all four response markers (Table 2). However, regarding EBV viral load, only total (mono and polyfunctional) CD107a iMFI on CD8+ T cells significantly differentiated IP with positive viral loads from the other groups (IP-SPOSVLPOS 123,398 vs. IP-SPOSVLNEG 20,708 and HC 21,207; p=0.03 and p=0.01, respectively).

Table 2 | Median of the integrated median fluorescence intensity (iMFI) for each marker (CD107a, IFNɣ, IL2 or TNFα) in both polyfunctional CD4+ and CD8+ T cells in EBV-seropositive adult healthy controls (HC) and immunosuppressed pediatric liver-transplanted patients, categorized as positive/negative serology status (IP-SPOS and IP-SNEG, respectively) or positive/negative viral load status (IP-SPOSVLPOS and IP-SPOSVLNEG, respectively).
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To simplify cytometry panels, we studied whether CD8+ T cells expressing only CD107a and IFNɣ markers could be distinctive, regardless of other cytokines. As expected, %CD8+CD107a+IFNɣ+ T cells were significantly higher among seropositive individuals compared to seronegative IP (IP-SNEG 0.02% vs. IP-SPOS 0.37% and HC 0.12%; p=0.002 and p=0.04, respectively). However, considering EBV viral load, although the frequency of specific cells was also increased within positive IP group, differences were significant compared to controls, but not to negative patients (IP-SPOSVLPOS 0.70% vs. IP-SPOSVLNEG 0.19% and HC 0.12%; p=0.10 and p=0.03, respectively).

Finally, we explored whether CD3+IFNɣ+ T cells, the main population targeted by other methods, allowed discrimination of serology and/or viral-load status. While frequency of CD3+IFNɣ+ T cells was insufficient for serology discrimination (IP-SNEG 0.10% vs. IP-SPOS 0.31% and HC 0.12%; p=0.31 and p>0.99, respectively), iMFI was significantly higher in seropositive than seronegative individuals (IP-SNEG 182 vs. IP-SPOS 3,628 and HC 1,380; p=0.003 and p=0.01, respectively). When comparing viral-load status no statistically differences were reached either with CD3+IFNɣ+ frequency (IP-SPOSVLPOS 0.37% vs. IP-SPOSVLNEG 0.24% and HC 0.12%; p>0.99 and p=0.40, respectively) or iMFI (IP-SPOSVLPOS 3,834 vs. IP-SPOSVLNEG 2,809 and HC 1,380; p=0.62 and p=0.82, respectively).




3.3 EBV-specific T cell response by activation-induced cell marker staining

At first visit, differences were found in EBV-specific T-cell frequencies by AIMS between HC and IP groups (Figures 2A, B). As expected, CD4+ Tn EBV-specific subset was the lowest within each group, compared to Teff and memory compartment (Figures 2A, B). On the other hand, seropositive groups (Figure 2A) had higher frequency of EBV-specific memory compartment than Teff cells (IP-SPOS memory compartment 0.99% vs. Teff 0.04%, p=0.12; HC memory compartment 8.24% vs. Teff 0.37%, p<0.001), although differences were statistically significant only within HC group. Interestingly, seronegative IP showed higher frequencies of Teff than memory EBV-specific cells (memory compartment 0.00% vs. Teff 0.25%, p=0.14), although differences did not reach statistical signification.
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Figure 2 | Specific T-cell response to Epstein-Barr virus (EBV) performed by activation-induced marker staining (CD4+CD25+CD134+) in EBV seropositive healthy adult controls (HC) and immunosuppressed pediatric liver recipients (IP). (A) Median frequency of EBV-specific CD4+CD25+CD134+ T cells in HC and IP groups, the last one categorized according to their positive/negative serological status (IP-SPOS and IP-SNEG, respectively). (B) Median frequency of EBV-specific CD4+CD25+CD134+ cells in HC and IP-SPOS groups, the last one segregated according to positive/negative EBV viral-load status (IP-SPOSVLPOS and IP-SPOSVLNEG, respectively). The same HC group was used as the control group in both panels (A, B). Significance levels are denoted as *p-value<0.05, **p-value<0.01 and ***p-value<0.001.

Compared to IP seronegative group, percentages of EBV-specific cells were higher in HC group for Tn (0.14% vs. IP-SNEG 0.00%, p=0.03), Tem (4.31% vs. IP-SNEG 0.00%, p=0.01) and Tcm (4.33% vs. IP-SNEG 0.00%, p=0.002) subpopulations (Figure 2A). However, comparing frequencies between seropositive and seronegative IP did not yield any statistically significant differences. Again, positive-control stimulation in CD4+ T cells was comparable by AIMS (IP-SNEG 24.52%, IP-SPOS 32.67% and HC 26.42%; p=0.62).

We next studied seropositive IP grouped by viral-load status (Figure 2B) and observed that %CD4+ Tcm cells was significantly higher in HC than seropositive IP with detectable EBV (IP-SPOSVLPOS Tcm 0.13% vs. HC Tcm 4.32%, p=0.02). Interestingly, median %CD4+ Tem cells in seropositive IP-SPOSVLPOS was higher than in IP-SPOSVLNEG (0.90% vs. 0.34%, respectively; p>0.99), although no significant differences were found.

Finally, we further investigated the potential correlation between the parameters defined by ICS (%CD8+CD107a+IFNɣ+IL2-TNFɑ-) and AIMS (%CD4+CD134+CD25+ Tcm), which effectively distinguished positive from negative individuals. We noted that those parameters exhibited no correlation (data not shown), likely due to the comparison involving distinct T-cell subpopulations. Thus, a potential correlation between EBV-specific CD4+ T cells by ICS (% and iMFI CD4+INFɣ) and AIMS (%CD4+CD134+CD25+ Tcm) techniques was next sought, although we did not observe any correlation, by either frequency or iMFI (data not shown). However, within HC group, after excluding the data from one individual lacking EBV-specific CD4+CD134+CD25+ memory T cells, a significant correlation between iMFI CD4+INFɣ by ICS and %CD4+CD134+CD25+ by AIMS (r2 = 0.24 and p=0.04, Figure 3) was found.
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Figure 3 | Linear regression analysis between integrated median fluorescence intensity (iMFI) of Epstein-Barr virus (EBV)-specific CD4+IFNɣ+ T cells measured by intracellular cytokine staining and EBV-specific CD4+CD25+CD134+ central memory T (Tcm) cells measured by activation-induced marker staining.




3.4 EBV-specific T cell response at two different timepoints

EBV-specific response was measured on a second visit by both techniques. Serological and viral-load status was re-evaluated and patients were reclassified accordingly. Tacrolimus blood levels remained similar at first and second timepoints in all three groups (data not shown).

At the second timepoint, identical results to those reported at the first visit were found when comparing frequencies of EBV-specific cells detected by ICS and AIMS. We confirmed that only polyfunctional CD8+ specific T cells significantly discriminated EBV seronegative patients from seropositive individuals (IP-SNEG 0.00% vs. IP-SPOS 0.03% and HC 0.02%; p=0.01 and p=0.02, respectively). Likewise, %EBV-specific cells from HC were higher than those detected in seronegative patients for Tn (0.14% vs. 0.01%, p=0.05), Tem (4.31% vs. 0.00%, p=0.01) and Tcm (4.33% vs. 0.00%, p=0.003) subpopulations.

Regarding IP-SPOSVLPOS group, all recipients with detectable EBV at first timepoint cleared viral loads at the second visit (median time 3.5 months IQR 2.2-5.3 between timepoints). Consequently, median %CD8+CD107a+IFNɣ+IL2-TNFɑ- (first visit 0.26% vs. second visit 0.10%, p=0.81; Figure 4A) and %CD4+CD25+CD134+ Tcm cells (first visit 0.39% vs. second visit 0.14%, p=0.88; Figure 4B) decreased at the second timepoint, although no significant differences were found.
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Figure 4 | Frequency of Epstein-Barr virus (EBV)-specific CD8+CD107a+IFNɣ+IL2-TNFɑ- T cells (A, C, E) and CD4+CD25+CD134+ central memory T (Tcm) cells (B, D, F) measured at two different timepoints (1st and 2nd visit) in immunosuppressed pediatric liver recipients (IP). Patients were classified at their first visit according to their positive/negative EBV serological and viral-load status: IP-SPOSVLPOS (A, B), IP-SPOSVLNEG (C, D) and IP-SNEG (E, F) groups. At the second visit, their updated serological and viral-load status is represented by rhomboid, circular or square markers, respectively. Changes in their classification at second visit are marked with a black arrow. Patients that suffered changes in his immunosuppression regimen at second visit are marked with a white arrow. Significance levels are denoted as *p-value<0.05, **p-value<0.01 and ***p-value<0.001.

On the other hand, only two IP-SPOSVLNEG patients at first timepoint had detectable EBV at the second visit (black arrows in Figures 4C, D) (median time 3.7 months IQR 3.3-4.8 between timepoints). Interestingly, significant differences were found by ICS (first visit 0.08% vs. second visit 0.06%, p=0.04; Figure 4C), but not by AIMS (first visit 0.00% vs. second visit 0.76%, p=0.31; Figure 4D). Frequency of CD8+CD107a+IFNɣ+IL2-TNFɑ- cells decreased or remained similar for all patients, except for the individual who tested positive for EBV at the second visit, whose frequency increased from 0.06% to 0.09% (black arrow in Figure 4C). This patient’s frequency of specific CD4+CD25+CD134+ Tcm cells also increased from 0.00% to 1.06% (black arrow in Figure 4D). Nevertheless, that variation in the specific response by AIMS was not observed in the other patient who tested positive for viral load at the second timepoint (black arrow in Figure 4D). One IP-SPOSVLNEG patient had his immunosuppression regimen changed between visits, incorporating mycophenolate to his treatment with corticosteroids and tacrolimus. Interestingly, frequency of EBV-specific T cells by ICS decreased from 0.44% to 0.25%, while frequency of CD4+CD25+CD134+ Tcm cells remained at 0.00% (white arrows in Figures 4C, D).

Finally, all seronegative patients (Figures 4E, F) kept their negative serological status at the second visit (median time of 3.9 months IQR 3.6-4.0 between timepoints). Consequently, no differences in EBV-specific response were found, either by ICS (0.01% vs. 0.00%, p=0.44; Figure 4E) or AIMS (0.00% vs. 0.00%, p>0.99; Figure 4F).





4 Discussion

In our study, we have first explored EBV-specific T-cell response combining ICS and AIMS techniques in a cohort of pediatric liver transplanted recipients. We found significant differences in polyfunctional CD8+ T-cell response between EBV-seronegative and seropositive individuals, and among patients with positive and negative viral loads.

Firstly, we found higher percentages of monofunctional than polyfunctional EBV-specific T cells. This could be attributed to cross-reactivity resulting from heterologous immunity (55), although recent studies state that it is less generalized than previously reported (56). Since we have also confirmed that monofunctional responses showed lower iMFI (49), we can attribute this result to a potential unspecific bystander activation in vitro. The presence of monofunctional EBV-specific cells among seronegative patients provides additional support for that hypothesis.

The predominance of CD8+ over CD4+ T-cell responses in controlling EBV infection is well documented (49, 57). Although both CD4+ and CD8+ T cells show polyfunctional responses after primary infection, only the CD8+ polyfunctional subset increases over time (58). Accordingly, we observe that polyfunctional CD8+ T cells are significantly increased in seropositive individuals (Figure 1B). Remarkably, we expected a reduction in the frequency of this population in patients with detectable viral loads, in concordance with Ning et al., who demonstrated this in two pediatric liver recipients with PTLD (49). Conversely, IP-SPOSVLPOS in our cohort showed high %CD8+ EBV-specific cells (Figure 1C), including 2 patients who were studied at the time of PTLD diagnosis.

The increment of CD8+CD107a+IFNɣ+IL2-TNFɑ- in recipients with detectable EBV viral loads reflects the critical role of cytotoxicity, as indicated by CD107a, and the antiviral function of IFNɣ in the response against EBV. Frequent EBV reactivation might inflate this cell compartment, exhausting and rendering cells dysfunctional, thus requiring larger numbers to control the virus (59). Previously suggested explanation for pediatric graft recipients carrying chronically high EBV loads involves an exhausted phenotype (23). We did not include exhaustion markers in our study, but we consider that they would be useful to better describe viral responses in future investigations. Other protocols, such as expanding T cells in the presence of EBV peptides for 7-10 days before analysis (60), could also be applied. However, we chose shorter incubation times (54), as this approach was more compatible with the workflow of our routine laboratory.

We further evaluated CD107a combined with IFNɣ, as exclusive response markers to distinguish patients with positive viral loads. While %CD8+CD107a+IFNɣ+ helped in serostatus discrimination, it did not show significant differences in EBV viral loads, likely due to our limited sample size. Similar results were reported by Wilsdorf et al., who measured intracellular IFNɣ after EBV-peptide stimulus in pediatric transplanted patients with PTLD (4/16 liver-graft recipients) or positive viral-loads (3/4 liver-graft recipients) and 18 HC. Median %CD4+IFNɣ+ and %CD8+IFNɣ+ was higher in recipients with EBV reactivation, yet they did not find significant differences either (50).

In our cohort, %CD3+IFNɣ+ cells do not differentiate seropositive from seronegative patients, contrary to prior studies using ELISpot (47). Instead, we found that the intensity of IFNɣ response in CD3+ T cells effectively differentiated these two groups. While no equivalent parameter to iMFI has been described in ELISpot assays, mean spot size could be comparable (61). Our findings may be influenced by the constraints of our sample size, but conducting additional studies to explore iMFI further would be valuable.

On the other hand, the use of AIMS to measure specific viral response is not extended, although it has been validated in HC for Varicella-Zoster Virus, Cytomegalovirus, EBV (44) and Hepatitis C (43). Regarding EBV, it seems feasible to distinguish seronegative from seropositive individuals measuring %CD4+CD134+CD25+ specific-cells (44). We confirmed these findings by examining Tcm and Tem CD4+ subsets, consistent with the predominant memory CD4+ response to EBV (62). Interestingly, we detected specific CD4+ Teff cells in seronegative individuals, probably reflecting antigen exposure in some patients (63), although we cannot exclude unspecific activation, since percentages were similar among groups. The increase of EBV-specific CD4+ Tn in HC (Figure 1A) has been previously reported as a genuine memory population transitioning to express naïve surface markers (62). This stem memory T-cell population (CCR7+CD27+CD45RO-) shares some features with Tn and requires staining with specific markers (CD95) for proper selection (64). These cells emerge rapidly post-antigen exposure, transitioning into effector cells, while retaining self-renewal and multipotent abilities, making them ideal for adoptive T-cell therapies, including EBV infection in transplant recipients (65, 66).

Due to the age gap, memory response in HC is the highest, reflecting repeated exposures to EBV antigens over their lifetimes, which expands the clonal repertoire against the virus (23). Interestingly, Tem specific subset is increased in patients with active viral replication, consistent with findings by Amyes et al. (67). They observed a primary burst of CD4+ Teff cells in response to EBV, persisting throughout the chronic phase of infection. However, our stimulation with a cocktail of lytic and latent EBV peptides does not differentiate between viral phases (58, 67).

Regarding correlation between ICS and AIMS, Sadler et al. demonstrated that EBV-specific production of IFNɣ significantly correlated with %CD4+CD134+CD25+ cells in HC (44). While we did not replicate this result, we found %CD4+CD134+CD25+ cells from memory compartment correlated with CD4+ response measured by IFNɣ iMFI, confirming AIMS reliability to infer specific CD4+ T-cell response. Further studies on CD8+ T-cell activation markers, such as CD38 and HLA-DR (44), are recommended.

At the second visit, we confirmed that polyfunctional CD8+ EBV-specific T-cell response detects serology and viral-load positive individuals. Furthermore, we replicated our findings on CD4+ Tcm population in adults. Compared to first visit, we observed changes in EBV-specific cellular response among patients with viral-load status shifts, significant in the largest sample group (Figure 4C). Interestingly, tacrolimus blood levels remained similar between visits, questioning the effect of immunosuppression treatment. Positive control stimulus elicited a similar reaction in HC and immunosuppressed patients, suggesting that anti-CD3/28 beads override immunosuppression. Similarly, Arasaratnam et al. found comparable IFNɣ production by Staphylococcal enterotoxin B in pediatric liver recipients post-immunosuppression (45).

On the other hand, other authors observed that immunosuppression treatment modifications for PTLD management lead to changes in frequency of EBV-specific cells detected by ELISpot (45–47). Moreover, OX40 has been postulated as an indicator of the immunosuppressive status of patients after stem cell transplantation (68), although Lamb et al. reported a recipient of stem cell transplantation whose changes in the immunosuppressive treatment did not reflect differences in %CD4+CD134+ cells (69). To elucidate the potential use of ICS or AIMS in evaluating immunosuppressive status of transplanted patients further prospective studies are needed.

In conclusion, our study reveals significant insights into EBV-specific T-cell responses in pediatric liver transplant recipients. We demonstrated that polyfunctional CD8+ T cells were markedly increased in seropositive individuals, underscoring their role in controlling EBV infection. Despite a limited sample size, our findings support the utility of CD107a/IFNɣ response markers for distinguishing EBV serostatus and viral load. Additionally, OX40 proved reliable in assessing CD4+ memory responses, suggesting its potential for broader application in evaluating antiviral immunity. Further prospective research is recommended to refine our understanding of EBV-specific T-cell dynamics in transplant recipients.
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Supplementary Figure 1 | Flow-cytometry gating strategy for (A) intracellular cytokine staining or (B) activation-induced marker staining in a representative healthy control. Cells were left unstimulated (NC) or stimulated using a positive control (PC) or Epstein-Barr virus peptides (EBV).
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Achieving sustained activity and tolerance in of allogeneic grafts after post-transplantation remains a substantial challenge. The response of the immune system to “non-self” MHC-antigenic peptides initiates a crucial phase, wherein blocking positive co-stimulatory signals becomes imperative to ensure graft survival and tolerance. MicroRNAs (miRNAs) inhibit mRNA translation or promote mRNA degradation by complementary binding of mRNA seed sequences, which ultimately affects protein synthesis. These miRNAs exhibit substantial promise as diagnostic, prognostic, and therapeutic candidates for within the realm of solid organ transplantations. Current research has highlighted three members of the T cell immunoglobulin and mucin domain (TIM) family as a novel therapeutic avenue in transplantation medicine and alloimmunization. The interplay between miRNAs and TIM proteins has been extensively explored in viral infections, inflammatory responses, and post-transplantation ischemia-reperfusion injuries. This review aims to elucidate the distinct roles of miRNAs and TIM in transplantation immunity and delineate their interdependent relationships in terms of targeted regulation. Specifically, this investigation sought seeks to uncover the potential of miRNA interaction with TIM, aiming to induce immune tolerance and bolster allograft survival after transplantation. This innovative strategy holds substantial promise in for the future of transplantation science and practice.
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1 Introduction

Allogeneic transplantation is the primary treatment for patients with end-stage diseases and severe trauma. Imbalances in the activation and suppression of the immune system, systemic dysfunction of the transplanted organ, and infections all contribute to the failure of allogeneic transplantations (1–3). In many cases, autologous transplantation is not feasible due to physiological restrictions (4, 5). Consequently, allogeneic transplantation remains the only viable solution in such scenarios. However, graft rejection remains a major obstacle leading to graft loss (6).

The T cell immunoglobulin and mucin domain (TIM) gene family comprises a series of genes encoding type 1 glycoprotein-like structural domains expressed on cell membranes that crucially regulate immune responses (7). Members of the TIM gene family, such as TIM-1, TIM-3, and TIM-4, exhibit structural characteristics that are conserved in both mice and humans (8). Initially identified as a susceptibility gene for asthma and allergy, TIM-1 is preferentially expressed on Th2 cells and linked to atopic and autoimmune diseases (9). TIM-3 is expressed on innate and adaptive immune cells, including mast cells, dendritic cells (DCs), macrophages, and Th1 and Tc1 cells, and acts as an inhibitory receptor that promotes Th1 apoptosis and reduces the production of inflammatory factors (10–12). TIM-4 is solely expressed on the surface of antigen-presenting cells (APCs), facilitating phagocytosis of apoptotic cells and modulating T cell responses (7, 13). Ongoing research underscores the extensive role of TIM proteins in immune tolerance and transplant rejection (14–16).

MicroRNAs (miRNAs), single-stranded RNAs approximately 22 nucleotides long, selectively and specifically regulate post-transcriptional gene expression (17). Recently, miRNAs have demonstrated specific and impactful biological effects, serving to establish immune tolerance following solid organ transplantation (18). Thus, miRNAs exhibit potential as diagnostic, predictive, and therapeutic markers for allograft rejection (19).

Both miRNAs and TIM proteins have wide applications in immune tolerance induction and transplantation (20). The interaction between miRNAs and TIM proteins in cancer therapy has been extensively studied (21, 22) (Table 1). However, their effects on allograft rejection models remain unclear. Thus, this review aims to discuss recent advancements in understanding the TIM–miRNA network and explore its potential applications in solid organ transplantation and immune tolerance.

Table 1 | TIM–miRNA interactions in diseases.


[image: A table shows the effects of different miRNAs on various conditions alongside TIM references. Under TIM-1, miR-133a targets glioblastoma cell regulation, and miR-142 alters endothelial permeability. TIM-3 includes multiple miRNAs: miR-330 inhibits myocardial injury and mediates anti-tumor immunity in AML; miR-125a-3p negatively affects AML; miR-498 offers treatment potential for AML; miR-18b promotes pre-eclampsia improvement; miR-34a modulates AML malignancy; miR-155 regulates CD8 T cell apoptosis and predicts cancer progression. TIM-4 involves miR-202 in accelerating EC migration. References are numbered next to each entry.]



2 TIM gene family

The TIM genes are located on mouse chromosome 11B1.1 and human chromosome 5q33.5, which are regions associated with various atopic/autoimmune diseases such as asthma and allergies (40). The TIM family comprises eight murine members (four coding genes, TIM-1–TIM-4, and four noncoding genes, TIM-5–TIM-8) and three human members (TIM-1, TIM-3, and TIM-4) (41). TIM proteins share a similar structure, encompassing an immunoglobulin domain, mucin-like domain, transmembrane region, and cytoplasmic domain containing tyrosine-phosphorylated motifs (except for TIM-4) (12) (Figure 1). Based on gene sequence similarity, murine TIM-2 shares structural and functional similarities with murine TIM-1, and is considered a direct homolog of human TIM-1 (42).

[image: Diagram showing three types of TIM proteins (TIM-1, TIM-3, TIM-4) featuring IgV-like, mucin-like, transmembrane, and cytoplasmic domains. TIM-1 shows a Ptdser binding pocket. TIM-3 displays O-linked glycosylation sites. Symbols indicate arginine-glycine-aspartic acid, tyrosine kinase phosphorylation motifs, and N-glycosylation.]
Figure 1 | Molecular structure of human T cell immunoglobulin and mucin proteins (TIM-1, -3, and -4). The TIM genes encode type I membrane proteins that contain an Ig V-like domain, an O-linked glycosylated mucin domain, a transmembrane domain, and a cytoplasmic domain with tyrosine-phosphorylated motifs. TIM-4 contains RGD motifs that can interact with integrins and participate in intercellular adhesion. Ptdser, phosphatidylserine; RGD, arginine−glycine−aspartic acid.



2.1 Functional characteristics of TIM-1

Initially identified as the hepatitis A virus receptor (HAVCR1) and later as a human kidney injury molecule, TIM-1 is found on B cells, DCs, mast cells, and invariant natural killer T (iNKT) cells, playing a crucial role in immune activation (43–45). As a potential co-stimulatory molecule, it is well established that TIM-1 exerts immune effects by maintaining Breg suppression and stimulating effector T cell activity and homeostasis (8, 46). The diverse biological roles of TIM-1 open up new avenues for the treatment of autoimmune diseases, viral infections and tumors (47–49). Previous studies have suggested the potentially diverse roles of TIM-1 in inducing immune tolerance in transplantation.




2.2 Role of TIM-1 in transplantation

Recent studies have highlighted the pivotal role of TIM-1 in preventing and mitigating allograft rejection. The agonistic TIM-1-specific mAb 3B3 disrupts mouse allograft tolerance by interacting with effector T cells and Tregs (50). Additionally, TIM-1 not only serves as a surface marker but also as a crucial surface molecule that induces and maintains regulatory B cell (Breg) function in mice (51, 52). In a model of islet transplantation, anti-CD45RB and anti-TIM-1 (RMT1-10) antibodies increased interleukin (IL)-10 expression in TIM-1+ Bregs and antigen-specific transplantation tolerance (52, 53). This combined antibody therapy relies on TIM-1 expression, IL-10-producing Bregs, and Tregs (54). Altered IL-10 levels and accelerated allograft rejection have been observed in TIM-1 knockout and mutant mice (46). Recent findings indicate that the inhibitory function of ex vivo expansion of human B cells partly relies on TIM-1, which maintains long-term regulatory function and human allogeneic skin graft survival by positively regulating STAT3 phosphorylation (55). The TIM-1 signaling pathway is not only targeted after allogeneic transplantation, but also as a new therapeutic strategy to improve post-transplant complications (56).




2.3 Functional characteristics of TIM-3

TIM-3 serves as a suppressor molecule involved in T cell activation and is a marker of T cell depletion in tumors and chronic viral infections (57). Subsequently, TIM-3 was found to accelerate tumor progression and support maternal-fetal tolerance (58, 59). Galectin-9 (Gal-9), the first ligand identified for TIM-3, eliminates interferon γ-producing Th1 cells, thereby reducing the severity and mortality of experimental autoimmune encephalomyelitis (60) (Table 2). TIM-3 interacts with different ligands and mediates various immune responses, making it a promising target for immunotherapy.

Table 2 | Expression and function of TIM proteins.
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2.4 Role of TIM-3 in transplantation

Initially considered as a marker for terminally differentiated effector T cells, TIM-3 has been found to influence Treg acquisition and function, providing new insights into the mechanisms of transplant rejection (94). The natural TIM-3 ligand Gal-9 limits Th1 activation, thereby protecting specific Treg responses and attenuating allograft rejection (95). When allograft rejection occurs, increased expression of TIM-3 on the recipient’s NK cells stimulates IFN-γ production through interaction with Gal-9 (96). Therefore, high serum levels of soluble TIM-3 and sGal-9 serve as prospective biomarkers for diagnosing and predicting renal transplant dysfunction (97, 98). Additionally, hepatocytic Gal-9 signaling via TIM-3+CD4+ T cells mitigate ischemia-reperfusion injury (IRI) during orthotopic liver transplantation in recipient mice (72). TIM-3+CD4+ and TIM-3+CD8+ T cells in allogeneic transplantation models exhibit a depleted dysfunctional phenotype owing to continuous stimulation by allogeneic antigens (99). This early induction and establishment of T cell dysfunction ultimately mediate and maintain the phenotypic and functional characteristics of self-tolerance or exhaustion (100). Moreover, inhibitory receptors such as TIM-3 and PD-1 ensure that Treg are depleted after graft rejection to prevent microbial and tumor unresponsiveness and to balance immunomodulatory functions (16). High pretransplant T-cell expression of PD-1 and Tim-3 co-suppressor receptors correlated positively with the incidence of posttransplant infection (101). Clinical studies have shown that elevated CEACAM1 levels are associated with a favorable outcome in orthotopic liver transplantation. Recent evidence confirms that T cell CEACAM1 - TIM-3 crosstalk inhibits Kupffer cell NF-ΚB phosphorylation, attenuates post-transplant liver injury and promotes T cell homeostasis (81). Overall, TIM-3 has shown potential applications in transplantation, but more thorough mechanisms of action need to be explored.




2.5 Functional characteristics of TIM-4

Traditionally known to be primarily expressed on the surface of APCs, including macrophages, mature DCs, B1 cells, and iNKT cells, recent studies have also identified TIM-4 expression in fibroblasts (13, 102). This diverse expression profile suggests potential multifaceted roles of TIM-4 in immune regulation and cellular interactions. Structurally, despite the lack of a cytoplasmic tail for intracellular signaling, the TIM-4 extracellular IgV domain contains arginine-glycine-aspartate (RGD) motifs, which predominantly facilitates APC-T cell adhesion (7, 103).

Initial studies have suggested that TIM-4 acts as a natural ligand for TIM-1, contributing to helper T cell proliferation and favoring Th2 immune responses (104). However, further investigations have revealed the nuanced effects of TIM-4 on T cell responses. Depending on the concentration of TIM-4 stimulation and the state of T cell activation, TIM-4 has contrasting effects on T cell proliferation (62, 105). These findings suggest that the influence of TIM-4 on T cells may involve receptors other than the known TIM-1 receptor, especially during the initial T cell surface expression.

As a phosphatidylserine receptor, TIM-4 contributes to the creation of an environment of immune tolerance by clearing apoptotic cells and debris, simultaneously suggesting potential risks associated with infection and tumorigenesis (91, 106). Overall, the function of TIM-4 as a potent co-stimulatory signal in APCs revealed its diverse and context-dependent biological activities. Its precise biological effects seem to be closely linked to the type of ligands it interacts with and the specific sites of T cell activation. Understanding the intricate interactions of TIM-4 with various receptors and their dual roles in immune tolerance and potential pathogenic processes remains an area of active research in immunology.




2.6 Role of TIM-4 in transplantation

Few studies have investigated TIM-4 in the context of transplantation. Researchers have focused on understanding TIM-4 expression in specific immune cells, particularly macrophages and DCs, as these cells play crucial roles in the modulation of TIM-4 to promote tolerance in human transplantation (107, 108).

Prior to 2010, studies exploring the direct relationship between TIM-4 and transplantation immunity were lacking. However, in 2010, Uchida et al. hypothesized that blocking the TIM-1–TIM-4 signaling pathway might alleviate hepatic IRI. The proposed intervention presented a novel approach aimed at extending the survival and success of transplanted organs (109). In the following year, Rong et al. provided initial evidence supporting this hypothesis by demonstrating that disrupting the TIM-1–TIM-4 pathway could inhibit CD4 T cell activation. This inhibition protected renal function and reduced local leukocyte recruitment and activation, offering a promising novel target for the treatment of acute kidney injury (61).

Subsequent studies further reinforced these initial findings, consistently showing that blocking TIM-4 signaling conferred protection against hepatic IRI. Notably, these studies highlight the significance of TIM-4-mediated phagocytosis, which is involved in activating the innate immune system and represents a crucial aspect of this process (110, 111). Indeed, these studies underscore the potential therapeutic implications of targeting TIM-4 in mitigating transplantation-related complications, and hold promise for developing novel strategies to enhance the success of organ transplantation.

Macrophages, particularly tissue-resident macrophages such as CD169+ macrophages, play a critical role in modulating immune responses and influencing transplant outcomes. For instance, genetic ablation of TIM-4 in CD169+ tissue-resident macrophages improve their survival. However, this alteration does not seem to affect the effective stimulation of Treg production or promote the prolonged survival of cardiac allografts (15).

Kupffer cells (KCs), the dominant macrophages in the liver, have been identified as critical mediators of tolerance following liver transplantation. KCs promote tolerance through mechanisms involving upregulation of FasL-induced apoptosis and cytokine secretion in T cells (112, 113). Disrupting TIM-4 signaling in KCs in combination with transforming growth factor (TGF)-Β treatment significantly induces the transformation of inducible Tregs and ameliorates acute rejection after liver transplantation. This effect occurs via inhibition of the IL-4–STAT6–Gata3 signaling pathway, thereby modulating immune responses and improving tolerance induction (114).

However, studies on mice with congenital TIM-4 deficiency have reported an autoimmune response due to nonspecific immune activation. This is because of defects in the ability to eliminate apoptotic cells, suggesting a crucial role for TIM-4 in maintaining immune homeostasis and preventing autoimmunity (115). Moreover, DCs, which are highly specialized APCs, are key players in the induction of inflammation and immune tolerance (116). In a skin transplantation model, disruption of TIM-4 co-stimulatory signaling on DCs enhanced the transfer of naïve CD4 cells to inducible Tregs, while limiting the transfer of IL-4/STAT-6 signaling. This modulation attenuates the Th2 response and effectively prolongs graft survival, highlighting the potential of targeting TIM-4 on DCs to modulate immune responses in transplantation scenarios (117).

Collectively, these findings emphasize the intricate role of TIM-4 in regulating immune responses involving macrophages, KCs, and DCs in transplantation scenarios, suggesting its potential as a target for therapeutic interventions to modulate immune tolerance and improve graft survival.




2.7 TIM proteins as phosphatidylserine receptors

Structurally, TIM proteins create a cavity with a distinctive “pocket” structure in the immunoglobulin variable region, securely binding to phosphatidylserine (93, 118) (Figure 2). During apoptosis, phosphatidylserine exposure to the plasma membrane triggers phagocytosis, which is essential for tissue homeostasis and immune regulation (119, 120). TIM-1 signaling by T and iNKT cells prevents recipient survival by inhibiting acute graft-versus-host disease after hematopoietic cell transplantation (20). TIM-1-expressing renal epithelial cells aid in phagocytosis of damaged cells, thereby limiting inflammation (121, 122). In addition to its role in phagocytosis, TIM-3 utilizes functional antibodies with phosphatidylserine to enhance T cell activation and anti-tumor activity (123). TIM-4, as a surface receptor, indirectly modulates inflammation and tumor progression through immune cell clearance (43, 106).
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Figure 2 | Models of TIM-ligand interactions. (A) TIM-1 can interact with Ptdser on the surface of apoptotic cells, or TIM-1 and TIM-4 interact via exosome bridging. TIM-4 is used as a bolus molecule to immobilize apoptotic cells near phagocytes to initiate efferocytosis. (B) Gal-9 can promote TIM-3 oligomerization and thus the interaction with other TIM-3 ligands, such as CEACAM1–TIM-3. Ptdser released from apoptotic cells can bind the FG-CC′ cleavage site of TIM-3. In addition, TIM-3 can bind HMGB1 and thus inhibit nucleic acid-mediated anti-tumor immunity. APC, antigen-presenting cell; CEACAM1, carcinoembryonic antigen cell adhesion molecule 1; Gal-9, galectin-9; HMGB1, high-mobility group protein B1; MHC, major histocompatibility complex; Ptdser, phosphatidylserine; TCR, T cell receptor; TIM, T cell immunoglobulin and mucin domain.





3 Expression and functions of miRNAs



3.1 Biogenesis of miRNAs

miRNAs are a class of small noncoding RNAs present in animals, plants, and some viruses that play a crucial regulatory role in transcription by either cleaving target mRNAs or inhibiting their translation (124). The gene sequences encoding miRNAs are arranged differently within the genome. Some miRNAs are organized as mono-cis-parallels with autonomous promoters, whereas others are arranged in multi-cis-parallels, sharing a common promoter and being transcribed into multiple miRNA clusters (125, 126). In certain cases, miRNA genes are located within the exons (Figure 3). RNA polymerase II is typically responsible for miRNA transcription. This process generates primary precursors known as pri-miRNAs, which adopt a typical hairpin structure and contain a 5′- and a 3′-polyadenylated tail. Subsequently, pri-miRNA undergoes precise cleavage in the nucleus by Drosha and DiGeorge Syndrome Critical Region 8(DGCR8), a nucleic acid endonuclease of the RNase III family, producing pre-miRNAs with stem-loop structures (127).

[image: Diagram comparing canonical and non-canonical microRNA (miRNA) pathways. The canonical pathway involves transcription of intergenic miRNA by RNA polymerase II, production of pri-miRNA, processing by Drosha and DGCR8, export via Exportin 5, and maturation by Dicer and TRBP. The non-canonical pathway also starts with transcription by RNA polymerase II, but involves splicing by a spliceosome before Exportin 5 transport. Both pathways converge in the cytoplasm for miRNA guide strand reservation and target mRNA regulation via mRNA degradation or translational repression.]
Figure 3 | In the canonical pathway, typical miRNA genes are encoded by introns in the transcript, generating single or multiple cis-transcripts, but some miRNAs are encoded by exonic regions. miRNAs in the same cluster are co-transcribed and undergo additional post-transcriptional regulation. Most miRNAs generate primary transcription products (pri-miRNAs) in response to RNA polymerase II, which have the original hairpin structure of the embedded miRNA sequence. The primary precursor (pri-miRNA) is cleaved by the microprocessor complex (including Drosha and DGCR8) into a stem-loop structure of about 70 nucleotides called pre-miRNA. Drosha is an endonuclease responsible for processing and cropping the pri-miRNA, whereas DGCR8 is a protein that binds the pri-miRNA to Drosha. Furthermore, some pre-miRNAs are produced in the nucleus in very short introns (mirtrons) by splicing and debranching without Drosha/DGCR8 processing. The pre-miRNAs are then exported to the cytoplasm via Exportin 5 and RAN-GTP. Dicer in the cytoplasm cleaves the pre-miRNA by TRBP-assisted cleavage of the pre-miRNA, releasing a dsRNA of about 20 bp. The dsRNA is then loaded onto the AGO protein and the HSC70-HSC90 complex. The passenger strand is degraded, and the guide strand is retained in the AGO protein, ultimately forming a RISC. This RISC prevents the initiation of translation by inhibiting ribosome elongation and facilitates de-adenylation of poly(A) by recruiting GW182, PABP, CCR4-CAF1, and PAN2-PAN3 to promote mRNA attenuation. These mRNAs are cleaved and degraded when the RISC can target mRNAs that are nearly fully complementary. dsRNA, double-stranded RNA; miRNA, microRNA; RISC, RNA-induced silencing complex; TRBP, TAR RNA-binding protein.

The pre-miRNA, approximately 70 nucleotides in length, is formed by the Drosha enzyme and exported from the nucleus to the cytoplasm via Exportin 5. In the cytoplasm, it is further processed by Dicer/TAR RNA-binding protein (TRBP)/AGO into double-stranded RNA (dsRNA) consisting of a guide strand and a passenger strand. The guide strand, typically around 22 nucleotides long, enters the miRNA-induced silencing complex (RISC), leading to translational repression or degradation of the target mRNA, whereas the passenger strand is released and subsequently degraded (124, 128, 129). More recently, it was discovered that miRNA biogenesis can occur independently of the conventional Drosha–DGCR8 pathway. Some pre-miRNAs are produced in the nucleus in very short introns by splicing and debranching (130).




3.2 Clustered miRNAs

Approximately 25% of human miRNA genes are organized into clusters, wherein a single cluster contains two or more miRNA genes (131). Although multiple miRNA primary transcripts are generated from the same gene cluster, differential expression arises because of complex regulatory mechanisms. For instance, the 23a–27a–24-2 cluster, comprising three miRNAs, exhibits dysregulation in specific tumors and leukemias, where sometimes only one or two miRNAs are expressed (132). Conversely, some clustered miRNAs show coordinated expression, with a change in a single miRNA gene within the cluster, triggering a chain reaction that affects the other pri/mature miRNAs (133). Current research supports the idea that miRNAs within the same cluster often target overlapping sets of genes, implying enhanced specificity in targeting and increased interconnectedness within the regulatory network (134). miRNA clusters display homogeneity, multiplicity, and paradoxical functions with respect to the roles of individual miRNAs.




3.3 Modes of miRNA regulation

miRNAs serve as fundamental components in RISC, which comprises AGO proteins along with certain cofactors (127). Initially, it was believed that miRNAs exert post-transcriptional control over their targets by regulating processes such as translation elongation, protein degradation, and ribosomal release (135). In mammals, the seed sequence at the 5′ end of the miRNA (nucleotides 2-8) recognizes the 3′ or 5′ UTR of the target mRNA (126). Typically, this recognition involves incomplete base pairing, ultimately leading to cleavage and degradation of the target mRNA. In addition, miRNA-mediated target decay and deadenylation ultimately lead to reduced protein production and fine-tuned gene expression (136).




3.4 Role of miRNAs in transplantation

The use of miRNAs as noninvasive biomarkers has shown promising potential for the diagnosis, prognosis, and treatment of various aspects of organ transplantation, particularly liver transplantation (137).



3.4.1 Liver transplantation

Reperfusion injury is a major concern after liver transplantation and a leading cause of graft failure and rejection (138). Serum miR-122 levels have been proposed as independent markers of persistent liver injury and early liver allograft dysfunction (139). Hepatocyte-derived miR-122 triggers M1 polarization of KCs, exacerbating hepatic IRI by modulating specific pathways (140). The early elevation of serum levels of miRNAs, including miR-122, miR-146a, and miR-192, has shown potential as powerful markers for predicting graft injury and acute rejection after liver transplantation, often preceding changes in transaminase levels (141).

miR-155 plays a role in inflammation, immunity, and tumorigenesis in liver disease. Inhibition of miR-155 expression in KCs results in positive outcomes by activating anti-inflammatory pathways, enhancing the survival of liver allografts, and attenuating inflammatory injury and apoptosis after IRI (142, 143). MiRNAs such as miR-155 and miR-181a may also serve as potential noninvasive biomarkers. Pre-transplant miR-155 levels identified patients at low immunological risk, and the combination of miR-181a and miR-155 levels acted as an early and noninvasive biomarker for preventing acute T cell-mediated rejection (TCMR) and subclinical rejection (144).

These findings suggest that specific miRNAs hold promise as reliable and early markers for assessing graft injury, predicting rejection episodes, and monitoring complications, such as HCC recurrence after liver transplantation. Further research and validation studies could enhance their clinical utility for improving patient outcomes and graft survival.




3.4.2 Renal transplantation

The use of miRNAs as diagnostic and prognostic markers in renal transplantation has shown considerable potential for addressing various aspects of graft health, rejection, and long-term dysfunction.

Recent validation studies have highlighted that miRNAs, including miR-142-5p, miR-142-3p, miR-155 and miR-223, have high specificity in biopsy specimens and help predict TCMR in allogeneic kidney transplantation (145). Interestingly, Pierre’s group identified a variety of miRNAs that interact with the TIM gene, including miR-142-3p and miR-142-5p by analyzing miRNA profiles in kidney allograft samples. However, alloimmune injury pathways are often not unique or specific, and miRNAs such as miR-142-3p or miR-155-5p have been associated not only with IFTA but also with acute rejection or TCMR (146).

miR-21 is a crucial marker of chronic renal dysfunction after transplantation. Silencing miR-21 directly activates Notch2, inhibits the development of renal fibrosis and inflammation, and ultimately prevents chronic allograft dysfunction (147). Changes in miR-21 expression levels in plasma, urine, and graft tissue serve as diagnostic markers for identifying renal injury and dysfunction over time (148).

Moreover, miRNAs, including miR-19a, miR-886-5p, miR-126, miR-223, and miR-24, have been validated as independent predictors of HCC recurrence within the Milan criteria after liver transplantation, aiding the prognosis and management of HCC after transplantation (149).

Richard and colleagues conducted an analysis of microRNA expression in peripheral blood mononuclear cells (PBMC) from patients with chronic antibody-mediated rejection (CAMR) and those with stable graft function, revealing a significant upregulation of miR-142-5p in CAMR (150). This finding was validated and analyzed, indicating that miR-142-5p functions not only as a potential biomarker for CAMR but also plays a role in regulating the immune status of patients.

TCMR, treatable without causing graft failure but associated with chronic or progressive renal dysfunction, has been associated with specific miRNA profiles, aiding in the prediction and understanding of this type of rejection (151).

These findings underscore the potential of miRNAs as noninvasive and specific biomarkers for diagnosing rejection types, monitoring graft health, and predicting chronic dysfunction in renal transplantation. Continued research and validation are essential to refine their clinical utility and enhance their role in improving patient outcomes after transplantation.




3.4.3 Heart transplantation

The role of miRNAs in heart transplantation has emerged as a promising avenue for diagnosing graft rejection, understanding immune responses, and improving outcomes. Recent studies have shed light on the specific miRNAs associated with acute cellular rejection (ACR) and ABMR after heart transplantation.

Identified and validated in 2020, miR-181a-5p showed promise as a marker for ACR in heart transplantation (152). Its specificity and high negative predictive value render it a potential diagnostic tool. A 2021 study identified miR-139-5p, miR-151a-5p, and miR-186-5p as predictive markers for the subsequent development of rejection after heart transplantation (153).

T cell-derived exosomal miR-142-3p is elevated during cardiac allograft rejection, contributing to increased vascular permeability by downregulating the expression of the endothelial Rab11 family of interacting proteins 2 (RAB11FIP2) (154).

miR-146a and miR-155 are involved in the regulation of immune response and rejection mechanisms. Deletion of miR-146a in Tregs exerts tissue-protective effects and transiently prolongs cardiac survival in transplanted mice (155). miR-155 serves as a regulator of allograft rejection by affecting T cell proliferation and macrophage function (142, 156, 157).

Inhibition of miR-155 has shown promising results in suppressing macrophage maturation, downregulating T cell responses, and inducing graft immune tolerance. Using antagomiR-155 delivered through ultrasound-targeted microbubble destruction technology reduces the degree of ACR and improves allogeneic heart survival (158). Ultrasound-guided microbubble disruption technology, capable of delivering cationic microbubbles with miRNA155 silencers to target tissues, is considered a more desirable immunosuppressive therapy for ACR (159).

While these studies highlight the potential of miRNAs as diagnostic markers and therapeutic targets in heart transplantation, further research is necessary to validate these findings in larger cohorts and to standardize diagnostic approaches, considering the heterogeneity of treatment protocols across transplant centers. Developing miRNA-based interventions holds promise for improving rejection detection and for managing post-transplantation outcomes in heart transplantation.






4 Potential associations of TIM proteins with miRNAs

The relationship between miRNAs, specifically miR-155, and the TIM-3 pathway has been extensively studied in the context of various inflammatory and immune responses, including chronic infections and transplantation. However, the direct implications and specific roles of miR-155 and TIM-3 in allograft tolerance and transplantation immunity need to be further elucidated.

miR-155 is a crucial regulator of inflammation and immunity, affecting various immune cell activities such as macrophage polarization, differentiation of T helper cell subsets such as Th17 and Tregs, and cytokine production (160). miR-155 modulates the expression of suppressor of cytokine signaling 1 (SOCS1), a key negative regulator of the JAK–STAT pathway (161). This miRNA can influence macrophage phenotypes, including the M1/M2 balance, and affect the local inflammatory response in certain contexts, such as liver transplantation and hepatic IRI (32, 162, 163).

TIM-3, an inhibitory co-receptor expressed on immune cells, interacts with different ligands such as Gal-9 and plays a role in regulating immune responses (164, 165). Through its interactions, TIM-3 affects T cell polarization, cytokine production, DC maturation, and other immune activities (166, 167). The interplay between TIM-3 and miR-155 has been studied in inflammation and immune regulation, particularly in controlling adaptive and innate immune cell activation. However, direct evidence regarding their roles in allograft tolerance, specifically in transplantation immunity, is yet to be thoroughly investigated. Understanding the specific contributions of miR-155 and TIM-3 in allograft tolerance might offer potential therapeutic avenues for modulating immune responses and improving transplantation outcomes.

The interactions between other miRNAs (miR-142 and miR-330) and members of the TIM family (TIM-1 and TIM-3) have been studied in various contexts, shedding light on their roles in immune regulation, inflammatory responses, and tolerance induction in different physiological settings, including transplantation and maternal-fetal tolerance (23, 26, 59, 168). Studies have shown that miR-142-3p plays a role in modulating TIM-1 transcription, influencing endothelial cell permeability, and reducing systemic inflammatory responses during viral infections (169, 170). It reports that miR-142-3p are upregulated in biopsies from patients with microvascular inflammation typical of Antibody-mediated rejection (ABMR) (171). Elevated miR-142 levels have been observed in patients with cardiac and renal transplant rejection, indicating its potential as a biomarker for monitoring graft rejection. The regulatory function of miR-142 in targeting TGF-Β sensitivity and enhancing Treg development has been linked to promoting cardiac allograft tolerance by targeting Tgfbr1 (168). Contradictory findings have been reported regarding the effects of miR-142 knockdown in specific cells. While Treg-specific knockdown led to severe autoimmune disease, transient knockdown enhanced Treg survival and improved skin graft survival (172). After in situ liver transplantation, TIM-1 blockade not only inhibits macrophage recruitment and infiltration, but also enhances Th2/Treg differentiation and improves IRI (173). TIM-1 signaling, in turn, can maintain and induce baseline levels of Bregs and clear apoptotic cells during transplantation to produce IL-10, which promotes immune tolerance and survival (46). Even TIM-1+ Bregs affect Th differentiation, thereby inhibiting Th1/Th17 cells and promoting Th2 cells and Foxp3+ Tregs, which are dependent on IL-10 expression (174).

miR-330-5p protects against myocardial IRI and apoptosis by modulating TIM-3 transcription and translation, thereby reducing the expression of the inflammatory mediator NLRP3 (24). In a model of myocardial IRI, downregulation of miR-330 inhibited left ventricular remodeling via the TGF-Β1–Smad3 pathway (175). miR-330–TIM-3 interactions promote macrophage M2 polarization, inhibiting local inflammation and insulin resistance (26). TIM-3 activity in innate immune cells, facilitated by miR-330, contributes to trophoblast invasion and angiogenesis, essential for maintaining maternal-fetal tolerance (176).




5 Hypothetical insights from the mechanism process

Although there is no direct evidence in the literature suggesting that miRNA and TIM may play an emerging role in transplantation immunity. However, we seem to be able to propose a plausible hypothesis for such an interaction mechanism through the signaling axis they share.

The miRNA/TIM/TLR signaling axis: In a model of lung transplantation, miR-21 and miR-122 ameliorate graft dysfunction and ischemia-reperfusion injury by negatively regulating the TLR signaling (177). Activation of the TLR signaling pathway alters macrophage miR-21 expression, which influences macrophage polarization status and inflammatory responses (178). The interaction between the two acts as a feedback regulator that modulates the initiation and termination of inflammation, providing a fundamental argument for post-transplant immune regulation (179). Furthermore, in addition to TLRs themselves, miRNAs also regulate TLR-related signaling proteins that regulate related pathways. For example, in Kupffer’s disease, miR-146a/b can act as a negative regulator to control the TLR4 pathway to prevent liver transplant injury by down-regulating IRAK1 and TRAF6 (180). TIM-3 inhibits the production of inflammatory factors associated with the TLR pathway by suppressing NF-ΚB to create an immune-tolerant microenvironment (181). Interestingly, HMGB1 promotes TIM-1Breg cell expansion through TLR2/4 and mitogen-activated protein kinase (MAPK) signaling pathways, providing new evidence for immune tolerance (182). Surprisingly, miRNAs were able to attenuate inflammatory and oxidative responses through the HMGB1/TLR4/NF-ΚB axis (183). Although the relationship between miRNAs and TIM-targeted regulation has long been clear. However, data show that miRNAs bind to mRNAs encoding the 3’-UTR of TIM-3 (36). All these data are sufficient to suggest that the miRNA/TIM/TLR may become a new signaling axis for immune regulation before and after transplantation.

miRNA/TIM/PI3K/AKT signaling axis: The ability of miRNAs to make early prediction and intervention of post-transplantation acute kidney injury through PI3K/AKT signaling pathway was found by prediction (184). miR-21 accelerates wound healing and angiogenesis in grafted skin by activating PI3K/AKT and ERK1/2 signaling (185). Upregulation of miR-221 was able to target PTEN to activate PI3K/AKT to restore contractile function and ameliorate myocardial injury in transplanted myocardium (186). Binding of Gal-9 to Tim-3 can inhibit activation of the PI3K/AKT pathway and enhance the function of Treg cells, thereby attenuating acute GVHD and inducing immune tolerance (187). In the AML model, elevated TIM-3 promotes M2 macrophage polarization, leading to elevated PI3K and AKT levels to accelerate tumor immune escape (188). Through PI3K/AKT signaling, it has long been clear that miRNAs can promote tumor metastasis, immune escape and microenvironmental remodeling (189). MiRNAs have a novel mechanism to balance immune injury and tolerance in viral infection and anti-tumor with respect to TIM signaling capacity in T/NK cells (190). In summary, we believe that induction of immune tolerance and improvement of graft function in the transplant microenvironment are the main themes of this pathway.

TIM/miR/SOCS1 signaling axis: Recent literature suggests that miR-142 and miR-155 exhibit differential expression patterns in the miRNA profiles of kidney transplant samples, with both being upregulated in biopsies from patients exhibiting microvascular inflammation characteristic of rejection (146, 171). Furthermore, it has been demonstrated that miR-155 directly targets SOCS1, thereby promoting immune cell activation and enhancing the immune response (161, 191). Collectively, these findings indicate that modulation of the miR-155/SOCS1 axis may offer novel insights into the mechanisms underlying transplantation immunity. In a similar vein, the miR-142/SOCS1 axis may play a significant role in disease pathogenesis by influencing T cell differentiation and enhancing the secretion of specific cytokines, including IL-6 and IL-8 (192, 193). These effects can adversely impact transplanted organs and elevate the risk of graft rejection. As illustrated in Table 1, existing studies have validated the regulatory roles of miR-142 and miR-155 in the modulation of TIM-1 and TIM-3, respectively.

These findings suggest that intricate interactions between miRNAs and members of the TIM family modulate immune responses, regulate inflammatory processes, and influence tissue-specific responses. These interactions can have diverse effects on various immune cells, leading to implications in transplantation tolerance, inflammation modulation, and maternal-fetal immune regulation. Further studies are required to better understand the precise mechanisms and outcomes of miRNA–TIM interactions in transplantation settings and harness their potential for therapeutic interventions aimed at promoting immune tolerance and mitigating transplant rejection.




6 Discussion

The field of transplantation medicine has evolved substantially over the years, offering life-saving treatments for individuals with organ failure or tissue damage. Despite these advancements, post-transplantation complications remain a considerable challenge. Issues such as graft rejection, IRI, allograft dysfunction, and infections can jeopardize successful organ transplantation. Enhancing long-term graft function and survival outcomes requires a personalized treatment approach tailored to individual immune responses.

The TIM family of proteins is a focal point of transplantation research. Modulation of the TIM pathways using blocking antibodies or soluble proteins has shown promise in altering immune responses. These approaches aim to tilt the balance toward tolerance by providing co-inhibitory signals to T and B cells or suppressing innate immune cells. However, varying affinities and epitopes of TIM antibodies can lead to different T cell effects, resulting in immune cell dysfunction. Moreover, TIM proteins act as receptors for phosphatidylserine, contributing not only to the regulation of innate immunity but also to the control of adaptive immune responses, adding complexity to their roles in transplantation.

miRNAs are key regulators of gene expression and have shown promise in transplantation immunology. Analysis of circulating and tissue-specific miRNAs has suggested them as diagnostic and prognostic biomarkers, offering insights into efficacy and predicting transplantation outcomes. These miRNAs hold the potential as the specific markers for assessing immune responses and status of transplanted organs.

Importantly, a reciprocal regulatory relationship exists between the TIM proteins and miRNAs. TIM proteins can regulate miRNAs through various mechanisms; conversely, miRNAs can influence the expression of TIM proteins. This intricate interplay has been observed in various contexts, including tumorigenesis, viral infections, and metabolic disorders, such as insulin resistance in diabetes mellitus. Exploring and understanding this reciprocal regulation in the context of transplant immune tolerance can offer new avenues for clinical studies and potential therapeutic interventions.

In the realm of future transplantation research in miRNA and TIM, several promising avenues beckon our exploration. Initially, we should focus on the study of specific miRNAs, such as miR-21, miR-155, and miR-133a-5p. Utilizing databases and software like miRWalk and TargetScan, we can predict potential binding sites for these miRNAs. Concurrently, in the context of transplantation, it’s imperative to collect plasma, urine, or tissue samples from patients before and after transplantation or drug administration. These samples can undergo miRNA sequencing, followed by screening and validation of differentially expressed genes. To investigate downstream signaling molecule alterations, protein microarrays can be employed to identify differential proteins, which can then be verified using luciferase reporter genes for miRNA binding to the 3’UTR of genes.

Furthermore, the expression patterns of miRNAs may vary between different transplanted organs, indicating tissue-specific regulatory mechanisms. Hence, we should prioritize the study of post-transplantation immunomodulatory capacity on miRNA. This includes the regulation of immune cell function and response strength in adaptive immunity (T/B cells) and innate immunity (NK and macrophages). In terms of signaling pathways, our focus should be on influencing cell differentiation/activation/effector function, integrating transcriptomic, proteomic, and other multi-omics data with experimental validation for comprehensive analysis and screening.

Ultimately, leveraging the regulatory role of miRNAs, it’s crucial to devise novel therapeutic strategies for a safe and effective approach to the transplantation site. Nanoparticle delivery technology can be utilized to transport specific immunomodulatory genes to transplanted tissues, thereby inducing local immunosuppressive cytokine production and fostering immune tolerance. Additionally, considering the fragility of miRNAs, Ultrasound Targeted Microbubbles Destruction offers a non-invasive, targeted gene delivery technique that is safe, efficient, and specific.

In summary, the intersection between TIM proteins and miRNAs represents a promising area for further investigation of transplantation immune tolerance. Understanding the complex interplay between these molecules and their regulatory roles may lead to innovative therapeutic strategies aimed at promoting immune tolerance and improving long-term outcomes in transplant recipients.
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Background

ABO-incompatible kidney transplantation (ABOi-KTx) represents a possible solution to address the shortage of kidney donors. However, these transplants present immunological challenges, particularly when isoagglutinin titers are elevated pretransplant.





Methods

Single-center retrospective study describing clinical and biological outcomes of 8 patients who underwent ABOi-KTx with initial isoagglutinin titers ≥ 1/512. All patients followed a desensitization protocol combining immunosuppression (rituximab, tacrolimus, mycophenolate mofetil, steroids), and specific or semi-specific apheresis sessions. Clinical and biological data were extracted from electronic medical records.





Results

There were 5 males; median age of 62 years [34-82 years]; all achieved an isoagglutinin titer of ≤1/8 before transplantation after a median of 13 (range: 9-15) apheresis sessions. Three patients (37%) experienced acute humoral rejection, which required additional plasmapheresis sessions. Two patients developed chronic active rejection, successfully treated. On the infectious side, three patients developed BK-virus reactivation. Two patients developed cytomegalovirus viremia, and two others presented with bacterial infections. Surgically, two patients developed a lymphocele, and one had a perirenal hematoma. All patients survived the transplant with stable renal function: mean serum creatinine was 138 ± 15 µmol/L after four years of follow-up.





Conclusion

ABO-incompatible kidney transplantation, even in patients with high isoagglutinin titers, is feasible and can achieve favorable long-term graft and patient survival outcomes. However, these procedures require substantial clinical expertise and close follow-up to monitor and manage the elevated risks of infection and rejection in this population.
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1 Introduction

The number of living donor kidney transplants is increasing due to the shortage of kidneys from deceased donors and the growing number of patients on transplant waiting lists. In France, this shortage is exacerbated by increasing organ donation refusals, resulting in prolonged and variable wait times. ABO-incompatible (ABOi) kidney transplantation offers an opportunity to expand the donor pool and improve the survival prospects of patients awaiting a transplant (1, 2) especially in the absence of a national kidney paired donation program.

However, ABO incompatibility typically necessitates pre-transplant desensitization, involving apheresis and immunosuppression with rituximab, to reduce the risk of acute antibody-mediated rejection. Numerous studies have demonstrated that the long-term survival rates of patients and kidney allografts in ABOi transplants are comparable to those receiving ABO-compatible (ABOc) living donor transplants (1–15). Nevertheless, ABOi recipients are more prone to complications, such as hemorrhagic episodes related to apheresis, lymphocele, and BK virus infection (12, 16–22).

The presence of high isoagglutinin titers presents a significant challenge, increasing the risk of acute rejection and jeopardizing graft viability. This study aims to describe the clinical and biological outcomes of patients who underwent ABOi kidney transplantation with high isoagglutinin titers at a single center, with a particular focus on desensitization outcomes and related complications.




2 Patients and method

We conducted a retrospective, single-center observational study from January 2015 to July 2024; during that period there were 65 ABO incompatible kidney transplants of which eight had an initial isoagglutinin titer greater than 512. The objective of our study was to describe the clinical and biological outcomes of ABO-incompatible kidney transplant patients with high isoagglutinin titers following desensitization combining rituximab and apheresis.



2.1 Immunosuppression

Immunosuppression was initiated prior to transplantation. Rituximab (375 mg/m²) was administered 30 days before transplantation, and conventional immunosuppression began 15 days prior to transplantation, consisting of tacrolimus (0.05 mg/kg every 12 hours, targeting trough levels of 8-10 ng/mL), mycophenolic acid (MPA) (360 mg twice daily) or mycophenolate mofetil (MMF) (500 mg twice daily), and prednisone (0.5 mg/kg/day). In addition to these treatments, patients underwent apheresis sessions. Based on the initial isoagglutinin titers (IgM and IgG), and clinical profile, patients received one or more of the following:

	- Semi-specific immunoadsorption (Globaffin® column, Fresenius, Bad Homburg, Germany) with or without membrane filtration (Monet®, Fresenius Medical Care),

	- Double filtration plasmapheresis (DFPP) performed on a PlasautoΣ with a Plasmaflo® OP-08W and Cascadeflo® EC-30W for the first session, followed by Cascadeflo® EC-20W (Asahi Kasei Medical, Tokyo, Japan),

	- Specific immunoadsorption (Glycorex® column, Lund, Sweden, or ABO Adsopak® column, Pocard, Russia),

	- Plasma exchange using the Optia® or Comtec® monitor with fresh frozen plasma (FFP) the day before kidney transplantation.



Table 1 compares the different apheresis techniques used.

Table 1 | Apheresis techniques.


[image: A table compares four blood plasma purification techniques: DFPP, Specific IA, Semi-specific IA, and Plasma Exchange. Each technique is described by its method, indications, prescriptions, and advantages and disadvantages. DFPP uses a two-step filtration for removing cellular elements and plasma substances, while Specific and Semi-specific IA use adsorption columns targeting IgG or blood group antibodies. Plasma Exchange replaces plasma components, including isoagglutinins. Benefits include good hemodynamic tolerance and no hemorrhagic risk in some methods, while drawbacks may involve hemorrhagic risks or coagulation factor loss. Prescriptions vary by treatment volume and blood flow rate.]
Apheresis sessions begin three weeks prior to the planned transplant date. Most patients initially undergo DFPP sessions, and, depending upon the decrease of isoagglutinin titers, specific immunoadsorption (IA) sessions may be used to achieve a more significant reduction in titers, with up to 15 liters of plasma treated in a single IA session (23). Semi-specific immunoadsorption is preferred for patients at risk of hypotension during sessions. The addition of a Monet® filtration membrane, at least once a week depending on the IgM level, is essential for eliminating IgM isoagglutinin’s not removed by semi-specific IA (24). Each patient benefits from a personalized approach based on the kinetics of isoagglutinins measured before and after each apheresis session.

All patients underwent within 12 hours pretransplant a plasma exchange, which treated 1.5 times the plasma volume with 100% plasma replacement to mitigate the loss of coagulation factors during previous apheresis session (particularly DFPP ones) (25–28).

Extracorporeal circuit anticoagulation was performed using regional citrate anticoagulation during immunoadsorption, plasma exchange, or DFPP not coupled with hemodialysis. For DFPP coupled with hemodialysis, anticoagulation of the extracorporeal circuit was achieved with intravenous sodium heparin.

The goal was to achieve an isoagglutinin titer (IgG and IgM) of ≤ 1/8 on the day of transplantation.

In the posttransplant period we do not monitor isoagglutinin titers except when clinically necessary (i.e., drop in urine output or rise in serum creatinine level).

Induction therapy included basiliximab (20 mg on days 0 and 4). In cases where donor-specific antibodies (DSAs) were present, antithymocyte globulin (1 mg/kg daily for five days) was used instead of basiliximab. Post-transplant immunosuppression included tacrolimus (0.05 mg/kg every 12 hours, targeting trough levels of 8-10 ng/mL until day 30, then reducing to 5-8 ng/mL), MPA (720 mg twice daily) or MMF (1 g twice daily), administered until day 15, after which doses were halved, and steroids (methylprednisolone 10 mg/kg on day 0, with a maximum of 500 mg, 6 mg/kg on day 1, 4 mg/kg on day 2, 2 mg/kg on day 3, 1 mg/kg on day 4, followed by prednisone at 0.5 mg/kg on day 5, 0.25 mg/kg on day 6, then 10 mg daily until day 90, and finally 5 mg daily).

A systematic kidney biopsy is performed at three- and twelve-months post-transplant. Otherwise, the indications for kidney biopsy remain the same as for ABO-compatible transplants.




2.2 Prophylaxes

If the donor was CMV-seropositive and the recipient was CMV-seronegative, or if the recipient was CMV-seropositive, valganciclovir (900 mg daily, adjusted for estimated glomerular filtration rate [eGFR]) was administered for six or 3 months, respectively. For Pneumocystis jirovecii prophylaxis, sulfamethoxazole/trimethoprim (400 mg/80 mg every day) was given for six months.




2.3 Collected data and statistical analyses

Clinical and biological data were collected from electronic medical records using the CristalNet and Easily software systems. Statistical analyses were performed using Excel 2016 and R statistical software. Quantitative variables are presented as means ± standard deviations (SD) or medians with quartiles (Q1–Q3), while qualitative variables are presented as numbers and percentages.

The study was conducted in accordance with the guidelines of the Declaration of Helsinki and was approved by the French National Committee for Data Protection (CNIL; approval number 1987785v0). The biobank collection number is BRIF BB-0033-00069. Informed consent was obtained from all participants in the study.





3 Results

We included eight patients, i.e., 12.3% of our ABO incompatible cohort with a male-to-female ratio of 5:3. The median age at transplantation was 62 years (range: 34-82 years). The median posttransplant follow-up duration was 60 (range: 4-96) months. All patients were undergoing their first kidney transplant. Rituximab was administered at a dose of 375 mg/m² on day -30 to all patients, except two who received an additional rituximab infusion on day -15 (375 mg/m²) due to the presence of donor-specific antibodies prior to transplantation. The characteristics of the patients are presented in Tables 2, 3.

Table 2 | Characteristics of Patients.
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Table 3 | Individualized characteristics of patient.
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Isoagglutinin levels decreased significantly following the rituximab infusion and prior to the initiation of apheresis, as shown in Table 2 and Figure 1. The target isoagglutinin level of less than 1/8 was achieved in all patients before kidney transplantation after a median of 13 (range: 9-15) apheresis sessions (Figure 2).

[image: Box plot showing isoagglutinin titers before Rituximab and before apheresis. Values decrease from before Rituximab to before apheresis, with a significant difference (p = 0.004, Wilcoxon test).]
Figure 1 | Outcomes of isoagglutinin titers after rituximab infusion.
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Figure 2 | Outcomes of isoagglutinin titers after each apheresis session according to the technique used.

All the patients experienced immediate graft function; however, in 3 of them as of postoperative day (POD) 2 there was a decrease in urine output while serum creatinine was plateauing at > 250 µmol/L. This was highly suggestive of acute humoral rejection because the allograft doppler ultrasound analyses were normal. For these three patients, the anti-A IgG isoagglutinin level had risen to 1/32 in two patients and 1/16 in the third (i.e., rebounds), while anti-A IgM levels remained below 1/8. This required resumption of plasma exchange (4, 5, and 8 sessions, respectively), leading to an immediate increase of diuresis and improvement in renal function (Patient 4, 5 and 8 in Table 3 and Figures 3, 4). One of these patients also presented with elevated creatinine (280 µmol/L) at the 1-month follow-up, which prompted a graft biopsy. The biopsy revealed mixed humoral and cellular rejection (grade 3), which was successfully treated with methylprednisolone boluses, four plasma exchange sessions, and a single dose intravenous immunoglobulin (IVIg) -20 gr- after the last apheresis session.
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Figure 3 | Outcomes of isoagglutinin titers after kidney transplantation.

[image: Four line graphs depict various health metrics over time for eight patients. The top left graph shows trends in serum creatinine levels (μmol/L), the top right illustrates estimated glomerular filtration rate (eGFR) (mL/min/1.73m²), the bottom left displays albuminuria levels (g/g), and the bottom right graph presents tacrolimus trough levels (ng/mL). A fifth graph at the bottom shows changes in hemoglobin (g/dL) over different time points before and after medical interventions. Each patient's data is represented by a distinct colored line.]
Figure 4 | Outcomes of Albuminuria (g/g), eGFR(ml/min/1,73m2), tacrolimus through levels (ng/mL), Serum creatinine (μmol/L) and Homoglobin (g/dL) during follow-up.

During follow-up, two other patients (2 women, each having her husband as a donor) developed chronic active humoral rejection at 6 and 12 months, respectively, confirmed by graft biopsy after observing a rise in plasma creatinine. Both of them had very low isoagglutinin titers at posttransplant and did not experience any episodes of acute rejection. One patient was ABOi plus HLA incompatible (DSA at pretransplant: anti-A32 with MFI of 1,200): the 6-month protocol biopsy showed evidence for chronic active antibody-mediated rejection: she was therefore placed on tocilizumab therapy (162 mg/week subcutaneously for one year). The second patient developed a de novo DSA by 12 months posttransplant (anti-DQ7 with MFI at 2,000). She was treated by a single dose of Rituximab (1gr).

The outcomes for serum creatinine, estimated glomerular filtration rate (eGFR), albuminuria, and tacrolimus trough levels are illustrated in Figure 4.

Regarding infectious complications, three patients developed BK virus viruria at months 1, 5, and 6, with two showing positive BK viremia and one presenting with BK virus nephropathy on a graft biopsy at month 3 (Table 4). Management involved reducing immunosuppression by lowering tacrolimus target trough levels, substituting mycophenolate mofetil with everolimus, and administering every two weeks IVIg (20 gr) for three months. The outcome was favorable, with resolution of BK viremia and viruria, and disappearance of BK virus nephropathy on follow-up biopsy at month 12. Among these three patients, one also developed concurrent CMV viremia and acute pyelonephritis; both conditions were successfully managed with valganciclovir and antibiotics with favorable outcomes. An additional patient developed CMV viremia, which also responded well to a three-week course of valganciclovir. Lastly, one patient developed a bacterial infection (community-acquired pneumonia) which resolved with antibiotic therapy. None of the patients developed hypogammaglobulinemia secondary to rituximab after one year of follow-up (Figure 5).

Table 4 | Outcomes and complications of patient and allograft post-transplantation.
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Figure 5 | Outcomes of immunoglobulins (IgG, IgM, IgA) in g/L during the first 12 months post-transplant.

Surgically, two patients developed lymphocele, which resolved spontaneously. One patient presented with a compressive perirenal graft hematoma and required surgical revision on day 14 post-transplantation. Additionally, two patients required transfusion with two units of red blood cells (RBCs) immediately post-transplant due to low hemoglobin level without external bleeding (Table 4). Hemoglobin levels during the first year posttransplant are depicted in Figure 4.




4 Discussion

In this study we demonstrate that it is feasible to perform ABO incompatible kidney transplantation even when isoagglutinin titers are very high after a median of 13 (range: 9-15) apheresis sessions pretransplant; it resulted with 100% patient and graft survival in the long term. However, in such situations the risk of antibody (isoagglutinin)-mediated rejection and infectious complications remains high and therefore such hazardeous transplant should only be performed in well-experienced centers.

Chung et al. (29), in a comparative study of ABOi KTx patients with either high titers (≥1:256, n=8) or low titers (≤1:128, n=6), found that the high-titer group required more i) pre-transplant apheresis sessions (10.5 ± 3.5 vs. 6.0 ± 1.3; p = 0.01) to achieve an acceptable titer before transplantation, and ii) post-transplant sessions (1.6 ± 1.8 vs. 0 ± 0) due to a rebound in isoagglutinin levels compared to the low-titer group. Indeed, the rebound of isoagglutinin titers within the first two weeks after kidney transplantation can be a risk factor for rejection, as demonstrated by Süsal et al. (30) in a case of ABOi kidney transplantation (A donor, O recipient) with initial isoagglutinin titers of 1/124 for IgM and 1/1024 for IgG, which were reduced to <1/8 after desensitization. However, she presented a typical humoral rejection with a rebound of IgG titers to 1/36 and of IgM to 1/8 on POD5; she did not respond to methylprednisolone pulses and plasmapheresis. Nonetheless, the acute rejection was controlled by IV daratumumab combined with four specific immunoadsorption sessions.

Won et al. (31) showed that predictive factors for the rebound of isoagglutinin titers after kidney transplantation included a short interval (<7 days) between rituximab administration and the first plasmapheresis, a high initial titer (≥256), low rate of titer reduction, and blood group O. They also demonstrated that low-dose rituximab (200 mg) had no significant effect on isoagglutinin rebound titers but allowed for a reduction in infection rates. Rarely, despite intensifying apheresis sessions, kidney transplantation may fail due to incomplete reduction of isoagglutinin titers, as shown by Wilpert et al. (32), who were unable to transplant 4 out of 11 patients with initial titers ≥ 1/256.

ABO-incompatible kidney transplantation represents a major advancement in transplant medicine, and should no longer be viewed as a barrier to expanding the organ donor pool (1, 2, 13). Theoretically, the number of kidney transplants from living donors can be increased by up to 30% when patients are transplanted across the ABO antibody barrier (33). Nevertheless, it poses significant immunological and infectious challenges, particularly in patients with elevated isoagglutinin titers, as demonstrated by our study. This underscores the importance of rigorous long-term monitoring and individualized therapeutic adjustments to ensure optimal outcomes.



4.1 Desensitization protocol and management of isoagglutinin titers

Pre-transplant desensitization is essential for the success of ABO-incompatible transplantation. In our cohort, Apheresis sessions begin three weeks prior to the planned transplant date. Isoagglutinins measured before and after each apheresis session. All patients achieved an isoagglutinin titer below 1/8 prior to transplantation, demonstrating the effectiveness of the desensitization protocol combining rituximab and apheresis (3). However, 37% of them developed acute antibody-mediated rejection (AMR), which coincided with a rise in isoagglutinin titers, necessitating additional plasmapheresis. These interventions resulted in a favorable outcome.

In the posttransplant period we typically do not monitor isoagglutinin titers unless clinically necessary (i.e., drop in urine output or rise in serum creatinine level). If there are no complications, patients typically remain hospitalized for seven days post-transplant.




4.2 Acute and chronic rejections: immunological challenges

Humoral and cellular rejections pose significant threats to graft survival in ABO-incompatible (ABOi) transplant patients. Despite achieving acceptable isoagglutinin titers pre-transplant, 37% of patients in our cohort developed acute antibody-mediated rejection (AMR) post-transplant, while 25% experienced active chronic AMR during follow-up. These cases required additional treatments, such as tocilizumab (a monoclonal antibody that blocks IL-6 receptor) in one patient and a second rituximab infusion in another, which stabilized graft function.

These findings are consistent with those of Gan et al. (3), who reported a high incidence of acute cellular rejection (12.5%) and acute humoral rejection (8.3%) in a cohort of 26 ABOi kidney transplant patients with pre-desensitization IgG titers ranging from 2 to 2048. Similarly, Hew et al. (4) reported that 18.2% of pediatric ABOi kidney transplant recipients experienced acute cellular rejection within the first 12 months post-transplant. In addition, Chung et al. (29), in a comparative study of ABOi patients with high titers (≥1:256, n=8) and those with low titers (≤1:128, n=6), found a higher incidence of acute cellular rejection in the high-titer group (37% vs. 0%).

The overall incidence of acute rejections appears to be higher in ABOi transplants compared to ABO-compatible (ABOc) transplants. De Weerd et al. (13), in a study comparing 296 ABOi kidney transplant recipients with 1184 ABOc living donor and 1184 ABOc deceased donor kidney transplant (KTx) recipients, found acute rejection rates of 29%, 18%, and 19%, respectively (p = 0.001). However, this did not significantly impact graft or patient survival. In support of this, Deng et al. (8) demonstrated that the presence of pre-transplant donor-specific antibodies (DSA) significantly increased the risk of acute antibody-mediated rejection and graft loss in both ABOi and ABOc kidney transplants (8).

The use of B-cell depleting agents like rituximab plays a crucial role in reducing the risk of humoral rejection, as shown in a study by Bleasel et al. (34). They compared 66 ABOi KTx patients who did not receive B-cell depletion to 18 ABOi KTx patients treated with rituximab. They observed humoral rejection in 39% of patients without rituximab versus in only 6% of patients who received rituximab within the first 3 months posttransplant. Additionally, 6 patients without rituximab required splenectomy for refractory rejection, with two cases of early graft loss due to humoral rejection on POD 6 and extensive graft necrosis. By comparison, in our series of 44 ABOi KTx recipients in which all have had received before transplantation rituximab infusion we did not observe a single graft loss (6, 7).

Long-term management of ABOi kidney transplants remains challenging due to the risk of chronic rejection. Chronic rejection remains a leading cause of graft loss, particularly in HLA-incompatible transplants, even in the presence of residual antibody titers (4). In our cohort, we observed two cases of chronic rejection.

Guy et al. (5) reported that long-term histological lesions, i.e., after 5 years of follow-up were similar between ABOi and ABOc KTx patients. They also found that microvascular inflammation was less severe in ABOi KTx patients without DSA compared to both ABOi and ABOc KTx patients with DSA, supporting the theory that accommodation may mitigate the harmful effects of residual isoagglutinins and prevent chronic lesions. Tasaki et al. (35) demonstrated that ABOi patients exhibited downregulation of donor-specific blood group antibodies while continuing to produce antibodies against other antigens. Finally, Heo et al. (15), in a study of 1292 ABOc and 347 ABOi kidney transplants, showed that ABOi transplants are associated with a lower risk of de novo DSA production and chronic AMR.

These data confirm that ABOi kidney transplants can be safely performed, although they require both short-term (particularly during the first six months, when most acute rejections occur) and long-term follow-up strategies. Personalized immunosuppressive adjustments are critical to preventing post-transplant immunological complications.




4.3 Infectious complications: impact of immunosuppression

Infectious complications represent a major challenge in the management of ABO-incompatible (ABOi) transplant patients. In our cohort, three patients developed BK virus (BKV) viruria, two of whom had positive BKV viremia, and one case of BKV-associated nephropathy (BKVAN) was confirmed by biopsy. The management of these infections required a reduction in immunosuppression, including lowering the target tacrolimus levels to between 3 and 4 ng/mL, substituting mycophenolate mofetil with everolimus (target trough level of 6 to 7 ng/mL), and administering intravenous immunoglobulins (IVIg), i.e., it has been shown that IVIg do contain specific anti-BKV antibodies (36). These approaches are consistent with recommendations in the literature (37). In our three patients the outcome was favorable, with BKV viremia and viruria resolving and BKVAN disappearing in the graft biopsy performed 12 months after initial diagnosis.

The incidence of viral infections, particularly BKV, is well-documented in ABOi kidney transplants. Sharif et al. (21) found that ABOi KTx patients had a significantly higher incidence of BKVAN compared to HLA-incompatible (HLAi) KTx patients (17.7% vs. 5.9%, p = 0.008). Eder et al. (12), in a study of 465 patients (42 ABOi, 106 HLAi, and 317 ABOc/HLAc controls), showed that ABOi patients had significantly higher Torque Teno Virus (TTV) loads than HLAi KTx patients and controls at 3- and 6-months post-transplant, reflecting the degree of immunosuppression. As a result, biopsy-proven BKVAN was more frequent in ABOi patients compared to HLAi and control patients (11.9% vs. 2.8% vs. 4.1%; p = 0.046). Moreover, ABOi patients treated with rituximab had higher TTV viral loads at 3 months compared to those who did not receive rituximab. This suggests that rituximab significantly increases the risk of BKV infection, as confirmed by a meta-analysis of 4256 ABOi patients conducted by Lee et al. (38). The study found that higher doses of rituximab (>500 mg) were associated with a higher risk of BKV infections compared to lower doses (200 mg), with no significant differences in rejection rates or graft function.

Intense immunosuppression, rather than an intrinsic characteristic of ABOi transplants, likely contributes to the increased risk of infections. In a 2018 study (39), rituximab was responsible for severe hypogammaglobulinemia (IgG < 4 g/L) in 25% of ABOi patients within the first-year post-transplant, necessitating IVIg infusions. However, the use of IVIg led to an infection rate comparable to that of ABOi patients with mild to moderate hypogammaglobulinemia who did not receive IVIg, highlighting the importance of regular IgG monitoring.

Pre-transplant isoagglutinin titers also seem to influence infection risk. In a study of 48 ABOi KTx recipients (19% with titers ≥ 1/256) compared to 96 ABO-compatible (ABOc) KTx recipients, Speer et al. (40) found that ABOi patients with high titers (≥1:256) had a higher incidence of BKV replication than those with low titers or ABOc patients. Koo et al. (1) similarly observed that ABOi patients with low titers (≤1:64) had fewer bacterial infections than those with high titers (≥1:128; p = 0.022), likely because patients with high titers require more aggressive desensitization and immunosuppression.

Interestingly, bacterial infections were less common, likely due to systematic antibiotic prophylaxis with sulfamethoxazole/trimethoprim and/or phenoxymethylpenicillin during the first 6 months post-transplant. We observed, in our series, only one case of bacterial pneumonia and one case of urinary tract infection (UTI) during the follow-up period. However, Speer et al. (40) reported that ABOi KTx recipients developed UTIs (22.9% vs. 8.5%; p = 0.019) and pneumonia (8.3% vs. 1.0%; p = 0.025) more frequently than ABOc KTx patients.

To mitigate infection risk, selective apheresis may offer some protection, as shown by Matuschik et al. (41). Their study comparing ABOi patients desensitized using specific immunoadsorption (IA) with Glycosorb® versus non-specific IA with Immunosorba® found that non-specific IA significantly increased the risk of severe postoperative infections, mainly of urinary origin (adjusted HR 3.08, 95% CI: 1.3–8.1).

These findings emphasize the need to strike a delicate balance between immunosuppression to prevent rejection and minimizing infection risk. Continuous optimization of prophylaxis protocols and individualized immunosuppression management are crucial to achieving this balance.




4.4 Surgical complications and hemorrhage management

Although less common, surgical complications can still pose challenges in the management of ABO-incompatible (ABOi) kidney transplants. In our study, two patients (25%) developed a lymphocele. The significantly higher incidence of lymphoceles among ABOi KTx patients, compared to ABO-compatible (ABOc) recipients, has been supported by Habicht et al. (20) and corroborated by a study we conducted in 2016, which included 44 ABOi and 44 ABOc KTx patients (6, 7), where 19% of ABOi patients developed a lymphocele.

One potential explanation for the increased incidence of lymphocele is the impact of mycophenolate mofetil (MMF), as demonstrated by Lopau et al. (42). It is hypothesized that the use of MMF one to two weeks prior to kidney transplantation surgery in ABO-incompatible patients may heighten the risk of lymphocele formation. Another hypothesis pertains to the necessity of preoperative apheresis sessions. Jänigen et al. (43) found that undergoing eight or more sessions of immunoadsorption/plasmapheresis preoperatively significantly increases the risk of developing a lymphocele.

From a hemorrhagic standpoint, one patient (12.5%) in our study required surgical revision due to a perirenal hematoma. The literature shows a higher risk of bleeding complications in ABO-incompatible (ABOi) kidney transplant (KTx) recipients compared to ABO-compatible (ABOc) recipients. For instance, a meta-analysis by de Weerd et al. (44) found a significantly higher incidence of postoperative hemorrhagic complications in ABOi patients (11%) vs. ABOc patients (4%) (p < 0.001). Similarly, a study by Zschiedrich et al. (45) comparing 97 ABOi KTx to 107 ABOc KTx identified bleeding complications in 21% of ABOi patients compared to 13% of ABOc patients (p = 0.19). Lastly, Habicht et al. (20) reported bleeding events in 9.5% of ABOi recipients vs. 2% in ABOc recipients.

These hemorrhagic events are often linked to the depletion of coagulation factors during apheresis sessions (17–19, 29), a process required for ABOi desensitization, particularly for patients with high antibody titers (≥1:256), which necessitates more intensive apheresis. To counteract coagulation factor loss (25–28), our protocol involved a pre-transplant plasma exchange, where 1.5 times the plasma volume was treated with 100% plasma replacement to replenish coagulation factors. Although our study sample size limits robust conclusions, the data suggest that targeted plasma exchange could play a role in managing bleeding risks in ABOi patients. However, further research is necessary to confirm its efficacy and safety across larger patient cohorts.




4.5 Graft and patient survival: long-term outcomes

Long-term outcomes for ABO-incompatible kidney transplants in terms of graft survival are generally promising, although some studies suggest that ABOi kidney grafts exhibit slightly lower survival rates compared to ABO-compatible (ABOc) grafts, particularly in the early post-transplant years. In our study, graft survival in ABOi patients was 100% after a mean follow-up of 4.6 ± 3 years. Similarly, Koo et al. (1) reported a graft survival rate of 92% in a cohort of 426 ABOi KTx patients after five years of follow-up, with no statistically significant difference observed between the low-titer ABOi group (≤1:64, n = 300) and the high-titer group (≥1:128, n = 126). These findings are further supported by Chung et al. (29), who found no significant difference in graft survival at one-year post-transplantation between ABOi KTx patients with high isoagglutinin titers (≥1:256) and those with low titers (≤1:128).

In our study, most ABOi grafts demonstrated stable renal function, with an average creatinine level of 121 ± 16 µmol/L after one year, and 138 ± 15 µmol/L after four years of follow-up. These results are consistent with those reported by Gan et al. (3), who observed an average creatinine level of 115 ± 37 µmol/L at one year and 143.8 ± 99 µmol/L after five years, alongside a graft survival rate of 90%. Similarly, a Spanish study by Oppenheimer et al. (14) found an average creatinine level of 115.8 ± 8.0 µmol/L at one year.

Despite these favorable outcomes, ABOi graft survival remains somewhat lower than that of ABOc grafts, particularly during the early post-transplant period. A meta-analysis by Scurt et al. (46), which included 65,063 transplant recipients, 7,098 of whom were ABOi patients, showed that three-year graft survival rates in ABOi kidney recipients were significantly lower compared to ABOc recipients. However, this difference diminishes after five years of follow-up, likely due to the elevated risk of acute rejection and infection in the early post-transplant phase. De Weerd et al. (13) also reported that ABOi graft survival was comparable to that of ABOc grafts from deceased donors, but slightly lower than that of ABOc grafts from living donors, especially in patients with isoagglutinin titers ≥ 1:128. The estimated glomerular filtration rate (GFR) at one year was, on average, 49.7 mL/min/1.73 m² in the ABOi group, compared to 55.1 mL/min/1.73 m² in the ABOc living donor group and 48.9 mL/min/1.73 m² in the ABOc deceased donor group. These results are consistent with those of Massie et al. (2), who demonstrated that ABOi kidney recipients experienced superior survival beyond 180 days post-transplant compared to matched candidates on the waiting list, although the mortality risk remained higher within the first 30 days post-transplantation.

In terms of patient survival, the outcomes of our study were equally favorable, with a long-term survival rate of 100% after a mean follow-up of 4.6 ± 3 years. In a previous study involving 44 ABOi and 44 ABOc KTx patients (6, 7), we also observed a 100% patient survival rate after a mean follow-up of 18 ± 14.8 months. These findings align with those of Gan et al. (3) and Koo et al. (1), who reported patient survival rates of 90% and 96%, respectively, in ABOi patients after five years of follow-up. In comparison, ABOc patients receiving a kidney graft from a deceased donor had a one-year survival rate of 97.3% and a five-year survival rate of 93%, while patients remaining on the waiting list exhibited survival rates of 97.6% and 90%, respectively (1). Thus, KTx ABOi patients benefit from superior survival compared to those on the transplant waiting list or those receiving ABOc grafts from deceased donors. These findings are corroborated by de Weerd et al. (13), who found that ABOi KTx patient survival was higher than that of ABOc recipients of deceased donor transplants [HR 0.69 (0.49-0.96)], and comparable to ABOc recipients of living donor transplants [HR 1.28 (0.90-1.81)]. The cumulative incidence of mortality with a functioning graft in ABOi patients was 3.0%, 6.4%, and 13.5% at 1, 5, and 10 years, compared to 1.6%, 7.0%, and 10.4% at 1, 5, and 10 years for ABOc transplant recipients.





5 Conclusion

The presence of elevated isoagglutinin titers should no longer be considered a barrier to ABO-incompatible (ABOi) kidney transplantation, thanks to advancements in desensitization protocols involving rituximab and apheresis. Our findings, alongside evidence from the literature, confirm that ABOi kidney transplants can achieve long-term patient survival rates comparable to, or even surpassing, those of ABO-compatible (ABOc) recipients of deceased donor grafts or patients remaining on the transplant waiting list. However, achieving these outcomes requires substantial expertise and resources, as effective management of ABOi transplants demands rigorous desensitization protocols, highly trained personnel in apheresis and immunology, and vigilant postoperative monitoring.
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CAR-T cell therapy has revolutionized immunotherapy but its allogeneic application, using various strategies, faces significant challenges including graft-versus-host disease and graft rejection. Recent advances using Virus Specific T cells to generate CAR-VST have demonstrated potential for enhanced persistence and antitumor efficacy, positioning CAR-VSTs as a promising alternative to conventional CAR-T cells in an allogeneic setting. This review provides a comprehensive overview of CAR-VST development, emphasizing strategies to mitigate immunogenicity, such as using a specialized TCR, and approaches to improve therapeutic persistence against host immune responses. In this review, we discuss the production methods of CAR-VSTs and explore optimization strategies to enhance their functionality, activation profiles, memory persistence, and exhaustion resistance. Emphasis is placed on their unique dual specificity for both antitumor and antiviral responses, along with an in-depth examination of preclinical and clinical outcomes. We highlight how these advances contribute to the efficacy and durability of CAR-VSTs in therapeutic settings, offering new perspectives for broad clinical applications. By focusing on the key mechanisms that enable CAR-VSTs to address autologous CAR-T cell challenges, this review highlights their potential as a promising strategy for developing effective allogeneic CAR-T therapies.
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1 Introduction

Autologous Chimeric Antigen Receptor T cell (CAR-T cell) therapy, while highly personalized and effective, faces several significant limitations. The manufacturing process is complex and time-consuming, often taking weeks to harvest, engineer, and expand the patient’s own T cells (1). This delay can be critical for patients with rapidly progressing diseases. Additionally, the quality of autologous T cells can be compromised in heavily pretreated or immunocompromised patients, potentially reducing the efficacy of the therapy (2). The cost associated with the individualized production of autologous CAR-T cells is also substantial, making it less accessible to a broader patient population (between 300 000-400 000$).

In contrast, allogeneic CAR-T cells represent a promising solution to overcome these challenges. Allogeneic CAR-T are derived from “treatment naïve” healthy donors, allowing for the generation of “off-the-shelf” products that can be prepared in advance and made readily available, with a significant reduction of the time from diagnosis to treatment (3). By using a restricted number of donors, production costs are lowered through large-scale manufacturing, making the treatment more accessible. Despite these ideal characteristics, the potential for graft-versus-host disease (GvHD) and the risk of rejection, which limits the efficiency and persistence of allogeneic CAR-T cells, remain significant hurdles. Lymphodepletion and various sophisticated gene modifications have been explored to prevent such complications. However, the alloreactivity of allogeneic CAR-T cells can lead to life-threatening complications, limiting their widespread use (4).

Using virus specific T cells (VST) as a raw material to generate CAR-T cells is an effective way to mitigate some of these drawbacks. Indeed, VST are associated with a low risk of GvHD (5, 6). Moreover, their anti-viral TCR contributes to their prolonged persistence through repeated virus reactivations or restimulations, enhancing the durability and efficacy of the therapy.

After a brief state of the art about allogeneic CAR-T cells, we will describe in the current review, the potential of VST then achievements of CAR-VST therapy, focusing on its development, preclinical research, and clinical applications.




2 Allogeneic CAR-T cells

Understanding alloreactivity mechanisms like graft-versus-host disease (GvHD) and graft rejection (GR) is crucial to develop strategies to develop allogeneic CAR-T cells.



2.1 Strategies for allogeneic CAR-T cells

To mitigate rejection of infused allogeneic VSTs by recipient-derived immune responses, lymphodepleting chemotherapy or radiotherapy is typically employed to reduce the host’s immune response. Enhancing lymphodepletion prior to CAR-T cell infusion further reduces recipient T cell numbers, creating a more favorable environment for graft acceptance. Another approach involves creating Human Leukocyte Antigen (HLA)-matched cell banks to reduce immunogenicity (7), while gene-editing techniques, such as Clustered Regularly Interspaced Short Palindromic repeats (CRISPR) or Transcription Activator-Like Effector Nuclease (TALEN), are used to knock out HLA class I molecules, thus decreasing T-cell-mediated rejection (8–10). However, since Natural Killer (NK) cells can target cells lacking HLA class I through “missing-self” recognition, overexpressing non-classical HLA molecules, like HLA-E or HLA-G, can protect CAR-T cells from NK cell-mediated lysis (11–14).

To reduce GvHD, researchers have focused on preventing alloreactivity by modifying T cells to minimize their interaction with the recipient’s immune system. Gene editing to knock out the TCR, particularly the TRAC gene, prevents T cells from recognizing and attacking recipient tissues, thus reducing GvHD risk. Technologies like CRISPR/Cas9, Zinc Finger Nucleases (ZFN), and TALEN are instrumental in achieving precise TCR knock-out (4, 15–19). Another approach consists in using non-T cell types- such as Natural Killer cells (20, 21), γδ T cells (22–24), Mucosal-Associated Invariant T (MAIT) cells (25–27), Double Negative T cells (DNTs) (28–31), Cytokine-Induced Killer cells (CIK) (32, 33), invariant NKT (iNKT) cells (34–37), inducible Pluripotent Stem Cell (iPSC) (38–40) and Virus Specific T cells (VST) cells-, as they have less alloreactivity leading to a reduced risk of inducing GvHD. For instance, NK cells provide a potent cytotoxic response regardless TCR involvement, while VST cells leverage prior viral specificity to reduce alloreactivity and minimize GvHD.

With these strategies in place to prevent GvHD risk, the focus now shifts to evaluating the clinical outcomes of allogeneic CAR-T cell therapies and their potential benefits across patient populations.




2.2 Clinical outcomes

Recent reviews highlight various strategies for producing allogeneic CAR-T cells using previous cited strategies to disrupt TCR and CD52 genes, minimizing GvHD and rejection risks (41–44). Many off-the-shelf products, such as UCART19/ALLO-501, have shown encouraging outcomes, achieving a 48% overall response rate (ORR) in B-ALL and lymphoma with manageable GvHD (45). Advanced trials, like ALLO-501A, report a 67% ORR without GvHD (ALPHA2 (NCT04416984), EXPAND (NCT05714345)) (46). Other candidates targeting CD123, CD22, and BCMA have achieved ORRs around 70% without GvHD (47–49). PBCAR0191 and CTX110 showed high efficacy (up to 83%) in lymphoma and B-ALL even after prior CAR-T failure (50). Innovative approaches, including shRNA-based CYAD-101 and iPSC-derived FT819, have shown good tolerability and stable outcomes (51–53). To address rejection without excessive immunosuppression, gene-editing strategies aim to reduce CAR-T cell immunogenicity. For instance, knocking out β2-microglobulin (β2M) prevents expression of HLA class I molecules, limiting recognition by host T cells. Some products, like PBCAR19B, also express HLA-E, which binds inhibitory receptors on NK cells, reducing NK-mediated lysis (54). Other approaches, such as deleting both β2M and CD70 (as in CTX-130), aim to reduce recognition by both T and NK cells, improving CAR-T persistence in the host.

Building on the advances and challenges of allogeneic CAR-T cell development, we will focus on the strategy of using VST cells as a primary source for CAR-T cells, leveraging their unique immunological properties to improve the safety, persistence, and efficacy of allogeneic CAR-T therapies.





3 Virus specific T cells: state of the art

Viral infections, reactivations or diseases remain major complications in immunocompromised patients, including those with primary immunodeficiency or secondary immunodeficiency due to (i) allogeneic hematopoietic stem cell transplantation (allo-SCT), (ii) solid organ transplantation (SOT), (iii) immunosuppressive treatment, or (iv) human immunodeficiency virus infection. Although improvements in the management of viral infections have been made thanks to the implementation of new antiviral drugs, prophylactic and pre-emptive administration and viral load monitoring, in the absence of specific antiviral immunity, antiviral strategies are often ineffective, leading to treatment failure. To address this major limitation, adoptive transfer of virus specific T cells (VST) has been explored.

VST are isolated from a donor’s lymphocyte pool and require prior immunization of the donor to the target viruses. For example, about 90% of the adult population has prior immunity to Epstein-Barr virus (EBV), while nearly 100% of the adult population in Asia and about 50% in Europe have immunity to cytomegalovirus (CMV) (55). After infusion into the patient, VST proliferate upon encounter with the specific viral antigens presented by the recipient’s HLA molecules, and generate an antiviral immune response. The source of these VSTs can be the allo-SCT donor or a different donor, known as a third-party donor, which can overcome issues associated with the lack of availability of an allogeneic HPC donor for the generation of donor-derived VSTs. In the context of allo-HCT, the use of third-party VSTs allows for immediate access to an antiviral therapeutic product, which can overcome issues associated with limited access to the allo-SCT donor (e.g., lack of donor availability or prolonged manufacturing times in the event of a seronegative donor) (56). Additionally, it can expedite the process in SOT or in case of immunodeficiency, by using a readily available donor or ready-to-use HLA-typed antiviral VST from a bank (Figure 1). The qualitative characteristics of generated VST vary depending on the type of donor, the production method and the targeted virus. Currently, two major production strategies are commonly implemented: ex vivo expansion of specific VST by cell culture or direct immunomagnetic isolation of VST.
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Figure 1 | Dual specificity of CAR-VST: antitumoral lysis by the CAR and antiviral lysis via their native TCR. Long-term survival of CAR-VST is expected through the restimulation of the TCR by latent virus reactivation. CAR, Chimeric Antigen Receptor; CD, Cluster of differentiation; VST, Virus Specific T cell. Created with Biorender.com.

Ex vivo expansion relies on the co-culture of peripheral blood mononuclear cells (PBMC) with autologous antigen-presenting cells (APC), such as EBV-transformed lymphoblastoid cell lines (LCL) (57), antigen-pulsed dendritic cells (DC) or, more recently, peptide-loaded APC (58). This method, which requires a minimum of 10 days, allows for the expansion of large numbers of polyclonal VST, containing both CD8 and CD4 T cells.

Immunomagnetic isolation of VST requires the use of a device like the CliniMACS or its automated counterpart, the Prodigy (Miltenyi Biotec, Bergisch-Gladbach, Germany). Enrichment of VST based on IFN-γ secretion involves stimulating PBMC with one or more synthetic peptide pools, and subsequently isolation using the IFN-γ Catchmatrix reagent (Cytokine Capture System, Miltenyi Biotec). This procedure can be completed in 2 days including leukapheresis. Although a very small number of cells is often obtained through this process, VST are polyclonal and contain both CD8 and CD4 T cells (59). Another way to target VST before immunomagnetic sorting consists in using HLA restricted-multimers, which offers a highly specific approach by binding the TCR on specific T cells. However, isolated VST are usually composed either of a CD8 or a CD4 T-cell clone, depending on the MHC molecule used in the multimer (MHC class II multimers are still rarely available), leading to a very low number of VST, often lacking CD4 T cell support over time (60).

The use of ex-vivo expanded specific CD8+ T-cells from the initial donor was first proposed Riddell et al. in 1992 as a VST strategy to treat CMV reactivation after allo-SCT (61). Subsequently EBVST generated from donor derived PBMC stimulated with irradiated autologous LCL were utilized to prevent EBV reactivation (62, 63). In 2006, freshly immunomagnetically-isolated AdV-VST from allo-SCT donor leukapheresis without any prior expansion, successfully control in 4 out of 5 evaluable patients with AdV infection-related complications (59). The need for a fast, efficient and safe treatment for early post-transplant viral infections prompted the generation of VST from third-party donors. This development broadened the applicability of VST due to their low capacity to induce alloreactivity even when using HLA-mismatched donors (5, 6, 64). Currently, off-the-shelf, potentially multi-target VSTs represent a promising therapy for both early and late-stage viral infections in immunocompromised patients, provided that a compatible VST cell line is available (58, 65, 66).

To date, data from more than 50 clinical studies (phase I, I/II and II) currently available provide encouraging results, both regarding antiviral efficiency and tolerance (67). Safety studies reported that a minority of patients experienced no to low side effects related to VST therapy -specifically GvHD, Cytokine Release Syndrome (CRS), infusion toxicity, transplant-associated thrombotic microangiopathy, graft failure, and genitourinary complications- none of which were serious (grade I/II), allowing for a short monitoring period of one hour after VST infusion (68, 69).

The reported risk of post-administration GvHD is relatively low, around 10%, regardless of the antiviral VST type and donors, including third parties with partial HLA compatibility (70). Among the reported cases of GvHD, it appears that most of them are reactivations (2/3). However, it remains impossible to discriminate between the effects of the VST themselves and modulation of immunosuppressive drugs in patients waiting VST infusion (5). Nevertheless, heterologous immunity, which refers to the cross-reactivity of VST with allo-antigens in an allogeneic context, remains rarely observed, despite being a theoretical concern. This was first reported in the context of allo-SCT, with low GvHD incidence, whereas VST presented cross-reactivity with recipient HLA molecules in vitro (71). More recently, a lack of association between the presence of cross-reactive VST and decreased graft survival has been systematically observed in SOT patients (72). Several explanations have been proposed, including a lower avidity of VST TCR for the allogeneic epitope compared to the viral epitope, and the role of immunosuppressive regimens in transplanted patients.

Regarding antiviral efficacy, 65-90% of patients achieved a partial or complete antiviral response across various clinical studies (73). Different reasons have been suggested to explain this range. First, the delay between viral infection and VST infusion. In line with this assessment, our team observed a strong impact of a high viral load (>5 log) on overall survival, regardless of the involved virus, suggesting that VST should be considered as soon as a patient experience a chemo-refractory viral infection following allo-SCT (6). Moreover, the matching between VST and the patient appears to be more critical for the viral restricting alleles than for the overall degree of match per se (74). Last but not least, a specific antiviral immune reconstitution was frequently associated to the decrease or clearance of the viral load (59). This means that all the conditions must be met for in vivo VST expansion, particularly a moderate immunosuppression, given the role played by corticosteroids as previously reported in an in vitro study (75).

However, up to now, no phase III clinical efficacy study has been published. A randomized, controlled study in a large cohort of patients comparing antiviral treatment alone to antiviral treatment combined with VST will be helpful to confirm safety and efficacy. To this end, the results from Trace (TRansfer of Adenovirus, Cytomegalovirus and Epstein-Barr virus specific-T cells -NCT04832607), a European comparative study, are highly anticipated.

The persistence for up to 9 years of functional VST has been reported (57). Current data suggest that, rather than the total amount of VST infused, the frequency of different lymphocyte subpopulations (especially memory T stem cells (Tscm)) (5) is crucial for the in vivo expansion of VST and the persistence of the antiviral response (76),. Indeed, Gattinoni and colleagues identified distinct T cell subsets with differing potential for persistence and therapeutic efficacy in adoptive immunotherapy (77). These subsets include naive T cells (Tn), central memory T cells (Tcm), effector memory T cells (Tem), and stem cell memory T cells (Tscm). Tscm are of significant interest due to their superior longevity, self-renewal capacity, and ability to differentiate into other T cell subsets, making them ideal for adoptive cell therapies. Our team reported that immunomagnetic sorted VST contained Tscm, although poorly represented (around 1%), which could be sufficient to allow for (i) differentiation into Tcm, Tem and Teff subsets according to the linear developmental model, and (ii) maintenance of the proportion of IFN-γ+ cells among Tscm (78).




4 Development of CAR-VST as an alternative for allogeneic CAR-T cell products



4.1 Virus specific T cells advantages

The generation of VST opens avenues for the development of CAR-VST, offering distinct advantages in terms of quantity and subpopulation diversity. The development of CAR-VST presents a promising alternative to conventional allogeneic CAR-T cell therapy, offering a versatile and potentially more accessible therapeutic option. Moreover, CAR-VSTs may provide additional regulatory and safety benefits compared to TCR knockdown strategies using CRISPR-Cas9 or other gene modification techniques, as these approaches carry a potentially increased risk of genotoxicity and malignant transformation (79, 80). The different methods to generate VST influence the characteristics of the resulting CAR-VST.

CAR-VST maintain robust antitumor efficacy due to their dual specificity. They are capable of targeting both tumor cells through their CAR and viral infected cells via their native TCR. This dual targeting is particularly beneficial for sustained and targeted therapeutic responses.

One of the major advantages VST can provide is the long-term persistence by the restimulation of their native TCR. This can occur through the spontaneous reactivation of latent viruses, making VST against latent viruses such as EBV, CMV and AdV ideal candidates. Alternatively, CAR-VST can be restimulated on demand using existing or manufactured vaccines against viruses like VZV or CMV, ensuring continuous expansion and activity. Unlike traditional CAR-T cells, which often suffer from limited efficiency and persistence, CAR-VST are expected to benefit from the continued expression of a functioning TCR.

Moreover CAR-VST are associated with a low incidence of GvHD, a common complication expected with traditional allogeneic CAR-T cells. As mentioned previously, the low or absence of alloreactivity is due to inherent properties of VST, which have been amply demonstrated in clinical trials (71, 72).

However, the risk of rejection remains a challenge. Different strategies can be employed to address this drawback. One approach involves the engineering of these cells to limit their expression of HLA molecules, thereby reducing their immunogenicity. However, this strategy makes CAR-T cells susceptible to NK killing. An alternative strategy is based on selecting an intrafamilial third-party donor to provide high-quality cells with reduced rejection risks. While this option is not suitable for off-the-shelf production and does not lower costs, it offers a reliable source of at least semi-compatible cells.




4.2 VST investigated to produce CAR-VST

Clinical trials involving VST began to emerge significantly in the early 2000s (Figure 2). Initially, research on VST primarily focused on treating viral infections and their role in the context of transplantation. The introduction of CAR-VST into clinical research was initially relatively slow, with only a few pioneering studies before 2010. However, beginning in the 2010s, there has been a notable increase in the number of clinical trials. Simultaneously, there has been a progressive increase in research publications on CAR-VST, reflecting a growing interest in this promising therapy.
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Figure 2 | State of the art of CAR-VST in pre-clinical and clinical studies. (A) Publications on pre-clinical and clinical trials on CAR-VST and start year of clinical trials by year (clinicaltrial.gov, May 2024); (B) Relevant articles on CAR-VST pre-clinical results (blue) and clinical results (purple) by year. CAR, Chimeric Antigen Receptor; CD, Cluster of differentiation; GMP, good manufacturing practice; IFNγ, Interferon gamma; TCR, T cell receptor; VST, Virus Specific T cell.

Several leading institutions are advancing the research and development of CAR-VST therapies, primarily in the USA.

The Center for Cell and Gene Therapy at Baylor College of Medicine in Houston, USA, has been extensively investigating CAR-VSTs targeting antigens such as GD2, CD19, CD30, and HER2. Their work involves the use of various cytokines and transduction methods to enhance the expansion and persistence of these cells. Collaborating with other institutions, they focused on improving both in vitro and in vivo antitumor activity. At the City of Hope in Duarte, California, researchers have used CD19-targeting CAR-VSTs, employing innovative vaccination strategies to boost efficacy and persistence.

In Europe, the University Children’s Hospital Münster in Germany is working on GD2.CAR-VST, addressing challenges in CAR-VST expansion and co-stimulation requirements. INSERM U590 at Centre Léon Bérard in Lyon, France, is developing CD33.CAR-VST, maintaining a memory effector phenotype with demonstrated functional antitumor and antiviral activities. These institutions collectively contribute to the evolving field of CAR-VST therapy, aiming to enhance the safety, specificity, and therapeutic efficacy of cancer immunotherapies. These studies are summarized in Tables 1, 2.

Table 1 | Pre-clinical studies on CAR-VST.
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Table 2 | Clinical trials and published results about CAR-VST (clinicaltrial.gov).
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5 Pre-clinical research on CAR-VST



5.1 Cell manufacturing

All the characteristics are summarized in Table 1.



5.1.1 VST manufacturing

The manufacturing of CAR-VST involves several critical steps to ensure the effective generation and expansion of these therapeutic cells (Figure 3). As mentioned in section 1, two approaches are consistently used to generate VSTs, which we will briefly summarize here.

[image: Flowchart detailing the process of generating CAR-VSTs from peripheral blood mononuclear cells (PBMCs). It begins with blood collection, followed by PBMC isolation. These cells are stimulated with pepmixes or cocultured with irradiated autologous antigen-presenting cells (APCs). Interferon-gamma immunomagnetic isolation occurs next, leading to virus-specific T cells. After specific durations, transduction happens, resulting in CAR-VSTs. Timeframes for various stages are indicated.]
Figure 3 | Manufacturing methods for ex vivo CAR-VST: VSTs are mainly produce either by
coculture with Antigen Presenting Cells (APCs) or after peptide pool stimulation with or without
immunomagnetic IFN-γ selection. Viral transduction or electroporation are performed to express the CAR transgene, leading to bi-specific CAR-VSTs. APC, Antigen Presenting Cell; CAR, Chimeric Antigen Receptor; DC, Dendritic Cell; EBV, Epstein-barr virus; IFNγ, Interferon gamma; LCL, Lymphoblastoid Cell Line; PBMC, Peripheral Blood Mononuclear Cell; VST, Virus Specific T cell. Created with BioRender.com.



5.1.1.1 Coculture methods

Most of the CAR-VST reported in the literature are generated from VST obtained in co-culture of PBMC with autologous APC. This approach has proven effective for manufacturing large quantities of VST, which is advantageous for producing multiple batches. However, this method requires long expansion periods, often taking at least three weeks with repeated restimulations, which can also lead to more differentiated and exhausted T cells. As autologous antigen presenting cells LCL (81, 94, 96), dendritic cells (83, 90) or PBMC loaded with viral antigens like VZV have been used (95). Alternatively, Quach et al. directly stimulated CD45RA-depleted PBMC with pepmixes specific to EBV antigens (87), resulting in a robust expansion of VST that showed response to EBV stimulation. Recombinant human interleukine-2 (IL-2) is the most common cytokine promoting T cell survival and proliferation. However, IL-2 is also known to induce a terminal effector phenotype which is correlated with strong cytotoxicity but short-term lifespan (77). Other cytokines like IL-4, IL-7 and/or IL-15 are currently under investigations to promote VST expansion and a more naïve phenotype (84, 87).




5.1.1.2 Immunomagnetic isolation

Immunomagnetic selection is used as an alternative method. In their studies, Wang and colleagues performed nine selection processes using PBMC from eight healthy CMV-seropositive donors. They successfully enriched IFN-γ+ T cells from pre-enrichment levels of 0.8 ± 0.5% to post-selection levels of 76.3% ± 11.6% (92, 93). The freshly isolated IFN-γ+, CMVST consisted in polyclonal CD8+ (44.0% ± 21.0%) and CD4+ T cells (49.8% ± 21.2%). The small number of sorted cells required an additional expansion phase, and further research is urged to enrich for naive and memory cells, rather than the effector phenotype so far obtained.

Overall, each procedure has distinct advantages and limitations. Coculture with LCL, DC or APC is time-consuming and often labor-intensive but produces high cell numbers with robust expansion. Immunomagnetic sorting is a rapid method enriching for highly specific VSTs; however, it leads to a low number of VST, requiring an additional expansion phase. Each method impacts the final VST product’s characteristics, balancing the trade-offs between efficiency, specificity, and scalability to optimize therapeutic efficacy against viral infections and malignancies.





5.1.2 CAR-VST manufacturing

The diversity in CAR sequences, costimulatory molecules and the inclusion of transgenes for cytokine production contributes to the significant variability in CAR expression levels, the extent of CAR-VST activation and their overall functionality. We will report hereafter the targets and the vectors that have been studied up to now in CAR-VST and will discuss later the different improvements in the construct.

Regarding the targets, both well-established and innovative targets are investigated in CAR-VST studies. The CD19 target was the most widely studied to treat B-cell malignancies (3, 91, 92). Several other targets have been investigated including: (i) the disialoganglioside GD2 in solid tumors, especially in glioblastoma and neuroblastoma (81, 83, 84, 86, 88, 89, 94, 95), (ii) HER-2 an antigen expressed in a range of tumors such as breast cancer, lung cancer and ovarian cancer (85) (iii) CD30, a molecule highly and consistently expressed on malignant Hodgkin Reed-Sternberg cells (82, 87, 96), (iv) the CD33 molecule expressed on acute myeloid leukemia blasts (96), as well as (v) the CD123 molecule (90).

The transduction of VST is often the most critical step of the manufacturing process (Table 3). Retroviral vectors have been widely used because of their ability to integrate transgenes effectively into the host genome. Retronectin-coated-plates are usually employed to enhance virus and cells contacts, with spinoculation utilized to maintain virus adherence and contact. A large range of transduction efficiency is described in the literature, extending from 10.2% in the first studies to 75%. Increased transgene expressions are observed over time in culture, following restimulations (87), or when transduction is performed early (3 days) after the first stimulation of VST generated with coculture method (84). Lentiviral vectors have also been used and they offer the advantage of transducing both dividing and non-dividing cells, enhancing the flexibility and efficiency of CAR-VST manufacturing. Only one team has described results of CAR-VST produced thought a lentiviral transduction, with increased CAR expression from 8% to 46% after 2 rounds of stimulation (N=3) in a first study and 27.0 ± 14.2% CAR (N=9) in their second study (92, 93).

Table 3 | CAR-VST manufacturing: transduction strategies.
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Transposon systems and electroporation have also been employed as virus-free transduction methods. Nakazawa et al. implemented the Piggy bac-transposon system for transducing EBVST, achieving 47.9% ± 15.5% transduction efficiency for HER2-CAR (N=3) (85). Electroporation, thought electric pulses to introduce DNA into cells, offers a rapid and versatile approach for CAR transduction. Cooper et al. also used electroporation to transduce MP1-specific T cells with a CD19.CAR plasmid, achieving 96% CAR expression (N not specified) (91).

In summary, each transduction method has its unique advantages and challenges. Retroviral and lentiviral vectors are highly efficient but can raise safety consideration related to insertional mutagenesis. Moreover, rare T-cell malignancies were reported from autologous marketed CAR-T cells without evidence of the correlation with integration of the CAR transgene (103, 104) or with derived clonal hematopoiesis (105).While transposon systems are of interest as they provide stable gene integration without the theoretical risks associated with viral vectors, it is important to note the potential risks of malignant transformation associated with both virally transduced and transposon-generated CAR T cells (106).




5.1.3 In vitro evidence of bi-specific functionality of CAR-VST

The functional activity of CAR-VST is critical for their therapeutic efficacy. This section summarizes the functional assays and outcomes across the previously mentioned studies, focusing on common results and comparable methodologies.

Preclinical studies show that CAR-VST efficiently lyse tumor cells expressing the targeted tumor antigen, underscoring specific MHC-independent killing. This is true across various CAR, including CD30, GD2 and HER2. Specific lysis rates can vary, but highly enhanced killing compared to non-transduced VST or those targeting irrelevant antigens is consistent. For example, Savoldo et al. and Tanaka et al. reported around 50-58% lysis rates at 20:1 E/T ratio against tumor cells expressing the CAR-targeted antigens and against virus infected cells (see below) (82, 89). Thus, CAR-VST exhibited the dual capacity to lyse both types of targets effectively in cytotoxicity assays. Blocking experiments with monoclonal antibodies against the CAR-targeted antigen confirmed the specificity of the CAR-mediated killing (81, 82, 96). In addition, these CAR-VST did not exhibit cytotoxicity against autologous healthy cells or “non infected” cells (82). Several studies reported that CAR-VST maintained their cytotoxic and cytokine-secreting capabilities over extended culture periods. For instance, Savoldo et al., and Landmeier et al., observed stable and potent antitumor activity in long-term co-cultures (45 days), with CAR-modified T cells effectively eliminating tumor cells and proliferating in response to antigen exposure (82, 95). In addition, it was demonstrated that CAR-VST retained the ability to secrete multiple effector molecules, such as IFNγ, granzyme B and TNF-α, upon activation. Studies by Quach et al., Dutour et al., and Landmeier et al., demonstrated that the poly-functionality of these CAR-VST is preserved post-transduction, indicating that CAR expression does not compromise their broader immune functions (87, 95).

CAR-VST also demonstrated effective lysis of virus-APC, comparable to non-transduced VST targeting the same viruses. For instance, EBVST transduced with CAR retained their ability to lyse EBV-infected cells, showing overall comparable efficiency compared to non-transduced VST. For example, in studies by Rossig et al., and Savoldo et al., CAR-VST lysed autologous LCL effectively, maintaining their MHC-restricted killing capacity (81, 82). This dual functionality of CAR-VST was confirmed by their ability to produce IFN-γ either in ELISPOT assays and intracellular cytokine staining and to proliferate either upon stimulation with specific viral peptides or CAR-targeted tumor cells (90, 93). However, this capability was not consistently observed across all studies. Rossig et al. and Savoldo et al. reported that CAR stimulation alone was inadequate to maintain T cell proliferation and expansion (81, 82). Similarly, Landmeier et al. observed that CD19-CAR-VST did not expand after stimulation with a CD19+ cell line (95).

Overall, CAR-modified VSTs exhibit robust dual functionality, effectively targeting both virus-infected and tumor cells through their TCR and CAR engagement, respectively. These cells maintain their cytotoxicity and cytokine production, making them safe and potent agents for adoptive immunotherapy. However, the proliferation of CAR-VSTs appears to be suboptimal after CAR engagement only, suggesting that their expansion may depend on additional factors, like the presence of adequate costimulatory molecules.




5.1.4 In vivo evidence of antitumor efficacy of CAR-VST

In vivo evidence of tumor lysis has been assessed in immunocompromised mice models like SCID mice (82, 85) and more recently in NOD SCID mice (96), usually, relying on a FFluc or GFP-FFluc labeled-tumor cell line expressing the antigen of interest. Tumors have been engrafted either intraperitoneally, intra-tumor or intra-venously, with mice receiving CAR-VST or non-transduced VST as a negative control at tumor progression, following the same delivery routes. A study showed that CAR-VST effectively controlled tumor progression for more than two weeks (82) and this protection was further enhanced when they received additional costimulation from autologous EBV-LCL. In contrast, mice receiving control EBVST showed increased tumor growth regardless of costimulation. Similar issues were observed in the other studies. For example mice treated with HER2.CAR-VST had a significantly longer survival, in a brain tumor model (85). In another study, CAR-VST could also be identified by immunohistochemistry at the tumor site, indicating their ability to localize at the tumor and affect the tumor microenvironment (96). Similarly, Savoldo et al., used VST transduced with the GFP-FFluc vector for in vivo tracking and showed that both non-transduced (NT-) and CD30.CAR-EBVST localized at the tumor site by day 7 post-infusion and expanded significantly over the next two weeks. This expansion was confirmed to be antigen-dependent, as the bioluminescence signal was significantly lower in mice with EBV+ HLA-mismatched tumors. Although immunodeficient mice have limitations, such as not allowing the study of VST interactions with other immune cells, they offer strong evidence of the potency and dual potential of these cells when humanized.





5.2 Strategies to improve CAR-VST functions



5.2.1 Role of endogenous TCR signaling

Signaling through the native TCR/CD3 complex is crucial for the robust activation of CAR-VST. The engagement of the TCR with its specific antigenic peptide presented by MHC molecules on APCs provides a strong and physiologically relevant activation signal. This signaling pathway ensures that T cells, including CAR-VST, maintain their antigen specificity and effector functions. Moreover, some studies have demonstrated that activation of CAR-VST through the CAR alone, although promoting effective antitumor activity, does not fully recapitulate proliferation that occurs through the TCR engagement. In the following section, we will summarize these findings, highlighting the differences in signaling outcomes between CAR and TCR activation.



5.2.1.1 Importance of native TCR signaling for CAR-VST proliferation and expansion

Rossig et al., demonstrated that stimulation through the CAR alone was not sufficient to maintain proliferation and expansion of CAR-VST beyond four weeks (81). This proliferative deficit could however be overcome by stimulation with autologous EBV-LCL, highlighting the need for native TCR engagement for sustained CAR-VST activity. Savoldo et al., confirmed that VSTs stopped proliferating and progressively died when restimulation with LCL and IL-2 was halted, ruling out any potential for autonomous growth (82). Landmeier et al., reported that repeated stimulation with VZV lysates resulted in robust proliferation of CAR-VST whereas exposure to tumor target cells failed to induce similar proliferation (95). The requirement for continuous antigen and cytokine stimulations to maintain CAR-VST proliferation further emphasize the importance of the TCR signaling pathway.




5.2.1.2 Impact of native TCR signaling on CAR-VST functionality

Beyond proliferation, different functional improvements were observed secondary to viral triggering. Specifically studies with CAR-VST after TCR engagement have demonstrated: (i) an increased expression of the CAR (85), both in CD4+ and CD8+ populations (84), (ii) an enhanced anti-tumor activity (92, 93), and (iii) a rescue of anti-tumoral dysfunction (89). Specifically, Tanaka et al., showed that VZV pepmix-loaded DCs could restore the antitumor activity of GD2.CAR-VZVSTs rendered dysfunctional by the tumor, suggesting that VZV vaccination could be leveraged to recover the function of CAR-VST cells through TCR stimulation.

In conclusion, the CAR and native TCR cooperate in enhancing the therapeutic potential of CAR-VST by ensuring robust and sustained immune responses. Specifically, the native TCR signaling is essential for the providing survival, proliferation, and expansion of CAR-VST.





5.2.2 Use of costimulatory domains (CD28, 4-1BB)

The native TCR/CD3 complex, upon engagement with its cognate antigen, provides the primary activation signal (Signal 1). However, a second signal (Signal 2) mediated by costimulatory molecules such as CD28 or 4-1BB is required for full activation, and to avoid anergy or apoptosis. Cytokines production (Signal 3) is also crucial to maintain T cell proliferation and survival. Thus, the coordinated sequence of these signaling paths is pivotal for the function of T cells in general and of CAR T cells in particular.

The role played by signal 2 has been clearly demonstrated with VST. EBVST expressing the GD2-CAR (first generation) outperformed CAR T cells lacking costimulatory endodomains, highlighting the critical role of costimulation in enhancing T cells efficacy. With the incorporation of costimulatory endodomains into CARs for T cells becoming standard of practice, second generation CARs have also been used to transduce VST.

Altvater et al., formally compared in EBVST effector memory T cells first and second generation CARs, namely GD2.ζ and GD2.CD28ζ CAR (94) and observed similar dual cytotoxicity and comparable IFN-γ secretion. Interestingly no expansion of CAR-VST in response to antigen-expressing tumor cells was observed.



5.2.2.1 CD28 versus 4-1BB

While the optimal costimulatory signal remains a topic of discussion, the majority of CAR-VST reported to date include a single CD28 co-stimulatory molecule. The report by Omer et al. is currently the only study that compares CD28 and 41BB signals in CAR-VSTs (86). The study evaluated in VZVST and EBVST first and second-generation GD2.CAR containing costimulatory endodomains derived from 4-1BB or CD28. The team found that a GD2.CAR containing both CD28 and CD3ζ chain (GD2.CD28ζ) significantly enhanced the function of CAR-VST compared to GD2.CAR containing 4-1BB and ζ (GD2.4-1BBζ) or ζ alone (GD2.ζ). Specifically, GD2.CD28ζ CAR-VST exhibited higher proliferation and cytokine secretion in response to TCR stimulation, and better expansion when stimulated through the CAR. In contrast, transduction of EBVST and VZVST with GD2.4-1BBζ or GD2.ζ halted their proliferation and function. The frequency of viral antigen-reactive T cells decreased in GD2.ζ and GD2.41BBζ VSTs, indicating T cell dysfunction rather than a loss of antigen-specific T cells. GD2.ζ and GD2.41BBζ VSTs exhibited also higher frequencies of apoptotic cells and increased Fas expression compared to NT controls and GD2.CD28ζ-transduced VST. Moreover, GD2.4-1BBζ VSTs displayed a marked downregulation of the TCR α/β-chains, associated with a decreased response to viral antigens. This downregulation was paralleled by an increased cell size and a higher CD25 expression, indicating activation. The study found a strong correlation between the expression of activation markers and TCR α/β downregulation. Similarly, CD28 co-stimulation appeared crucial for optimal expansion and function of VST transduced with a different CAR (CD19.CAR).

Regarding the choice of costimulation molecules for effective activation, it should be noted that authorized CAR-T cell therapies mainly use the 4-1BB costimulation domain rather than CD28. 4-1BB, featured in commercial CAR-T products like Kymriah® and Breyanzi®, is known for promoting T cell persistence and a long-term memory phenotype, which is crucial for sustained antitumor activity. Conversely, CD28, used in Yescarta® and Tecartus®, is associated with rapid, potent T cell activation and functional cytotoxicity that leads to immediate tumor reduction but may also result in quicker T cell exhaustion. Even if the choice seems to depend on balancing the need for immediate efficacy versus long-term durability, there is no consensus CD28 or 41BB being the best costimulatory molecule (107, 108). Preclinical studies suggest that CD28-based CARs induce greater cytokine release compared to 4-1BB-based CARs, both domains confer similar antitumor activity in mouse models. Clinically, CAR-T cells with either domain have shown high efficacy in treating relapsed hematological malignancies, with no significant differences in antitumor activity. However, large clinical trials have reported higher rates of neurological toxicities with CD28, likely due to other factors. Further investigations should focus on directly comparing these costimulatory domains while controlling for confounding variables.





5.2.3 Characterization of the final product



5.2.3.1 TCR repertoire

While CAR expression introduces a new antigen specificity to T cells, it does not alter their existing TCR repertoire. Thus, the TCR diversity originally present in the VST is maintained. The engineering process does not promote the expansion of a single clone; rather, it adds a new receptor to an already diverse set of T cells. Maintaining a polyclonal TCR repertoire in CAR-VST is essential for their effectiveness against diverse antigens.

Nakazawa et al., demonstrated that HER2.CAR-VSTs retained a polyclonal TCR repertoire, as shown by GeneScan analyses, which revealed typical polyclonal patterns for TCRβ and TCRγ regions (85). Similarly, Wang et al., showed that neither CMV-specific TCR isolation nor CD19.CAR engineering resulted in clonal expansion, thereby preserving their broad Vβ usage (92, 93). This diverse TCR repertoire ensures that CAR-VSTs can target a wide array of antigens, which is essential for maintaining an effective and versatile immune response.




5.2.3.2 CD4 and CD8 cells

As previously mentioned, VST generated through culture or sorting methods, typically consist in a polyclonal population that includes both CD4+ and CD8+ T cell subsets, which are important for the sustained antitumor and antiviral efficacy of the CAR-VST products. CD8+ T cells serve as the cytotoxic arm, directly eliminating target cells while CD4+ T cells provide essential helper functions, boosting the activation, proliferation, and survival of CD8+ T cells. In this way, authors showed important variations of the CD4+/CD8+ ratio in the final CAR-VST products, probably depending on the viral infection status of the donor. Furthermore, it is worth noting that some studies have demonstrated that a high CD4/CD8 CAR ratio, in autologous CD19 CAR T cell products, is associated with poorer post-CAR T outcomes (109). Interestingly, VST products for CMV and EBV are generally CD8 dominant (110, 111), which aligns with the potential therapeutic benefits of a lower CD4/CD8 ratio, supporting better outcomes in this context.




5.2.3.3 Inducing naive and memory cells

Multiple studies have shown that CAR-VSTs predominantly exhibit effector memory phenotype, which is linked to their capacity for rapid response upon antigen re-exposure (90, 94, 95). As mentioned previously, the methods used for the generation of VST (co-culture or isolation of IFNγ secreting cells) lead to the enrichment in mature T cells. Moreover, the expansion of CAR-VST after transduction, skew their maturation of T cell subsets. A study highlighted the differences in memory potential based on the timing of CAR transduction (84). Early-transduced VST (day 3) had a higher percentage of Tcm (CD62L+ CCR7+), suggesting greater memory potential and better therapeutic efficacy compared to late-transduced VST (day 19), which were more differentiated and potentially less effective in the long term. However, it was also suggested in another study that TCR stimulation promotes a more favorable phenotype for long-term function and persistence. Indeed, CD19.CAR-CMVST, when stimulated through their native TCR with pp65pepmix-loaded autologous PBMCs, exhibited higher expression of genes linked to persistence and memory, such as KLF2, TCF7, and Lef1, compared to CAR stimulation alone (93). Optimized expansion protocols must be developed to promote the growth of less mature subsets.

Two unexplored aspects of CAR-VST optimization deserve attention: modulating the effector-to-memory phenotype and adjusting cellular metabolism to support long-lived memory subsets. Currently, CAR-VST products predominantly exhibit a Tem phenotype, irrespective of the production approach. Investigating the shift of this phenotype toward more immature subsets (Tcm or even Tscm) could enhance therapeutic durability and efficacy. This approach has been little explored except by using IL7-IL15 cytokine-cocktail and only within the context of CAR-T cells (112–114). Additionally, favoring a metabolic profile that promotes oxidative phosphorylation could help maintaining a Tcm or Tscm profile, as it is under investigation for CAR-T cells, potentially supporting sustained persistence and antitumor functionality (115–117). While studies on these approaches are lacking within the CAR-VST framework, they offer promising directions for future research.




5.2.3.4 Exhaustion markers

In addition to an optimal memory phenotype, the expression of exhaustion markers is being evaluated to generate less exhausted cells, for a better long-term survival. Exhaustion markers such as PD-1, LAG-3, and TIM-3 are typically upregulated in T cells that have been exposed to chronic antigen stimulation, leading to a decline in their functional capacity. However, Wang et al., found that CD19.CAR-CMVST cells did not display elevated levels of exhaustion markers following TCR stimulation (93). Similarly, Landmeier et al., observed that expanded VZVST maintain a robust memory phenotype (95), further supporting the potentials of CAR-VST for prolonged therapeutic applications.





5.2.4 Suicide gene as a safety system

In efforts to manage the safety of allogeneic CAR-VST therapies and control unforeseen toxicities, several approaches to control and eliminate these cells have been tested. Two notable strategies include the use of the inducible caspase-9 (iCasp9) suicide gene and cetuximab-mediated antibody-dependent cellular cytotoxicity (ADCC).

The first strategy allows for the selective induction of apoptosis of transduced cells upon administration of a small molecule dimerizer, effectively eliminating the CAR-VST in the event of severe toxicity or off-target effects. Caruana et al., demonstrated the incorporation of the iCasp9 suicide gene in CAR-VST (83). The second strategy take advantage of expressing a truncated version of the epidermal growth factor receptor (EGFRt) for cells to be targeted and eliminated by cetuximab, a monoclonal antibody that induces ADCC. However, studies suggest that the truncated EGFR system may have limited efficiency as a safety switch in the context of neutropenia (118). Furthermore, alternative systems, such as those based on CD20 mimotopes, have also been explored as potential elimination markers, offering additional safety mechanisms (119, 120). Wang et al., explored the use of cetuximab-mediated ADCC as a safety mechanism for CAR-VST (93).




5.2.5 Vaccination

An added feature of CAR expressed on VST is the possibility to leverage on the naïve TCR for prolonged persistence. Restimulating CAR-VST with the appropriate vaccine represents a promising approach to control persistence and functionality of CAR-VST. Several groups have studied this synergy. By using home-made (i.e. influenza virus) or existing vaccines (CMV or VZV vaccines) to stimulate the native TCR, several teams showed continuous activation and expansion of CAR-VST, maintaining their expansion and effector functions while preventing exhaustion. Indeed, Wang et al. reported significant increase in the frequency of human T cells and CAR+ CMVpp65-tetramer+ bispecific T cells in vaccinated mice compared to controls (92). For instance, human T cells in pp65-challenged mice reached 5.6% ± 2.6%, compared to only 0.3% ± 0.1% in controls. These bispecific T cells were also more abundant in the spleen, indicating a potential homing property. Landmeier reported that CAR-VZVST re-expanded after re-exposure to booster doses of a VZV vaccine (95). Moreover, vaccine could sustain antitumor effects in a relapsed tumor model, indicating that the vaccine could maintain the efficacy even after initial tumor progression (92) and could lead to a higher rate of complete tumor clearance with improved survival outcomes of mice compared to the one treated with CAR-VST alone (91). Similarly, in the CMV-vaccine murine model of Caruana, 47% of mice were tumor-free in the vaccinated group, compared to only 12% in the control group (83). However, one study also highlighted a potential risk of cytokine release syndrome (CRS), evidenced by significantly elevated levels of human-specific IFN-γ and IL-6 in the serum of mice (92). In this study, Caruana et al., explored another way to enhance expansion and proliferation of CAR-VST. They investigated the role of CD40L and OX40L, ligands of 2 molecules, CD40 and OX40, expressed on activated T cells and implicated in the immunological synapse to boost APCs. They transduced K562 cells with lentiviral vectors encoding either human CD40L or OX40L or pp65/eGFP or the combination CD40L/pp65 and OX40L/pp65. They generated GD2.CAR-CMVST with CD28 co-stimulation molecule. They observed cooperation between CD40L, OX40L and pp65 antigen presentation, significantly enhancing the activation and antitumor responses of the CAR-VSTs in vivo (n=8) in a murine model of xenogenic tumor, thanks to the induction of APC maturation upon antigen processing.




5.2.6 Immunogenicity et alloreactivity

The limited alloreactive repertoire of VST is the base for CAR-VST to provide effective antitumor activity without inducing severe GvHD, even when derived from partially HLA-matched donors (6, 71, 72).

However, in an allogeneic context, CAR-VST remain targetable by the recipient cells, undermining the long-term persistence and thus efficacy of an infused product. A recent in vitro study has proposed an original strategy to prevent recipient T cell-mediated killing of CAR-VST (87). Because CD30, in addition to its expression by tumors cells in Hodgkin lymphoma, anaplastic large cell lymphoma and human T cell leukemia virus type 1 + T cell lymphoma, is an activation marker highly upregulated by alloreactive T cells its targeting through a CAR could promote an anti-tumoral effect while at the same time eliminate recipient alloreactive T cells. CD30.CAR-EBVST have been tested in a Mixed Lymphocyte Reaction (MLR) co-cultured with allogeneic PBMC or primed alloreactive T cells (p-ART) to simulate an alloreactive immune response. Non-transduced (NT) EBVST and CD30.CAR-EBVST were eliminated while CD30.CAR-EBVST persisted, expanded and prevented p-ART expansion.






6 Clinical translation of CAR-VST

The following section evaluates the feasibility, safety profile and efficacy of CAR-VST in clinical settings.



6.1 Feasibility

Clinical trials have demonstrated the feasibility of manufacturing CAR-VST products at clinical scale level. For instance, in the MULTIPRAT clinical trial (NCT00840853) HLA compatible CAR-VST were generated in a GMP compliant grade from an allo-SCT donor and infused into patients with relapsed B-cell malignancies post-allo-SCT (N=8) (68). This first clinical trial ensured safety and reproducibility of the generation of CAR-VST for clinical applications.

In the study by Quach et al., a bank of seven CD30.CAR EBVST lines was successfully generated (66). Further research by Sun et al., optimized the production process by incorporating early transduction techniques (84). This optimization process ensured that a higher proportion of T cells maintained central memory phenotypes, crucial for long-term persistence and efficacy. This Good Manufacturing Practice manufacturing process is currently applied for two clinical trials (NCT00840853/MULTIPRAT and NCT01460901/STALLONe). The HERT-GBM trial also showed successful manufacturing of 16 products for all the treated patients.

Overall, studies showed that manufacturing process successfully generated CAR-VST that met all release criteria, including viability, transduction efficiency and sterility. However, the scalability of the CAR-VST manufacturing process remain a significant challenge, as current clinical trials have only been conducted with small cohorts of patients. Expanding production to treat larger patient populations will require overcoming substantial logistical and technical hurdles. Advances in cell therapy manufacturing, such as automated culture systems and standardized protocols, may mitigate these challenges.




6.2 Safety of CAR-VST

The safety of CAR-VST has been a central focus in clinical research, with early-phase trials such as NCT00840853 showing a favorable safety profile for donor-derived CD19.CAR-VST, with no reported infusion-related toxicities or cases of GvHD. The CAR-VSTs persisted in patients for a median of 8 weeks in the blood and up to 9 weeks at disease sites, all without inducing significant adverse events (68). In the trial NCT04288726, which investigated CD30.CAR-EBVST, the safety of allogeneic CAR-VSTs was further confirmed in 14 patients. The study observed minimal severe adverse effects, with only a few instances of reversible grade 4 cytopenia and mild CRS, which resolved without intervention. Importantly, no cases of GvHD were reported, even in patients who received multiple infusions, including those with HLA mismatches products (66). The absence of GvHD maybe attributed to the fact that alloreactive recipient T cells would upregulate the CD30 molecule, which would be also targeted by the CAR. Consequently, no immediate rejection of CAR-VST by recipient T cells was observed even after multiple infusions.

Overall, CAR-VST therapies have demonstrated a consistently favorable safety profile with minimal severe toxicities. Most of the trials reported no infusion-related toxicities, with manageable adverse effects resolving without treatment. A significant advantage of CAR-VST is their reduced risk of GvHD, as these VST are less likely to cause off-target effects. This safety profile makes CAR-VST a potentially safer alternative to conventional CAR-T, especially in allogeneic settings.




6.3 Efficacy of CAR-VST

The efficacy of CAR-VST has been investigated as secondary endpoint of few clinical trials. In the NCT00840853 reported by Cruz et al., efficacy of donor-derived CD19.CAR-VST in the treatment of B-cell malignancies that have relapsed post-allo-SCT (68). This Phase 1 study involved eight patients treated with escalating-doses of allogeneic CAR-VST infused 3 months to 13 years post-HSCT. Objective antitumor effects were observed in 2 out of 6 patients with active disease, and 2 additional patients remained disease-free after receiving the therapy while in remission. One patient relapsed after 4 months and a second developed a Richter syndrome after 8 weeks. The CD19.CAR-VST demonstrated a modest persistence of 8 weeks in the blood and transgene was detectable until 12 weeks. In cases of viral reactivation, CAR-VST expanded, highlighting the role of natural infection/virus reactivation as potential mechanism to boost CAR-T cell numbers in vivo. No expansion of CAR-VST was observed with AdV positive viremia for one patient. In this study, viral reactivation was less frequently observed because of the cell infusion occurring, for some patients, long after allo-SCT. In the study of Lapteva et al., the role of TCR stimulation in enhancing the expansion and function of single-dose CD19.CAR-VST was specifically investigated, particularly in the absence of prior cytoreductive chemotherapy, in patients in remission of B-cell ALL with no evidence of minimal residual disease (97). In absence of viral reactivation (N=5), CAR-VST did not expand. In contrast, in patients who experienced viral reactivation (N=3), there was an outstanding expansion of CAR-VST up to 30,000-fold. Interestingly, only EBV reactivated. This led to effective depletion of CD19+ B cells and suggests that viral reactivation plays the role of a potent trigger for CAR-T cell expansion, avoiding the need for cytoreductive chemotherapy in some cases and even in absence of MRD. Five out of 8 patients remained in remission 42 to 60 months post-treatment, with EBVST still detectable. A similar observation was reported by Rossig et al. in the CD19TPALL trial (NCT01195480) (102). The aim of this multi-center phase I/II study was to determine if EBV-directed vaccination could improve the persistence and efficacy of CD19.CAR-EBVST in pediatric ALL with molecular relapse post first allo-SCT, or prophylactically post-second allo-SCT. Overall, at one-month post-infusion, 5 out of 11 treated patients achieved CR, with 1 de novo CR and 4 in CR for a 12-months follow up. One patient achieved PR, demonstrating some degree of antitumor activity. Three patients maintained a stable disease (SD) for 8 weeks to 29 months while 3 patients showed no response to the treatment, highlighting variability in therapeutic efficacy. However, at a median follow-up of 12 months, 10 out of 11 patients relapsed, with three patients remaining alive (two with disease and one in CR for three years). Median persistence of CD19.CAR-EBVST was improved significantly with vaccination directed with EBV antigens: 0 day (range: 0-28) without vaccination compared to 56 days (range: 0-221) with vaccination (P=0.06).

As mentioned before, other targets than CD19 were also investigated in early phase clinical trial. Quach reported a trial studying CD30.CAR-EBVSTs in patients with CD30+ lymphomas. Fourteen patients with r/r Hodgkin’s lymphoma were treated using escalating doses of CD30.CAR-EBVSTs. Thirteen patients among fourteen were evaluable for responses. The overall response rate was 69.2%, with 5/10 patients achieving CR and 4 patients achieving PR. The efficacy appeared dose-dependent, with higher response rates observed at higher dose levels. This suggests that the therapeutic potential of these CAR-VSTs may be optimized by adjusting the dosing regimen (98). The durability of responses varied, with some patients achieving long-term remission. For instance, patient 10, who had bulky disease, responded to three separate infusions from the same donor line, indicating that repeated administrations can maintain or enhance therapeutic efficacy. The study proposed several explanations for the rapid disappearance of circulating cells, including elimination by alloreactive T cells, short-life cells or residency at the tumor sites.

As a summary, the clinical trials conducted on CAR-VST therapies have demonstrated both the feasibility and safety of this approach in treating various malignancies. These studies highlighted that CAR-VSTs can be successfully manufactured in early-phases to meet clinical-grade standards. Safety was attested by few adverse events of low grade and absence of GvHD. However, the efficacy of CAR-VST therapies has shown variability across different trials and patient populations. While some patients have achieved complete remission and long-term survival, others have experienced disease progression or relapse, indicating that the current efficacy of CAR-VST therapies is not uniform. Factors such as the persistence of CAR-VSTs in the blood, their expansion in response to viral reactivation, and their residency at tumor sites are critical to achieve sustained antitumor activity. Long-term efficacy was associated in some trials with the potential of combining TCR and CAR stimulation to enhance the durability of CAR-T cell responses, and the importance of concomitant TCR stimulated by viral antigens. The reported studies suggest that enhancing the durability and expansion of CAR-VSTs, particularly through strategies like viral reactivation or vaccination, could improve therapeutic outcomes.

Moving forward, optimizing the manufacturing process to ensure a higher proportion of Tcm, exploring vaccination strategies that enhance CAR-VST persistence and define dose regimens are key areas that could improve the efficacy of CAR-VST therapies. Additionally, expanding these trials to larger cohorts will be essential to fully understand the therapeutic potential and to refine the approach for broader clinical application.





7 Conclusion and perspectives

In recent years, VSTs have emerged as a promising platform for CAR-T cell therapy, following a period of reduced interest in the field. This resurgence is largely driven by the evolution of understanding of VST biology and the development of more refined techniques for their genetic modification and expansion. The use of CAR-VSTs offers a unique advantage due to the inherent antiviral properties of VSTs, which may enhance the persistence and functionality of the engineered T cells in a therapeutic setting. Although we reported academic experiences of CAR-VSTs, pharmaceutical companies are also developing their own program with CAR-VSTs. Indeed, Atara Biotherapeutics, under the guidance of Pierre Fabre, has been at the forefront of developing EBVSTs for treating EBV-associated malignancies. Their product, Ebvallo® (tabelecleucel), approved by EMA is the first allogeneic T-cell immunotherapy for EBV-positive post-transplant lymphoproliferative disease (EBV+ PTLD). This disease commonly affects transplanted patients who receive immunosuppressive drugs to prevent graft rejection or GvHD. Ebvallo® is used as a monotherapy for this rare lymphoproliferative disease, involving stored EBVSTs generated from immunized healthy donors. The therapy has an orphan drug status in Europe. According to recent studies, tabelecleucel has shown a clinical benefit in patients with r/r EBV+ PTLD, a population with few treatment options, while maintaining a favorable safety profile (121–123). Atara Biotherapeutics is currently developing an allogeneic CAR-EBVST incorporating CD28 and an additional costimulatory molecule. Future clinical investigations will give some insight about the long-term efficacy and safety of this promising therapy.

Despite these advances, the application of CAR-VSTs in an allogeneic setting presents significant challenges, particularly the risk of rejection. While CAR-VSTs have shown promise in a directed allogeneic context—where donor cells are partially matched to minimize immune incompatibility—off-the-shelf allogeneic CAR-VSTs face substantial hurdles due to the risk of rejection. To mitigate these risks, strategies such as targeting CD30, which is expressed on both tumor cells and activated immune cells, including alloreactive T cells, have been explored. This dual-targeting approach could potentially reduce the risk of rejection while maintaining antitumor efficacy. Another avenue being investigated is the genetic deletion of HLA molecules to make universal CAR-VSTs that are less likely to be rejected by the host immune system. Several studies have highlighted the feasibility of this approach, demonstrating that CAR-T cells with deleted HLA molecules can evade alloreactive immune responses, though this strategy is still in the early stages of development (4, 124).

In conclusion, CAR-VSTs are gaining renewed interest as a promising off-the-shelf immunotherapy option, primarily due to their ability to avoid GvHD and their potential for long-term persistence through viral restimulation. While these features make these cells particularly attractive, the challenge of rejection in HLA-incompatible settings remains a significant hurdle. Future research will need to focus on overcoming this barrier, potentially through innovative strategies like HLA deletion, to fully harness the therapeutic potential of CAR-VSTs in allogeneic contexts.
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Glossary

AdV Adenovirus

AdVST Adenovirus specific T cell

AEMPS Spanish Agency of Medicines and Medical Devices

ALL Acute Lymphoblastic Leukemia

Allo-SCT allogeneic hematopoietic stem cell transplantation

APC Antigen Presenting Cell

ATMP Advanced Therapy Medicinal Product

B2M β-2-microglobulin

CAR Chimeric Antigen Receptor

iCas9 inducible CRISPR associated protein 9

CD Cluster of differentiation

CMV Cytomegalovirus

CMVST Cytomegalovirus Specific T cell

CIK Cytokine-Induced killer

CRS Cytokine release syndrome

CRISPR clustered regularly interspaced short palindromic repeats

DC Dendritic Cell

DNA Deoxyribonucleic acid

DNT Double Negative T cell

EBV Eptein Barr Virus

EBVST Eptein Barr Virus Specific T cell

EGFRt truncated Epidermal growth factor receptor

EMA European Medicine Agency

EU European Union

FDA Food and Drug Administration

GD2 disialoganglioside

GR Graft Rejection

GvHD Graft versus Host Disease

HGBL high-grade B-cell lymphoma

HLA Human Leukocyte Antigen

IFN-γ Interferon gamma

iNKT invariant Natural Killer T cell

iPSC Induced pluripotent stem cell

KIR Killer cell immunoglobulin-like receptor

KO Knock-out

LAG-3 Lymphocyte-activation gene 3

LCL Lymphoblastoid Cell Line

MAIT Mucosal-Associated Invariant T cell

MHC Major Histocompatibility Complex

MP-1 influenza A Matrix Protein 1

MRD Minimal residual disease

NK Natural Killer cell

ORR Objective Response Rate

p-ART primed Alloreactive T cells

PBMC Peripheral Blood Mononuclear Cell

PD-1 Programmed cell death 1

PTLD Post-transplant lymphoproliferative disorder

rhIL recombinant human Interleukin

r/r Refractory or relapse

scFv Single Chain Fragment Variable

shRNA Small hairpin RNA

SOT Solid Organ Transplantation

TALEN Transcription Activator-Like Effector Nuclease

Tcm Central memory T subset

TCR T Cell Receptor

Tem Effector memory T subset

TIM-3 T cell immunoglobulin and mucin domain-containing protein 3

TNF-α Tumor Necrosis factor-Alpha

TRAC T cell Receptor Alpha Constant

Tscm Stem cell memory T subset

UCB Umbilical cord blood

VST Virus Specific T cell

VZV Varicella Zoster Virus

VZVST Varicella Zoster Virus Specific T cell

ZAP70 Zeta Chain of T Cell Receptor Associated Protein Kinase 70

ZFN Zinc Finger Nucleases
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Background

Anti-Thymocyte Globulin (ATG) is commonly used to prevent graft-versus-host disease (GVHD), but the optimal dosage and type of ATG remains to be determined.





Objective

We compared retrospectively the safety and efficacy outcomes of allogeneic transplantation using low-dose ATG-Fresenius (15mg/kg) and ATG-Thymoglobulin (10mg/kg) for GVHD prevention.





Study design

Ninety-eight patients were included, with 46 in the ATG-T group and 52 in the ATG-F group. The median age was 48 years in the ATG-T group (range 20-71) and 50 years in the ATG-F group (range 18-73). Baseline characteristics were similar, with slightly more HLA mismatched donors and single-agent cyclosporine GVHD prophylaxis use in the ATG-T group. Additionally, the ATG-F group had more myeloid leukemia and myelodysplastic syndrome patients, while the ATG-T group had more lymphoma patients.





Results

The cumulative incidence of acute GVHD (aGVHD) grade II-IV and chronic GVHD (cGVHD) showed no significant differences. Multivariate analysis indicated that donor HLA mismatch influenced aGVHD risk significantly (p=0.005), and myeloablative conditioning increased cGVHD risk. Bacteremia and CMV reactivation rates were similar, but EBV DNA viremia was higher in the ATG-T group (22% vs. 8%, p=0.047), with one case of Post-Transplant Lymphoproliferative Disorder (PTLD) in the ATG-T group. Cumulative incidence of overall survival (OS), relapse incidence, non-relapse mortality (NRM) and GVHD free, Relapse free Survival (GRFS) did not significantly differ.





Conclusions

This study highlights the safety and efficacy of low-dose ATG-F compared to a relatively high dose ATG-T. Prospective studies are necessary to validate the safety and efficacy of low dose ATG-F for GVHD prevention.





Keywords: ATG Fresenius, ATG thymoglobulin, allogenic bone marrow transplantation, acute GVHD, chronic GVHD





Introduction

Anti-Thymocyte Globulin (ATG) is frequently employed in the prevention of Graft Versus Host Disease (GVHD) as well as graft failure. It functions as an immunoregulator by attaching to T-cells and various other immune system cells (1). Among available ATG sera are ATG-Thymoglubolin (ATG-T, Sanofi Genzyme, Cambridge MA), derived from rabbit vaccination with human thymocytes, and ATG-Fresenius (ATG-F, Neovii, Rapperswil, Switzerland, ATG Fresenius®), derived from the human Jurkat T-cell line. While numerous clinical studies have demonstrated the effectiveness of each of these agents individually (2–8), there is a paucity of studies directly comparing the two agents. Furthermore, the variability in dosing regimens adds complexity to the comparison between these treatments.

The optimal dosage of ATG for GVHD prophylaxis displays variability, as demonstrated in multiple studies. An in-depth analysis of ATG formulations has unveiled distinctions in the targeted antigens between ATG-Fresenius and Thymoglobulin, potentially contributing to variations in their immunomodulatory capabilities (9). Since ATG-F recognizes a more limited spectrum of antigens, higher doses are used to achieve adequate immunomodulation compared to ATG-T. Additionally, it has been observed that different ATG products exhibit differing clearance rates, further influencing their immunomodulatory effects (10). Furthermore, the significance of patient-specific factors, such as absolute lymphocyte counts (ALCs), has been underscored, with individuals possessing lower ALCs being susceptible to receiving excessive ATG doses, resulting in profound T-cell depletion and inferior outcomes (11). These findings shed light on just a subset of the factors contributing to differences in these two formulations and their respective dosing regimens.

Reported ATG-T doses ranges from 2.5 to 10mg/kg (12). High doses of ATG-T (15mg/kg) compared to no ATG have been shown to reduce the incidence of acute GVHD (aGVHD) (50% vs. 11%, p=0.001) and chronic GVHD (cGVHD) (62% vs 39%; P =.04), while exposing the patients to a higher incidence of lethal infections (30% vs 7%, p=0.02) [3]. Lower doses of 4.5 mg/kg (again compared to no ATG) in patients who underwent hematopoietic stem cell transplantation (HSCT) from an HLA matched unrelated donor (MUD) was associated with a reduction of acute and chronic GVHD incidence, reduced use of post-transplant immunosuppression therapy (IST), and reduced patients’ symptoms burden, but with an increased incidence of EBV infections (5). Similar effects have been observed in larger prospective studies of HSCT from HLA matched sibling donors (MSD) (13) and MUD (6), demonstrating a reduced incidence of aGVHD and cGVHD, without significant differences in incidence of infections compared to control groups.

Similarly, ATG-F doses range widely between 15mg/kg to 60mg/kg (14). A phase 3 randomized study demonstrated that lower doses of ATG-F (15mg/kg compared to 30mg/kg) reduced relapse incidence and increased five-year overall survival (OS) in pediatric patients undergoing allogeneic HSCT from MUD with a myeloablative conditioning regimen (15). In adults, the optimal dose of ATG-F has not yet been defined. A phase 3 randomized controlled study assessed the efficacy and safety of prophylactic ATG-F (at a total dose of 60 mg/kg) in adult patients undergoing allogeneic HSCT compared with no ATG (4). In the group of patients receiving ATG-F there was a significant reduction in the incidence of grade II-IV aGVHD and extensive cGVHD, without an increase in relapse or non-relapse mortality. Others have reported a lower rate of cGVHD with low dose (15-30 mg/kg) of ATG-F (16, 17).

Recently, two retrospective studies compared transplant outcomes between the two agents. Both studies showed a statistically significant decline in the incidence of overall cGVHD and moderate-severe cGVHD in patients who received ATG-F (at a dosage of 30mg/kg and 20 mg/kg, respectively) compared to those who received ATG-T (7.5mg/kg and 10mg/kg, respectively). There was no significant difference in the rate of aGVHD or infectious complications (18, 19).

In our clinical practice, between the years 2011-2014, we administered ATG-T at a dosage of 10mg/kg. As safety data for ATG-F accumulated, suggesting lower incidence of infectious complication due to the narrower antigen spectrum, we switched to ATG-F at a dosage of 15mg/kg starting in 2014 onwards. Despite previous studies showing the efficacy of ATG-F (60mg/kg) (4), we have chosen a lower dose of ATG-F to mitigate concerns regarding an increased risk of infection and relapse (3, 5, 15). We conducted a retrospective study at our center comparing transplant outcomes using ATG-F 15mg/kg (from 2014 forward) to our earlier protocol using ATG-T 10mg/kg. Given the lack of outcome data comparing between these two agents at these dosages, this study aims to address the gap and provide valuable insights into their relative efficacy and toxicity.





Methods

The study cohort included all patients above the age of 18 years old who underwent HSCT with ATG-T or ATG-F as GVHD prophylaxis at Hadassah university medical center from 2011-2018. Patients with an underlying disease for which the choice of ATG type has remained ATG-T (i.e., aplastic anemia), were not included in the study population. Data collected included patients’ demographics, diagnosis, treatment outcomes and infectious complications. Adverse events were graded according to the CTCAE 4.0. The follow-up period spanned two years.

Myeloablative regimens included: Total body irradiation (TBI) ≥ 500 cGy as a single fraction or ≥ 800cGy if fractionated, total busulfan ≥ 9mg/kg, total melphalan ≥ 150mg/m2, total Thiotepa ≥ 10mg/kg and treosulfan ≥36g/m2/d. Any other conditioning regimen utilized was categorized under the reduced-intensity regimen. ATG was administered to patients transplanted for MDS regardless of donor type and those transplanted from unrelated donors (both HLA matched and HLA mismatched). ATG-T was administered at a dosage of 2.5mg/kg/d for four consecutive days (on days -4, -3, -2, -1). ATG-F was administered at a dosage of 5mg/kg/d for three consecutive days (on days -3, -2, -1). The initial target for cyclosporine trough levels was 200-300ng/ml during the first month, and it was subsequently lowered to a range of 100-150ng/ml thereafter. Mycophenolate Mofetil (MMF) was initially given at a dose of 15mg/kg three times daily during the first month and then gradually tapered down. Neutrophil engraftment was defined as the first of three consecutive days with an absolute neutrophil count > 0.5 per microliter (mcL). Platelet engraftment was defined as the first of seven consecutive days with a platelet count > 20 per mcL, without platelet transfusion. Post-transplant donor chimerism was monitored using peripheral blood (PB) and bone marrow (BM) short tandem repeats (STR) analysis. Acute and chronic GVHD were graded according to Mount Sinai Acute GvHD International Consortium (MAGIC) criteria for acute GVHD (20) and the NIH 2014 criteria for chronic GvHD previously published criteria (21). cGVHD incidence was calculated for patients surviving more than 100 days. Overall survival (OS) was defined as time from transplant to death from any cause. Non- Relapse mortality (NRM) was defined as mortality without prior relapse. GVHD and relapse-free survival (GRFS) was evaluated as a composite end point of: absence of grades III–IV acute GVHD, moderate-severe chronic GVHD requiring systemic immunosuppressive therapy, relapse, or death from any cause, during any time point after allo-HSCT.

The study was approved by the Hadassah University Hospital review board and was performed in accordance with the principles of the Declaration of Helsinki. Informed consent was waived by the Hadassah University Hospital ethical committee (approval no. 0608-20-HMO).




Statistical analysis

To test the association between two categorical variables, the χ2 test as well as the Fisher’s exact test was used. The comparison of a quantitative variable between two independent groups was performed by using the two-sample t-test or the non-parametric Mann-Whitney test for variables which were not normally distributed. The Kaplan-Meier survival model was used for testing the effect of categorical variables on survival, with the log-rank test for the comparison of survival curves. The Cox regression model was applied for testing the effect of quantitative variables on survival. This model was also used as the multivariate model for survival. The multivariable model included 2 blocks. In the first block, ATG type was forced into the regression and in the second block using the stepwise, forward, likelihood ratio approach, only significant pre transplant risk factors (such as demographic, underlying disease and pre-transplant characteristics, including median recipient age, gender, disease status at transplantation entry and comorbidity index, donor type, donor age and gender matching, HLA matching, ABO and CMV serology matching, transplant source, conditioning regimen intensity and GVHD prophylaxis) identified in the univariate analysis were incorporated in the Cox regression model. Probabilities of NRM, relapse and GVHD were calculated using the cumulative incidence function, accounting for competing risks, and were compared using Gray’s test. Relapse was the competing risk of NRM and vice versa, and death was the competing risk of GVHD. All statistical tests used were two-tailed, and a p-value of 0.05 or less was considered statistically significant. The statistical analysis was performed using SPSS 26 and NCSS 24 software.






Results




Patient characteristics

Ninety-eight patients were included in the study, 46 in the ATG-T group and 52 in the ATG-F group. Baseline clinical characteristics of the groups are summarized in Table 1. Median follow up was 7.26 months in the ATG-T group vs. 14.58 months in the ATG-F group (p=0.276). Demographic, underlying disease and pre-transplant characteristics, including median recipient age, gender, disease status at transplantation entry, calculated refined disease risk index (rDRI) (22) and comorbidity index of the two groups were mostly similar. There was a significant difference between the two groups regarding underlying disease leading to transplantation (p=0.038, Chi-Square test), stemming from a higher percentage of patients transplanted for MDS and secondary AML in the ATG-F compared to the ATG-T group (21% Vs. 11%, respectively) and a higher rate of lymphoproliferative diseases (other than acute lymphoblastic leukemia) in the ATG-T compared to the ATG-F group (15% Vs. none, respectively).

Table 1 | Patient characteristics.


[image: A table compares clinical variables between two groups: ATG-T (n=46) and ATG-F (n=52). Categories include gender, age at transplant, donor age, underlying disease, disease status at treatment, HCT-CI, rDRI, donor type, transplant source, HLA matching, ABO incompatibility, conditioning regimen, GVHD prophylaxis, gender matching D/R, and CMV serology status. Notable p-values indicating statistical significance are for underlying disease (0.038), GVHD prophylaxis (<0.01), HLA matching (0.052), and CMV serology status (0.022). Bold p-values denote relevance. Abbreviations for diseases and treatments are provided below the table.]
Addressing known risk factors for GVHD (Table 1), there was no significant difference between the two cohorts regarding the median donor age and conditioning regimen intensity. However, there was a borderline significant higher incidence of HLA mismatch in the ATG-T group compared to the ATG-F group (39.1% Vs. 21.2%; p=0.052, Chi-Square test). In addition, a significantly higher number of patients received single-agent cyclosporine in the ATG-T compared to the ATG-F group (30.4% vs 3.8%, respectively; p<0.01, Chi-Square test). This difference is primarily attributed to the use of ATG-T during an earlier (before 2014) timeframe.

Regarding risk factors for infections, there was a significantly higher incidence of positive IgG serology for CMV in both donors and recipients within the ATG-F compared to the ATG-T cohort (82.4% vs 60.9%, respectively, p=0.022, Fisher-Freeman-Halton Exact test).





GVHD

aGVHD grade II-IV occurred in 23 out of 46 patients in the ATG-T group versus 21 out of 52 patients in the ATG-F group (50% vs 40.4%, p=0.417, Chi-Square test). The proportions of disease grading (Grade II vs. Grade III-IV) did not show a significant difference between the two groups (p=0.266, Chi-Square test, Table 2). The cumulative incidence of grade II-IV aGVHD and grade III-IV aGVHD showed no significant difference between the two groups (p=0.089, p=0.228, Gray’s test, Figures 1A, B, respectively).

Table 2 | Transplant outcomes.


[image: Table comparing ATG-T and ATG-F groups across various complications, hospitalization days, and mortality incidence. Median follow-up months: ATG-T 7.26, ATG-F 14.58. Infectious complications such as bacteremia, CMV reactivation, CMV disease, and EBV reactivation are detailed with percentages and p-values. Other complications include VOD and HC. Hospitalization days and mortality rates are listed. Death causes include relapse, infection, GVHD, and other, with corresponding percentages and p-values.]
[image: Four Kaplan-Meier plots comparing ATG-T and ATG-F therapies. (a) Acute GVHD Grade 2-4, p=0.089, over 120 days. (b) Acute GVHD Grade 3-4, p=0.228, over 120 days. (c) Chronic GVHD, p=0.74, over 24 months. (d) Moderate-Severe Chronic GVHD, p=0.965, over 24 months. Each graph includes a number at risk table.]
Figure 1 | Cumulative rate of acute and chronic GVHD. (A) Acute GVHD grade II-IV (B) Acute GVHD grade III-IV (C) chronic GVHD (D) moderate-severe chronic GVHD.

Univariate analysis of the entire cohort did not show a statistically significant effect of type of ATG, GVHD prophylaxis (excluding ATG), type of donor, conditioning intensity, and patient’s age on the risk of aGVHD. In contrast, only HLA mismatching was associated with an increased risk for aGVHD (p=0.009, Log Rank test). Multivariate analysis (using Cox Regression model), incorporating HLA mismatching, ATG type and GVHD prophylaxis, revealed that donor HLA mismatching maintained its statistically significant effect on the risk for aGVHD (HR=2.118, 95% CI [1.119-4.010], p=0.021) while ATG type and GVHD prophylaxis were not statistically significant (Hazard ratios for all outcomes, incorporating ATG type into the Cox regression model, are summarized in Table 3).

Table 3 | Hazard ratios of ATG type for different outcomes.
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cGVHD occurred in 10 (21.7%) and 15 (28.8%) patients in the ATG-T vs. ATG-F group, respectively (p=0.49, Fisher’s Exact test). Moderate-severe disease occurred in 10 (21.7%) vs. 13 (25%) patients, respectively (p=0.25, Fisher’s Exact test). No differences were found between the groups in the cumulative incidence for cGVHD (Figure 1C) and moderate-severe cGVHD (Figure 1D) (p=0.74 and p=0.965, respectively, Gray’s test). Univariate analysis revealed that myeloablative conditioning regimen and younger age were associated with a significant increased risk for cGVHD, while a history of aGVHD was associated with a borderline increased risk (p=0.068, Log Rank test). Donor-recipient gender mismatch and transplant source did not significantly affect the risk of developing cGVHD. In multivariate analysis, using the Cox Regression model, incorporating the significant factors identified in the univariate analysis (conditioning regimen and age), only myeloablative conditioning regimen was associated with an increased risk for cGVHD (results compared to MA regimen – RIC: HR=0.217, 95%CI [0.064-0.74], p=0.015, NMA: HR=0.113, 95%CI [0.015-0.841], p=0.033).





Engraftment

There was no significant difference between the cohorts in the median time to neutrophil and platelet engraftment (Figures 2A, B, respectively). Forty-five patients (98%) and 51 patients (98%) in the ATG-T group vs. ATG-F group, have achieved neutrophil engraftment with a median time of 15 vs. 14 days, respectively (p=0.913). Thirty-Eight patients (82.6%) vs. 51 patients (98%) in the ATG-T group vs. ATG-F group have achieved platelet engraftment with a median time of 16 vs.17 days, respectively (p=0.360).

[image: Graphs showing engraftment probabilities over time for neutrophil and platelet engraftments. (a) Neutrophil engraftment probability over 40 days, comparing Thymoglobulin and Fresenius, with p-value 0.486. (b) Platelet engraftment probability over 125 days, comparing the same treatments, with p-value 0.331. Both graphs include censored data.]
Figure 2 | Cumulative incidence of engraftment. (A) Time dependent neutrophil engraftment. (B) Time dependent platelet engraftment.





Infections and other transplant related complications

No significant differences were observed in the incidence of bacteremia and CMV reactivation (Table 2). Bacteremia occurred in 43.5% vs. 46.2% (p=0.79), and CMV reactivation occurred in 78.3% vs. 75% (p=0.7, Chi-Square test) of patients in the ATG-T vs. ATG-F group, respectively. CMV disease, defined by the presence of clinical symptoms and/or signs together with documentation of CMV in tissue from the relevant organ [13], has occurred in three patients (5.8%) in the ATG-F group (CMV colitis and pneumonitis), with no documented cases in the ATG-T group (p=0.245, Fisher’s Exact test). EBV DNA viremia (detected by PCR) was observed in 21.7% of patients in the ATG-T group and 7.7% in the ATG-F group (p=0.047, Chi-Square test), with a single case of Post-Transplant Lymphoproliferative Disorder (PTLD) in the ATG-T group, associated with EBV-DNA viremia.

No significant differences were observed in other transplant related complications including incidence of veno-occlusive disease (VOD) or hemorrhagic cystitis (Table 2).





Survival and relapse

Median follow up time of the surviving patients was 10.91 months (range 2.6-24 months). OS was not significantly affected by ATG type, gender matching, transplant source (peripheral stem cells versus bone marrow), disease status at entry to transplant and aGVHD occurrence. However, HLA mismatching and a higher rDRI had a statistically significant negative effect on OS (p=0.008, p=0.017, respectively, Log Rank test). The presence of cGVHD was correlated with a significant better OS (p<0.001, Log rank test) and with a significantly lower incidence of relapse (p=0.008, Fisher’s Exact test). Using the Cox Regression model, incorporating ATG type as well as the significant pre transplant risk factors identified in the univariate analysis, donor HLA mismatching and rDRI were both associated with a significant hazard ratio for mortality (HR=1.997, 95% CI [1.120-3.562], p=0.019 and HR=1.899, 95% CI [1.070-3.372], p=0.028, respectively). Median follow up was 24 months in the ATG-T group vs. 21.5 months in the ATG-F group (p=0.485). At the end of follow-up, 23 patients (50%) in the ATG-T group were alive vs. 27 patients (51.9%) in the ATG-F group (p=0.849). The most common cause of death in both groups was relapse, with no significant difference in the cumulative incidence of NRM (Figure 3A, p=0.854). The distribution of causes of death also did not differ between the groups (Table 2). Furthermore, there was no significant difference in the cumulative incidence of OS and relapse between the two groups (p=0.385, Figure 3B; p=0.343, Figure 3C; respectively, Log Rank and Gray’s test).

[image: Three line graphs illustrate outcomes from HSCT (hematopoietic stem cell transplantation) over 24 months for ATG-T and ATG-F groups.   (a) Non-relapse mortality with similar trends for both groups (p=0.854).   (b) Overall survival shows better outcomes for ATG-F (p=0.385).   (c) Relapse rates are similar (p=0.343).   Tables below each graph indicate the number at risk over time for each group.]
Figure 3 | Cumulative survival rates. Similar survival rates are shown between the ATG-T and ATG-F groups. (A) relapse free survival and (B) overall survival and (C) relapse comparisons between the groups.

No difference was found between the groups regarding overall GRFS and moderate severe cGVHD-free, Relapse free survival (p=0.108, Figure 4, p=0.919, respectively; Log Rank test).

[image: Kaplan-Meier curve showing GRFS over 24 months post-HSCT. The solid line represents ATG-T and the dotted line represents ATG-F. The p-value is 0.108. The number at risk is listed below for both groups at various time points.]
Figure 4 | Cumulative GVHD Relapse Free Survival (GRFS). Similar cumulative GRFS are shown between the groups.






Discussion

ATG-F has gained significant importance as GVHD prophylactic agent in patients undergoing HSCT in many centers. However, data regarding its optimal dose, as well as its efficacy and safety profile compared to ATG-T, is lacking. We present here a retrospective comparison of safety and efficacy outcomes between patients who were treated with ATG-T 10mg/kg and those who received ATG-F 15mg/kg at our medical center. We have found no significant difference in engraftment rates, cumulative risk for grade II-IV aGVHD and moderate-severe cGVHD, as well as DFS and OS. The two groups were highly comparable in demographic and baseline characteristics. However, there was a borderline significant higher incidence of HLA mismatch in the ATG-T group compared to the ATG-F group (p=0.052) and a significantly higher number of patients received single-agent cyclosporine in the ATG-T group (p<0.01). Notably, there was no difference in the rate of grade II-IV and III-IV aGVHD. Similarly to our results, other studies (as summarized in Table 4) comparing ATG-T and ATG-F at various dosing regimens did not report a disparity in GVHD incidence, either acute or chronic between the two agents (18, 23–25).

Table 4 | Summary of published data regarding ATG-T and ATG-F.
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There are conflicting reports on the efficacy of ATG-T and ATG-F in cGVHD prophylaxis. The rate of moderate-severe cGVHD with low dose ATG-F in our study was similar to previous reports (16, 17). Similar to the study by Huang et al. (26), we found no difference in cGVHD between the groups. Others have reported a lower incidence of cGVHD (18, 27) and moderate-severe cGVHD (19) in the ATG-F group. The higher dosage of ATG-F (20-30mg/kg), usage of quadruple GVHD prophylaxis and a selected homogeneous donor type (MUD or haploidentical donors) in these studies may be the cause for this discrepancy.

Survival analysis showed no significant differences in the cumulative incidence of OS or relapse between the two ATG prophylactic groups (p=0.385, p=0.343). Our findings align with previous studies conducted by Huang et al., Polverelli et al. and Zhou et al. showing a similar OS in patients undergoing HSCT from MUD (in the two first studies) and Haploidentical donors (in the latter study) treated with ATG-T versus ATG-F at various doses (10mg/kg, 7.5mg/kg, 7.5mg/kg and ATG-F 20mg/kg, 30mg/kg, 20 mg/kg, respectively) (18, 19, 28). In accordance with previously reported cohorts (20, 26, 27), we have observed that HLA mismatching and a higher rDRI are associated with lower OS in the entire cohort. In addition, cGVHD was associated with a favorable effect on OS and with a reduced incidence of relapse, consistent with previous literature linking between the graft-versus-leukemia (GVL) effect and cGVHD (27, 29).

We did not observe any significant difference in NRM, in accordance with previous studies. GRFS and moderate-severe chronic GRFS did not differ, contrary to Polverelli et al. (19), who found a statistically significant advantage to ATG-F administered in higher doses, in moderate-severe cGVHD-relapse-free survival, (p=0.042). In our study, safety analysis signals were limited to a higher incidence of EBV DNA viremia in the ATG-T group. Use of ATG is a known risk factor for EBV viremia and PTLD (30, 31). However, similar to previous reports, we have observed an exceptionally low incidence of PTLD (1%), with only one patient in the ATG-T group developing PTLD. Studies have indicated a dose-dependent risk, with reported viremia rate of 31% and EBV-associated disease rate of 29% in ATG-T dose of 7-8mg/kg and up to 50% viremia in doses above 10mg/kg (32). Similar to our findings, others have also reported a trend towards a higher rate of EBV viremia with ATG-T (7.5mg/kg) compared with ATG-F (20mg/kg) (28). No significant differences in other infectious complications were found between the groups, including CMV reactivation and disease, and bacteremia, consistent with other studies comparing ATG-T and ATG-F (18, 19, 28).

This study is limited by its retrospective nature, a relatively small cohort size, variability in hematological underlying disorders, and the comparison between different time periods. The comparison of different ATG types inherently involves distinct time periods, during which transplant practices, supportive care measures, and outcomes may have evolved. While the follow-up period was standardized to ensure comparability, we acknowledge that changes over time in transplant protocols and patient care could have influenced outcomes.

The ATG dosing strategies in our study were based on institutional practices during the respective time periods, reflecting evolving evidence and clinical safety concerns. While lower-dose ATG-F (15 mg/kg) was chosen to mitigate the risk of infectious complications and relapse, it remains below the doses traditionally used in earlier studies. Furthermore, ATG dosing was not based on pharmacokinetics or absolute lymphocyte counts, as suggested by recent studies.

However, to the best of our knowledge this is the first report comparing low dose ATG-F (15mg/kg) with ATG-T at a dose of 10mg/kg. Moreover, there is a relatively high incidence of grade III-IV acute GVHD in both study groups. This can be attributed to the lower utilization of methotrexate (MTX) in our standard GVHD prophylaxis protocol during the documented years. Furthermore, donor lymphocyte exposure to ATG plays a pivotal role in GVHD risk. Unfortunately, our study did not encompass pharmacokinetic measurements, preventing us from investigating this critical factor thoroughly. Admiraal and colleagues’ study suggested that customizing ATG dosing based on absolute lymphocyte counts may yield superior target achievement when compared to weight-based dosing (33). These limitations pose challenges on the generalizability of our findings.

Despite these limitations, the lack of adverse signals in our study is encouraging and suggests that the use of low dose ATG-F for GVHD prophylaxis, at a dose of 15mg/kg, is safe. Nonetheless, to draw definitive conclusions and establish the optimal type and dose of ATG for GVHD prophylaxis, a randomized controlled prospective study is needed. Such a study should incorporate MTX in MA GVHD prophylaxis protocols and include comprehensive pharmacokinetic assessments of ATG. This would allow for precise evaluation of the relationship between ATG exposure, absolute lymphocyte counts, and clinical outcomes such as GVHD incidence, relapse rate, and overall survival. Furthermore, post-transplant Cyclophosphamide (PT-Cy) has emerged as a promising agent for GVHD-prophylaxis. Retrospective studies have compared ATG to PT-Cy (34, 35) showing conflicting results. Strategies combining ATG and PT-Cy have been the subject of recent investigation (36). In haploidentical or unrelated donor settings, the addition of reduced doses of PT-Cy to ATG has shown promise. These findings suggest that the combination of ATG and PT-Cy can be a valuable strategy emphasizing the need to define the dosage and type of administered ATG.

In summary, while this study provides valuable insights into the safety and efficacy of low-dose ATG-F compared to ATG-T, further research is needed to validate these findings and guide clinical decision-making effectively. Prospective studies with larger patient cohorts and controlled designs will help to better understand the potential benefits and risks of different ATG dosing regimens for GVHD prophylaxis in hematopoietic stem cell transplantation.
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Despite decades of progress, long-term outcomes in human organ transplantation remain challenging. Functional decline in transplanted organs has stagnated over the past two decades, with most patients requiring lifelong immunosuppression, therapies that overlook the principles of self/non-self recognition and natural transplantation events in humans. To address these discrepancies, this perspective proposes that immunity evolved not as pathogen-driven but as a mechanism to preserve individuality by preventing invasion from parasitic conspecific cells. It further reveals that the concept of “self/non-self” recognition encompasses multiple theories with complex and often ambiguous terminology, lacking precise definitions. In comparisons, natural historecognition reactions in sessile marine invertebrates are regulated by a wide spectrum of precise and specific allorecognition systems, with transitive and non-transitive hierarchies. Using the coral Stylophora pistillata and the ascidian Botryllus schlosseri as models, it is evident these organisms distinguish ‘self’ from ‘non-self’ with remarkable accuracy across various allogeneic combinations, identifying each non-self entity while simultaneously recognizing selfhood through transitive allogeneic hierarchies. Their allorecognition offers an improved explanation for post-transplant outcomes by accounting for the natural dynamic, spatiotemporal evolution of selfhood. To bridge natural (in invertebrates and humans alike) and clinical transplantation phenomena, the ‘allorecognition landscape’ (AL) metaphor is proposed. This unified framework conceptualizes self/non-self recognition as shaped by two dynamic continuums of ‘self’ and ‘non-self’ nature. Throughout the patient lifespan, the AL represents diverse and transient arrays of specific ‘self’ and ‘non-self’ states (including reciprocal states) that shift over time in either recognition direction, requiring adaptable clinical strategies to address their evolving nature.
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1 Introduction

Human organ transplantation represents a pinnacle of modern medicine, integrating advancements in immunology, genetics, pharmacology, and surgery into a highly successful discipline. Driven by the goal of extending life and improving human well-being, this field focuses on restoring functions through the deliberate replacement of damaged organs. Started about seven decades ago (1), organ transplantation has become a routine part of medical practice worldwide, often celebrated in mainstream media for its advancements. Yet, despite significant progress in unraveling the complex immune cascades and molecular interactions involved in transplantation, major challenges remain. Long-term outcomes for transplanted organs have seen little improvement, with functional decline rates remaining largely unchanged over the past two decades (2, 3), while most patients depend on lifelong immunosuppressive therapy, as withdrawal typically leads to allograft rejection. Clearly, improving long-term graft survival necessitates a deeper understanding of transplant injury mechanisms, alongside innovative research approaches and fresh perspectives that could drive transformative advancements in knowledge, practices, and technologies. Here I emphasize the importance of exploring allogeneic mechanisms underlying ‘self’ vs. ‘non-self’ recognition, extending beyond the conventional focus on mammalian systems.

Historically, organ rejection has been attributed primarily to adaptive immunity, including T-cell-mediated and antibody-mediated rejection. However, recent studies have uncovered the critical role of innate immunity, such as missing-self activation of natural killer (NK) cells and monocyte-driven allorecognition (4, 5). These findings underscore the importance of innate immunity in initiating early immune responses to transplanted allografts and contributing to late-stage chronic rejection. Additionally, they challenge the long-standing immunological paradigm that regards innate immunity as merely a downstream effector mechanism activated by adaptive immune responses during graft rejection (5, 6). While the adaptive immune system, primarily evolved for infection defense, is both necessary and sufficient for transplant rejection, the specific pathways of innate immunity involved remain poorly understood. Notably, rejection-associated alloimmunity appears largely independent of the signaling mechanisms underlying antimicrobial immunity (7). A similar ambiguity surrounds the mechanisms of graft-versus-host disease (GVHD), a major contributor to morbidity and mortality following allogeneic hematopoietic stem cell transplantation (8).

Yet, current treatment approaches primarily target adaptive immune responses, with limited attention to innate immunity (6). This highlights the need for a deeper understanding of innate immunity in organ transplantation and the development of innovative approaches to address acute and chronic organ rejection effectively. A refined scholarly approach could shift focus from detailed molecular pathways and cellular mechanisms of rejection to exploring the fundamental processes of ‘self/non-self’ recognition. Adopting this view, studying the natural transplantation in marine invertebrates and the semi-allogeneic nature of vertebrate pregnancies offer promising avenues. Such studies may uncover universal principles, shed light on the evolutionary roots of alloimmunity, and reveal homologous kinships across species, ultimately transforming our understanding and approach to.




2 The evolutionary roots for the immune system

Defense against microbial pathogens is a universal trait among all metazoans. In invertebrates, innate immunity serves as the primary defense mechanism, and many of its features have been conserved, in various forms, within vertebrates (9, 10). The hallmark of innate immunity is its reliance on germline-encoded receptors to identify harmful elements, whereas vertebrate adaptive immunity depends on gene rearrangement to generate its repertoire. Despite their differences, both types of immune systems participate in a wide range of biological processes (9–11), while employing diverse tools to combat pathogens. This has led to the dominant paradigm, reflected in immunology textbooks, that immune recognition and its associated effector mechanisms evolved primarily to combat infectious agents. The adaptive immune system’s effectiveness in neutralizing pathogens supports this view. However, evidence suggests that pathogens are not necessary to explain the high levels of polymorphism observed in immune systems (12). Additionally, all vertebrates and studied invertebrates exhibit allorecognition, using their immune systems to effectively reject allografts. Interestingly, this phenomenon does not naturally occur in adult vertebrates, presenting an intriguing evolutionary paradox (10).

To address this evolutionary paradox, we can explore alternative perspectives that challenge the prevailing view that vertebrate immunity evolved primarily to combat pathogens. One possibility is that vertebrate innate immunity may have originally served a different function in ancestral organisms. It may persist today as a relic or vestige of ancient systems that became redundant with the emergence of adaptive immunity (13, 14), or as an “evolutionary rudiment” whose sole role is to manage infections until the more robust adaptive immune response is activate (15). Another perspective suggests that vertebrate adaptive immunity may have co-opted an ancient polymorphic gene family encoding cell surface interaction molecules (16). For instance, molecules with multiple Ig-like domains, which emerged early in eukaryotic evolution, are present in yeast a-agglutinin cell wall proteins (17), in the extracellular domain of receptor tyrosine kinase in the marine sponge Geodia cydonium (18), or that marine invertebrates from disparate phyla reveal highly conserved immune machinery (19). A third perspective posits that the immune system’s original function was to preserve individuality. This involved preventing the intrusion of conspecific alien cells into the soma and germline or eliminating newly introduced somatic mutations. An organism incapable of controlling the proliferation of somatic variants or alien conspecific cells could effectively be parasitized by these lineages. In this framework, pathogen defense may have evolved later, giving rise to the diverse immune phenomena observed today (9, 10). This perspective, prioritizing individuality preservation, necessitates acknowledging naturally occurring transplantation events in vertebrates. It challenges the conventional view that vertebrate and human allograft reactions are purely artificial phenomena. Examples of natural transplantation in humans include fetal implantation, early fusions of dizygotic twins, and the persistence of fetal cells in the maternal bloodstream decades postpartum (9, 20, 21). I align with this third proposal.

Vertebrates robustly reject any allogeneic transplanted tissue, demonstrating strong defenses against events that do not occur naturally, yet fail to prevent the lifelong establishment of various natural transplantation events. Therefore, rather than the typical comparison of invertebrate and vertebrate immune systems based on innate versus adaptive responses to pathogens, greater focus should be placed on evaluating allorecognition as a potential shared foundational system underlying the evolution of diverse immune mechanisms. Organ transplantation, while not a natural phenomenon, should be considered within the broader context of innate allorecognition responses and their unresolved mysteries.




3 Self versus non-self recognition

A prominent perspective on the evolutionary pressures shaping the immune system is the concept of immunologic surveillance, introduced over six decades ago (22). This framework posits that host organisms are perpetually exposed to external pathogenic threats, driving the evolution of immune systems to distinguish and defend against harmful intruders. As a result, immunity is often framed as the ability to differentiate “self” from “non-self,” serving as a foundational guideline in immunology. Yet, the “self/non-self” paradigm, while widely referenced, lacks inherent clarity and functions more as a guiding framework for exploring identity (23), at all levels of the ‘units of selection’ (24). Despite the precision of self–nonself recognition system (25), this concept remains entangled in semantic ambiguities, analogies, and complex theorizing, with limited clarity provided by scientific discourse (26).

The diverse expressions of “self/non-self” recognition in mammalian systems and the extensive study of this topic have led to years of detailed examination, resulting in numerous viewpoints and the emergence of complex terminology. Without delving into an historical account, the two decades following Burnet’s (22) suggestion of self-recognition in marine invertebrates, saw a proliferation of perspectives on the “self/non-self” paradigm in vertebrates. These included Janeway’s (27) theory that the immune system evolved to distinguish “infectious nonself” from “noninfectious self”, the ‘peptidic self model (28), the “liquid self” (29), the ‘high determinant density’ idea for alloreactivity (30), the Kärre’s ‘missing self’ model (31) and Versteeg’s (32) proposition that the immune system incorporates elements for recognizing both self and nonself. Other perspectives include Daunter’s (33) distinction between “self-foreignness” and “foreignness per se” and Matzinger’s (34) ‘danger signals’ theory, which suggests that immune responses are triggered not by “non-self” or ‘‘infectious non-self’’ but by the detection of ‘‘danger signals’’ by the host. These and other diverse ideas highlight the complexity and ongoing evolution of our understanding of immune system function. Additionally, popular yet often ambiguous terms such as ‘pattern recognition receptors’ (PRRs), ‘pathogen-associated molecular patterns’ (PAMPs), and ‘damage-associated molecular patterns’ (DAMPs) have emerged in discussions of self/non-self recognition. While widely adopted, these terms frequently lack precise definitions, reflecting the inherent ambiguity and implicit assumptions in scientific terminology. Moreover, in recent years, the traditional discussions on immune self versus non-self mechanisms have expanded to include processes such as the discrimination involved in spacer selection for palindromic repeats (CRISPR) and CRISPR-associated (Cas) proteins in prokaryotes (35, 36), to anti-cancer therapies (37–41), vaccine development (42), autoimmune diseases (43), the recognition of foreign nucleic acids (44, 45), and towards artificial immune systems (46).

Historecognition systems are well-documented across various marine invertebrate phyla, especially among sessile organisms like sponges, cnidarians, bryozoans, and tunicates. For sessile marine invertebrates, physical space is often limited. As these organisms expand, they may come into contact with specimens of other species as well as non-kin conspecifics. These tissue-to-tissue interactions are often regulated by self/non-self recognition systems, where high levels of label diversity improve recognition accuracy. The distinction between ‘self’ and ‘non-self’ is made either by detecting the presence or absence of self-defining attributes or by identifying nonself-specific attributes (47, 48). To confirm the existence of alloimmunity in invertebrates, Hildemann et al. (49) proposed three key criteria: the expression of antagonistic reactions, demonstration of specific responses, and the ability to induce memory, all of which should be interrelated. Building on this, Janeway (50) introduced three additional criteria for a biological system to be classified as an immune system: the ability to precisely distinguish between self and non-self, the targeted generation of effector responses against non-self molecules, and the capacity to regulate these responses effectively. These criteria have spurred numerous studies across a wide range of invertebrate species and phyla. However, the concept of immune “self” in these studies, as well as in the broader literature, remains undefined due to its conceptual and mechanistic ambiguity [but see some attempts (51, 52)].

Specific responses lead to allorecognition transitivity among conspecifics when more than two partners are involved. The simplest scenario reflects three conspecifics (A, B, C) that are tested for fusion/rejection phenomena. Transitivity is confirmed when (= for fusion; ≠for rejection): A = B and B = C, then A = C, or when A = B but A ≠ C, then B ≠ C. Nontransitive relationships occur when A = B, A = C, but B ≠ C. Specific hierarchies are established when A > B and B > C, leading to A > C for a linear hierarchy, or A < C for a circular hierarchy (Figure 1) (47, 53).

[image: Diagram showing three coral-like structures labeled A, B, and C. Arrows illustrate relationships: A to B, B to C, and C to A. The top arrow indicates a transitive relationship from A to C. The bottom arrow indicates a non-transitive relationship from C back to A.]
Figure 1 | A cartoon depicting the simplest transitive (linear) and non-transitive (circular) allorecognition relationships among three conspecifics (the various colors) of the hermatypic coral Stylophora pistillata (Figure 2a). The colored arrows depict directionality and hierarchy of rejection outcomes.




4 What can allorecognition in marine invertebrates teach us?

To clarify the concept of allorecognition in marine invertebrates, I will elaborate alloimmunity in two representative species, one from the anthozoan basal phylum, the common Indo Pacific branching coral Stylophora pistillata (Figure 2a) (54) and the second from the highly evolved urochordates, the cosmopolitan colonial ascidian Botryllus schlosseri (Figure 2b) (55).

[image: Panel a shows a close-up of coral with brown and white polyps. Panel b displays a microscopic view of coral structure, highlighting sections labeled as "zo," "tu," "bd," "am," and "st."]
Figure 2 | The two representative marine invertebrates: (a) a colony of the branching coral Stylophora pistillata growing in the field; (b) a colony of the tunicate Botryllus schlosseri growing in the laboratory on a glass slide. Zooids (zo, each 2 mm long) form star-shaped clusters (system, st), each with a centered shared atrial siphon. The zooids are embedded in a transparent tunic(tu) containing vessels and terminal ampullae (am) of the colonial circulatory system. Buds (bd) are partially covered by adult zooids.

While the genetic background of S. pistillata has not yet been fully characterized, it is known that adult genotypes never fuse, and fusion occurs only during early life stages (0–4 months old spats). Juvenile colonies with shared parentage (kin) display higher fusion rates compared to unrelated colonies, emphasizing the role of genetic relatedness in fusion outcomes (56–58). Iso-grafts always fused where allografts resulted with a wide range of incompatible responses (Figure 3) (59–61). In B. schlosseri, both adults and young colonies can fuse. This allorecognition is genetically controlled by a single haplotype, called BHF (62), which determines compatibility and allows vascular fusion among individuals. Incompatibility, on the other hand, triggers inflammatory rejection responses. The BHF locus exhibits extraordinary polymorphism, with 100–300 codominantly expressed alleles per population. A colony can fuse with another colony that shares at least one of its two BHF alleles, even if the second allele or the rest of the genome differs. However, colonies that reject each other lack any shared BHF allele, even if their genomes are highly similar (9, 63–66).

[image: Diagram comparing allogeneic interactions of Stylophora pistillata and Botryllus schlosseri. Both exhibit somatic and germ cell parasitism, rejection, chimerism, and overgrowth. Shared key properties include genotypic specificity, effector mechanisms, immunological memory, non-self recognition, transitive interactions, polymorphism, lifelong chimeras, and specific non-selves.]
Figure 3 | A schematic illustration showcasing the remarkable diversity and precise specificity of historecognition in the Cnidaria (represented by Stylophora pistillata; left panel) and in the Tunicata (represented by Botryllus schlosseri; right panel). Colonies of these marine invertebrates are naturally encountered in various allogeneic responses (arrowheads reveal hierarchies for the effector arms). A single invertebrate genotype is not restricted to a single mode of interaction during allogeneic encounters, thus its extensive repertoire of effector mechanisms allows for precise and specific responses to an unlimited range of 'nonself' attributes. At the bottom: shared key allogeneic properties. The S. pistillata green allogeneic interactions- suggested, not yet approved.

As proposed by Hildemann et al. (49) the demonstration of specific activity is a key criterion for establishing allorecognition, which is an inherent feature in both representative species. In S. pistillata [as well as in other coral species, e.g (53, 60, 67)], studies have shown the nontransitive nature of their effector mechanisms. In these nontransitive hierarchies, a colony that dominates in one interaction may be subordinate or equal in aggression to another colony that underperforms in the previous interaction (Figure 1). Additionally, colonies could specifically distinguish between neighbors and respond differently to allogeneic and xenogeneic challenges (Figure 3) (58–60, 68–70). For xenogeneic interactions, field observations revealed that degraded tissues at contact points between S. pistillata and adjacent coral species were marked by aggression hierarchies through highly specific aggressive outcomes, with S. pistillata often ranked as an inferior competitor (71). In allogeneic interactions, grafting assays conducted both in situ and ex situ confirmed that genetic background influences intraspecific interactions and revealed both transitive and non-transitive hierarchies (59–61). Allografts elicited a variety of effector mechanisms, with a single S. pistillata genotype reacting differently and specifically to various conspecific genotypes, indicating precise directionality in its effector mechanisms. This intricate pattern of incompatibility in S. pistillata reflects a ‘non-self recognition’ system, as genotypes can detect even subtle differences among closely related kin, exhibiting genotype-specific responses and a wide range of cellular and morphological reactions (Figure 3) (47). In contrast, isogeneic fusions reflect ‘self recognition’, separate from the ‘non-self recognition’ seen against conspecifics, indicating discrete recognition alternatives governed by the complex genetic makeup of the interacting partners. Furthermore, the directionalities of allogeneic effector arms in S. pistillata were highly consistent and reproducible (60, 61), representing internal, specific outcomes of recognition and not the result of external biological cues such as predation or competition. These organisms, which lack circulatory systems or specific immune cells, demonstrate remarkable precision in distinguishing their isogeneic, allogeneic, and xenogeneic environments.

As in S. pistillata, studies on B. schlosseri (Figures 3, 4A, B) have shown that colonies can distinguish between neighbors and respond differently to allogeneic and even to xenogeneic challenges (including phenomena such as reciprocal or unilateral rejections, indifference, retreat growths, fusion, colony resorption, somatic/germ cell parasitism, and more), governed by nontransitive and transitive hierarchies of effector mechanisms with highly consistent and reproducible outcomes, as well as genotype-specific effector mechanisms targeting specific conspecifics (9, 63, 72–75). In allogeneic rejection cases, results (72) further revealed that a complete repertoire of points of rejection (PORs; Figures 4A, B) was established within 10 days, yet not all ampulla-ampulla interactions developed PORs. Additionally, cases of indifference, where ampulla-ampulla contacts did not lead to any rejection, were consistently observed in specific pair combinations, with their frequency increasing in repeated testing rounds, suggesting that the rejection phenomenon aligns with the characteristics of a low responder (72). These findings are compared with aspects of tolerance in mammalian systems. Following fusions between allogeneic conspecifics, partners in the chimeras are morphologically eliminated (the resorption phenomenon; Figures 4C, D). Fusions between compatible BHF genotypes reflect the ability for ‘self recognition’, while aggressive phenomena in the chimera elicit components of ‘non-self recognition’, as demonstrated by the rejection outcomes (Figures 4A, B) developed between non-compatible BHF genotypes.

[image: Microscopic images of different stages of development. Image (a) shows two distinct types of tissue with labeled areas "am" and blue asterisks. Image (b) depicts oval structures with "am" and asterisks on a yellowish background. Image (c) highlights a cluster of bright, petal-like structures on a dark background. Image (d) presents a similar bright cluster with a more detailed outline on a dark backdrop.]
Figure 4 | Botryllus schlosseri allorecognition. (a, b) Non-self recognition: (a) two PORs at contacting ampullae in the left colony tunic, marked by blue asterisks. (b) a close up of non-self recognition with 3 PORs at contacting ampullae in the left colony tunic, marked by white asterisks. (c, d) Resorption of the right partner in a chimera: (c) two weeks following chimera formation between two compatible young colonies. The left colony with 10 zooids, the right colony with 8 zooids. (d) several months thereafter. The right colony is completely resorbed, the left colony with two systems of functional zooids. am= ampullae.

Bypassing the usual interaction site (the extended ampullae) through the transplantation of zooids between BHF -incompatible pairs (76), revealed that: (1) instead of the typical tissue rejection (necrosis) observed during natural contacts at peripheral blood vessels, transplanted tissues were eliminated morphologically within a few days, consistent with the normal weekly developmental growth of the colony (76); and (2) donor-recipient chimerism was established after the complete removal of transplanted tissues. These results indicate that BHF-based allorecognition in B. schlosseri occurs exclusively at the ampullae, and once cells bypass this site, they can survive and proliferate in the host colony (76).




5 What can chimerism in marine invertebrates teach us?

Chimerism, the phenomenon that a single organism possesses cells of more than a single genotype of the same species, stands out as a crucial ecological and evolutionary mechanism, influencing the life history traits of protists, metazoans, and even humans (24, 25, 77–79). Clearly, natural chimerism is directly associated with allorecognition, the self/non-self recognition (21, 25, 48, 64, 77). In numerous instances, including in algae (80), invertebrates (58, 81, 82), and vertebrates, such as human (21, 83), chimerism occurs only briefly during early developmental stages. As in humans, fusion and chimera formation in S. pistillata can occur only during early life stages (0–4 months young colonies (57, 58),). In B. schlosseri, colonies may fuse upon contacts in any stage of their life span (47, 65, 73, 74). Chimerism thus reveals limitations or failures in the effectiveness of self/non-self recognition mechanisms. While humans reliably reject allogeneic transplanted tissues in iatrogenic settings, they cannot prevent the lifelong establishment of natural transplantations that result in chimerism (21, 83–85).

Tissue transplantations and chimerism in S. pistillata and B. schlosseri, while likely underrecognized in nature, have raised important questions about the diverse costs and benefits associated with the chimeric state. The literature highlights chimerism as a highly complex phenomenon with intricate biological and ecological implications, often described as a “double-edged sword” (77, 79), capable of circumventing both innate and adaptive immune responses. For S. pistillata chimeras, as with other coral species, chimerism represents a partnership between allogeneic individuals, conferring various advantages (56, 79, 86–89), which may explain why natural fusions among conspecific corals are common. Fusion between colonies offers chimeric organisms an immediate survival advantage by facilitating rapid size growth. Chimerism is believed to be a crucial strategy for enhancing survival during the vulnerable early life stages of corals and promoting growth, especially in these stages (56, 88, 90). Moreover, chimerism affects various biological and ecological traits, including increased reproductive success, earlier reproduction onset, improved competitive abilities during juvenile stages, reduced mortality rates for the entire entity (91), and greater resilience to adverse environmental conditions. This adaptability may act as an evolutionary rescue mechanism to mitigate the impacts of global climate change (87, 89). In turn, chimerism in S. pistillata bears impacts on pattern formation and polyp’s landscape (92).

In B. schlosseri chimeras, one of the partners or more partners (in chimeras made of multi-partners, multichimeras) are morphologically resorbed (73, 79, 93, 94), a process governed by multilevel hierarchical organization of allorecognition elements (95) and stress induced reversals (74). The rate of colony resorption in chimeras depends on the relative sizes of the colonies, with larger colonies requiring up to eight months and smaller ones as little as a week (96). Chimerism in this species can result in somatic and/or germ cell parasitism. Germ cell parasitism often leads to the complete reproductive dominance of one colony’s genotype, is asexually heritable, and frequently differs in directionality from somatic cell parasitism (65, 79, 97–99). While germ line parasitism is inherited through a pedigree, the somatic components of chimeric zooids can shift between genotypes in response to environmental changes (65, 100). This dynamic reorganization optimizes the chimeric entity by synergistically presenting the best-suited combination of genetic components under varying conditions (77, 87, 89, 100). Additionally, the deliberate co-settlement of histocompatible conspecific kin larvae (observed in S. pistillata and B. schlosseri (88, 96, 101);) significantly increases the likelihood of fusion compared to random settlement. This behavior raises important ecological and evolutionary questions regarding the costs and benefits associated with this widespread phenomenon.

Chimerism serves as a crucial ecological and evolutionary mechanism influencing the life history traits of metazoans, presenting in numerous forms and biological statuses (9, 20, 21, 25, 57, 65, 66, 73, 77, 79, 83, 87, 91, 94, 97, 99, 100). This intricate phenomenon functions as a “double-edged sword,” as while something provides benefits or advantages, it also has the potential for harmful effects or drawbacks. A recent analysis of chimerism (102) identified six dynamic and inter-changeable somatic forms (purged, sectorial, mosaic, mixed, micro, and multi-chimerism) and three active germline forms (mixed, male/female, and parasitic germline chimerism), based on the proportional contributions and spatial arrangements of chimeric partners within an organism. These variations in chimerism fall along two continua, ‘somatic cell chimerism’ and ‘germline chimerism’. Transitions between these states are fluid, with specific chimeric states capable of shifting into others over time. Thus, the chimeric state of an organism is part of a dynamic spectrum, where different states emerge and are replaced by others as the organism develops and adapts to its environment.




6 Natural transplantations in vertebrates

Allograft rejection is a strong response orchestrated by both the adaptive and innate immune systems (7), particularly through pathways that detect non-self and modified-self entities. While vertebrates consistently reject transplanted tissues from other members of the same species, they paradoxically tolerate various natural cell engraftments throughout their lives. These instances include phenomena such as cytomictical transplantation, fetal-maternal cell exchange, natural germ cell transplantations, transmissible allogeneic tumors, and male-to-female cell transplantation, all of which illustrate the complex interplay between immune tolerance and rejection mechanisms [details in (20, 21, 77, 83, 85, 103)]. Notable, many cases of these natural transplantation events, including those related to pregnancy, are closely linked to disease outcomes (21, 77, 83). Nevertheless, throughout mammalian pregnancy, the mother’s immune system not only tolerates the immunologically foreign fetus but actively supports it, facilitating both embryo implantation and development. This phenomenon challenges the traditional self–nonself theory of immune recognition. Remarkably, the concentration of fetal cells in maternal blood steadily increases during pregnancy, reaching over 100 fetal cells per milliliter at parturition (104), highlighting a close relationship between fetal cell dynamics and embryonic development. Furthermore, fetal cells have been shown to persist and fluctuate in the maternal body for decades after childbirth, suggesting a long-lasting biological connection between mother and offspring (21, 83, 85, 105, 106).

From an evolutionary perspective, certain natural engraftments, such as fetal-maternal transplantation in mammals, are thought to be by-products of the functions developed in primitive immune components. These components contribute to developing embryos that are immunologically “educated”, by equipping them with effector mechanisms designed to eliminate pervasive somatic and germline variations. This perspective challenges the earlier notion that such processes were merely evolutionary vestiges (21). Understanding this immunological discrepancy, where alien transplants are supported rather than rejected, is crucial for uncovering the fundamental principles underlying natural transplantation phenomena and their diverse manifestations (107).




7 So, why transplanted organs are rejected?

Iatrogenic transplantation is the standard treatment for end-stage organ diseases, including those affecting the kidney, liver, heart, and lung. Advances in immunosuppressive therapies and medical care have significantly improved 1-year graft survival rates to over 90% for most transplanted organs. However, long-term graft survival remains a challenge, with transplant half-lives ranging from 8–11 years for kidneys to less than 5 years for lungs (1–3, 108).

The rejection of transplanted organs is fundamentally linked to the concept of self versus non-self recognition, a principle that has evolved over time (4, 5, 7, 109). Modern immunology offers various interpretations of the self–nonself theory (15, 22, 23, 26–28, 31, 34, 110), all based on the premise that the immune system originally evolved to protect the body against infections. Traditionally viewed as a defense mechanism against microbial threats, this raises the question of how the immune system recognizes parasitic entities while distinguishing them from the body’s own tissues, the core concept of ‘self’ versus ‘non-self’ recognition (26–28, 30, 31, 110). Additionally, it underscores the immune system’s remarkable ability to differentiate between various forms of “non-self” and adjust its responses accordingly (27, 110).

Natural transplantation in humans and other mammals occurs independently of iatrogenic transplantation and is inherently associated with the development of chimerism (20, 21). Chimerism is also evident in iatrogenic transplantation, where it is intentionally induced through the introduction of immune cells during organ transplantation. This artificial process parallels the natural implantation and development of a genetically ‘haploidentical’ fetus within the mother’s uterus. Yet the process is further more complex. Along pregnancy as an example, fetal microchimeric cells from one pregnancy are replaced by those from subsequent pregnancies, emphasizing the dynamic nature of chimeric status and the importance of microchimeric cell turnover for successful pregnancies (reviewed in (103)). In transplantation, an early major wound is made, where ischemia-reperfusion injury influences both the activation and response phases of alloimmunity. While these early events may obscure non-self recognition, akin to microbial infections, they fail to account for the persistence of alloimmunity long after the injury has resolved (110). It is also true that the process of iatrogenic transplantation is rarely analyzed within the context of natural transplantation in vertebrates or compared to analogous phenomena observed in marine invertebrates (20, 48, 78).

Allorecognition phenomena in marine invertebrates are marked by exceptional precision and specificity, as well as transitivity and a high degree of polymorphism (9–11, 25, 48, 49, 53, 57, 59–61, 66, 68, 73). Allorecognition assays performed on the branching coral Stylophora pistillata and the tunicate Botryllus schlosseri (as described above), reveal that they recognize ‘self’ and ‘non-self’ with remarkable accuracy when exposed to different allogeneic combinations. Unlike the concept of “self-recognition”, which categorizes all “non-self” entities as a single uniform alien (47), “non-self” recognition in these invertebrates allows for the individual identification of distinct ‘non-self’ allogeneic organisms (57, 59–61, 63, 67–69, 71–74). Further, in Botryllus schlosseri, ‘self’ recognition is so precise that fusion between allogeneic partners and chimera formation can occur with just one shared allele at the fusibility locus (9, 47, 48, 73), even when the second allele is identified as ‘nonself’. Thus, as noted by Neigel and Avise (53), a single marine invertebrate is not confined to a single mode of interaction during allogeneic encounters but instead responds adaptively based on the “properties of the system.”

Self-recognition among allogeneic marine invertebrates results in chimera formation, accompanied by both costs and benefits, as previously discussed (see also (9, 66, 73, 77, 83, 87, 97, 100)). If the immune system’s primary function was to maintain individuality by preventing the invasion of conspecific foreign cells into the somatic and germline tissues, or by removing newly formed somatic mutations, then human natural chimerism warrants further examination. In this context, it seems that the immune system’s original function has been compromised, leading to the complex and potentially conflicting (“double-edged sword”) effects of chimerism (20, 21, 77).

Iatrogenic transplantation bypasses the natural pathways that facilitate immune tolerance, pathways which are not yet fully understood, despite their associated costs, such as autoimmune diseases (84, 103, 105, 107). These natural processes, which enable successful transplantations in humans, involve complex mechanisms including substantial T helper and T regulatory cell activation, B cell involvement, and the innate immune system’s recognition of non-self or ‘damaged’ self through pattern recognition receptors. These receptors typically detect conserved microbial PAMPs, as well as theories like the missing-self theory and the danger hypothesis (reviewed in (5–7)). While the various self-nonself theories offer a useful framework for pre-transplant preparation, they fall short in explaining the diversity of post-transplant phenomena, primarily when compared with human natural transplantation events. In contrast, allorecognition patterns in marine invertebrates, such as Stylophora pistillata and Botryllus schlosseri, offer a more comprehensive explanation for post-transplant outcomes by accounting for the dynamic, spatiotemporal evolution of the immune self in response to environmental factors.

Our critical evaluation of the mammalian and the marine invertebrates allorecognition processes, provide a unified conceptualization idea that the immune self is continuously changing, alternating between self and non-self statuses, highlighting the philosophical essence of its ongoing transformation (the proposed ‘allorecognition landscape’ metaphor; Figure 5), as further demonstrated above by discussions on allorecognition in marine invertebrates.
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Figure 5 | A schematic illustration of the evolving ‘allorecognition landscape’ metaphor and the shifting ‘self/nonself’. The figure illustrates the dynamic nature of immunological "self/nonself" recognition (distinct from effector mechanisms) in humans with transplanted organs. This process is represented as a unified allorecognition landscape, shaped by two recognition planes or continuums (depicted in red and green). Throughout an individual's lifespan, these continuums reflect diverse arrays of specific allorecognition states, including reciprocal states of 75:25%, 50:50%, and 25:75%. These recognition states are transient and can shift over time in either direction, transitioning into various states and requiring tailored clinical considerations.

The clinical outcomes of transplant patients are highly variable, even with extensive knowledge of HLA molecules and immune mechanisms, as outcomes range from excellent to poor. Immune performance remains unpredictable, as some patients avoid rejection despite high-risk pre-transplant profiles, while others experience severe, unexpected rejection. Complications also vary widely among patients, both in type and sequence, highlighting our gap knowledge. This complex variability reflects the remarkable complexity, precision, and specificity observed in marine invertebrate allorecognition phenomena, including their intricate transitivity, high polymorphism, and ability to recognize in parallel multiple selves, each reacted distinctly by unalike effector mechanisms, and in different allogeneic combinations (9–11, 25, 48, 49, 53, 57, 59–61, 66, 68, 73). Even pregnancy that is believed to be a tolerant state because the fetus is not being rejected, is not always like that. We usually consider successful pregnancies when making this assessment, yet documentations exist for many unsuccessful fertilizations, implantations, and pregnancies represent in various ways the effects of various intolerant states (111).

The immunological ‘self/nonself’ is a key principle in immunology that serves as a fundamental framework for understanding how the immune system distinguishes and manages foreign entities, cells of related species and the body’s own components. This is illustrated by the metaphor of the ‘allorecognition landscape’, as illustrated in Figure 5. The interactions between a transplanted organ and the recipient’s body operate within two distinct, yet interconnected continuums of ‘self’ and ‘nonself’ recognition statuses, resembling an infinite ‘Escherian stairwell’ of selfhood. Each continuum features a complex array of precise and specific allorecognition elements, allowing the recognition state of the organ to fluctuate in response to environmental cues and the interaction of adaptive and innate immunity. These allogeneic states are dynamic and transient, capable of changing over time, which requires adaptable clinical strategies and considerations. The transition between these states can range from tolerance to complete rejection, potentially persisting throughout the patient’s lifespan. Thus, the ‘self’ and ‘nonself’ metaphors are not defined by fixed molecular recognition, rather, they embody a dynamic and ever-evolving allorecognition landscape that encompasses a wide range of states, from complete (100% in Figure 5) ‘self’ or ‘nonself’ recognition to myriad intermediate combinations where both recognition types coexist and function simultaneously to varying extents at any given moment.

It is important to recognize that the commonly employed anti-rejection therapies target immune effector mechanisms and clinical outcomes, rather than addressing the immune self/nonself metaphors. This current clinical approach reflects the broad suppression of the immune response without accounting for the redefinition of immune selfhood introduced by the transplanted organ. Thus, by providing a robust explanation of real-world chimeric phenomena with shared underlying structures, examining immunological scenarios through ecological and evolutionary perspectives, and exploring the extensive prevalence of natural transplantation (most notably in marine invertebrates), innovative clinical strategies for managing transplanted organ rejection may emerged.
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Background

Human cytomegalovirus (HCMV) infection represents a significant complication for kidney transplant recipients (KTRs). The goal of this study was to evaluate potential immunological markers at pre-transplant in HCMV-seropositive KTRs for predicting HCMV severe reactivation (e.g treated HCMV reactivation) during the first year after transplant.





Methods

Before transplant, lymphocyte count was measured in whole blood and HCMV-specific T-cell response was determined using ELISpot assay after stimulation with pp65, IE-1 and IE-2 peptides pool. HCMV DNA was monitored during the first year after transplant. Among the 65 KTRs enrolled, 44 (68%) patients had HCMV self-resolving reactivation (Controllers) while 21 (32%) required antiviral treatment for HCMV reactivation (Non-Controllers).





Results

No significant difference in CD4 T-cell count was observed, but Controllers had higher CD8+ T-cell counts compared to Non-Controllers. Based on ROC analysis, a CD8+ T-cell count ≥215 cells/μl was associated with a lower incidence of HCMV reactivation after transplant. Additionally, a higher IE-1-specific T-cell response was observed in Controllers and patients with IE1-specific T-cell response ≥60 spots showed a reduced incidence of HCMV reactivation and lower DNAemia peak.





Discussion

Lymphocyte counts and HCMV-specific T-cell response can be measured at pre-transplant in KTRs in order to efficiently predict the risk of treated HCMV reactivation during the first year after transplant. Potential cut-off and diagnostics algorithm should be better investigated in a large patients setting.
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1 Introduction

Human Cytomegalovirus (HCMV) infection still represents one of the most important opportunistic infection in solid organ transplant recipients (SOTRs) (1). Two approaches have been proposed for control of HCMV prevention, pre-emptive therapy (PET), which involves a PCR-guided administration of anti-HCMV treatment to patients at risk for HCMV disease (i.e., monitoring the blood viral load and giving antiviral drugs to patients at predetermined levels of viral load), and universal prophylaxis (i.e., administration of antiviral drugs to all transplanted patients for 6-12 months) (2, 3). Although it is widely known that patients who are HCMV-seronegative at transplant and receive the organ from a HCMV-seropositive donor (D+/R-) are at higher risk of HCMV infection, HCMV-seropositive recipients (R+) may be at risk of reactivation in the post-transplant period, especially in relation to the type of transplanted organ and immunosuppressive therapies (4–6).

To date, the assessment of immunological tools able to predict the spontaneous clearance of HCMV infection in HCMV-seropositive SOTRs represents a crucial milestone for the success of transplant. In this setting, monitoring of lymphocytes subsets in SOTRs could be used as simple approach for stratification of the risk of HCMV infection, reactivation or relapse after treatment (7–12). Moreover, HCMV-specific T cells are crucial for the prevention of HCMV disease, observing that both CD4+ and CD8+ HCMV-specific T cells are involved in the first line of specific cellular immune response in HCMV-seropositive transplanted recipients, as well as in a long term control of reactivation (13–18). Furthermore, the risk of high-level DNAemia and consequently early treatment is reduced in those patients with higher T-cell response between 2 and 4 week post-transplant (16, 19).

On the other side, the evaluation of pre-transplant HCMV-specific immune response seems to be useful for a preliminary patients’ stratification of the risk of HCMV reactivation in HCMV-seropositive recipients (20–25). However, the role of pre-transplant HCMV-specific T-cell response and its potential use in clinical practice should be better elucidated.

In this study, we aimed to evaluate HCMV-specific T-cell response at pre-transplant in HCMV-seropositive kidney transplant recipients in order to investigate the predictive role in the stratification of HCMV DNAemia and requirement of antiviral treatment.




2 Materials and methods



2.1 Patients enrolment and HCMV monitoring

HCMV-seropositive kidney transplant recipients were consecutively enrolled at Nephrology and Dialysis Department of IRCCS Policlinico San Matteo in Pavia (Northern Italy). At baseline (day of transplant), heparinized whole blood samples were collected for peripheral blood mononuclear cells (PBMC) isolation and lymphocyte T cell count. Detailed flow-chart representing patients’ enrollment, follow-up and stratification is included in Supplementary Figure 1 (Supplementary Figure S1).

All the patients were treated with induction therapy with anti-thymocyte globulin (ATG; 1 mg/kg/die for three days) or anti-CD25 monoclonal antibody (basiliximab; 20 mg at time of transplant and 20 mg at the fourth day post-transplant). Methylprednisolone was added in both cases. Triple immunosuppressive standard regimens was also administered after transplant (cyclosporin or tacrolimus/micophenolic acid or mycophenolatemofetil/methylprednisolone), according to therapeutic protocols. All the analysis were performed according to our Institutional Review Board and written informed consent was obtained by all enrolled patients (Protocol number 20180004199).




2.2 HCMV management and infection definitions

After transplant, HCMV DNAemia was monitored according to diagnostic protocols. In detail, HCMV DNAemia was monitored in whole blood weekly for the first 8 weeks and subsequently every 15 days until the 4th month, then monthly until first year after transplant.

HCMV DNA was quantified using in-house real-time PCR performed on blood samples (26) with some modification. In detail, extraction QIAsymphony® DSP DNA Mini kit (Qiagen; Hilden, Germany) (200 µl of extraction volume) and QuantiFast Pathogen PCR kit (Qiagen) were used for DNA extraction and DNA amplification, respectively.

In case of suspected tissue invasive disease (TID), a tissue biopsy (gastrointestinal disease) or a bronco-alveolar lavage (BAL) fluid sample (pneumonia) was collected for HCMV DNA quantification and histopathological analysis. HCMV disease was defined as possible, probable, or proven according to Ljungman et al. (27).

Self-resolving HCMV DNAemia was defined as the detection of HCMV DNA in blood at any level with subsequent spontaneous clearance without antiviral treatment. Clinically significant HCMV infection was defined as HCMV infection requiring antiviral treatment (either as pre-emptive therapy or for treatment of HCMV disease).




2.3 Peripheral blood mononuclear cells isolation

Peripheral blood mononuclear cells (PBMC) were isolated from heparinized whole blood samples by density gradient centrifugation (Lymphoprep, Axis-Shield, Norway) and resuspended in culture medium (RPMI 1640 supplemented with 2mM L-glutamine, 100U/mL penicillin and 100 µg/mL streptomycin and 10% of heat inactivated fetal bovine serum (Euroclone, Italy). Isolated PBMC were stored in nitrogen liquid using freezing medium (65% RPMI 1640 supplemented with 2mM L-glutamine, 100U/mL penicillin and 100 µg/mL streptomycin, 25% human albumin (Grifolds Biologicals, CA, USA) and 10% DMSO (Sigma-Aldrich, MO, USA). Before the use, PBMC were thawed, washed, resuspended in cultured medium and rested overnight at 37°C in a 5% CO2 humidified atmosphere (28).




2.4 Synthetic peptides

For the evaluation of HCMV-specific T-cell response three peptide pools representative of the whole proteins pp65, IE1 and IE2 were used (JPT Peptide Technologies, Germany). All peptides were 15 aminoacids in length with an overlap of 11 aminoacids, representing a good compromise for stimulation of both CD4+ and CD8+ T cells (29). Pp65 peptide pool was composed by 138 peptides, IE1 by 120 peptides and IE2 by 143 peptides. Peptides were dissolved in DMSO (Sigma-Aldrich) and diluted in RPMI 1640 medium supplemented with 2mM L-glutamine, 100U/mL penicillin and 100 µg/mL streptomycin. Aliquotes were stored at - 20°C until use. All peptide pools were used at the final concentration of 0,25 µg/mL for each peptide.




2.5 HCMV-specific T-cell response detected by ELISpot assay

HCMV-specific T-cell response was determined by ELISpot assay, using ELISpot IFN-γ Basis kits from ELITech (Milan, Italy) according to manufacturer’s instructions.

The Multitestplates (MTP) fitted with membranes and coated with anti-human IFN-γ antibody were supplied in the test kit. PBMC (2x105 cells/100 µl per well) were added in duplicate and stimulated with100 µl of antigen solution or culture medium only (negative control) or phytoheamagglutin (PHA; 5 µg/ml, Sigma-Aldrich). Plates were incubated from 20 to 24 hours at 37°C 5%CO2 humidified atmosphere. After cells remove, the alkaline phosphatase (AP)-labeled secondary antibody was added. Two hours later a substrate solution (BCIP/NBT) was added. After several washes under running water, plates were dried. Spots per counted using automated AID ELISpot reader system (AutoImmunDiagnostika GmbH, Germany).




2.6 Lymphocyte count

Fresh whole blood was stained with anti-CD3-PC5, anti-CD45-FITC, anti-CD4-RD1 and anti-CD8-ECD monoclonal antibodies (Beckman Coulter, Milan, Italy). After lysis of red blood cells, the absolute number of CD3+, CD3+CD4+ and CD3+CD8+ T-cell counts were determined by flow cytometry (Navios, Beckman Coulter) using Flow-Count Fluorospheres (Beckman Coulter).




2.7 Data analysis

The mean number of spots obtained from duplicate wells was adjusted to 106 PBMC. The mean number of spots/million PBMC obtained by culture medium only was subtracted by the mean number of spots/million PBMC in response to the corresponding antigen in order to obtain the net spots/million PBMC. Results were then given as net spots/million PBMC (later in the text defined as “spots”). Quantitative variables were shown in terms of median or mean values and interquartile range (IQR) while categorical variables were presented as number or percentage. Mann-Whitney test and Fisher’s test were used for data analysis, as well as receiver-operator characteristic (ROC) analysis. Log-rank test was used for the evaluation of cumulative incidence. The best cut-off to predict the spontaneous clearance of HCMV infection at pre-transplant was calculated according to the Youden Index. A multivariate logistic regression was also performed. All the statistical analysis were performed by using GraphPad Prism 8.3.0 (GraphPad Software Inc, CA, USA). All tests were two tailed and p value<0.05 was considered significant.





3 Results



3.1 Patients

Sixty-five HCMV-seropositive KTRs (47 males and 18 females; median age 51 years, [IQR 46-61]) were enrolled at time of transplant. HCMV serological status was positive in 39 (60%) donors, negative in 8 (12.3%) donors and un-known in 18 (27.7%) donors. Clinical characteristics of the patients are shown in Table 1. Overall, 44/65 (68%) patients showed at least one self-resolved HCMV reactivation event or undetectable HCMV DNA during the follow up period and were defined as “Controllers”, while 21/65 (32%) were treated for clinically significant HCMV reactivation and were defined as “Non-Controllers”.

Table 1 | Clinical and demographic patients’ characteristics.


[image: Table comparing characteristics between all patients, controllers, and non-controllers. Age shows a significant difference (p=0.046) with medians of 51, 50, and 59 years respectively. Gender distribution is similar across groups. Donor serostatus and primary diagnosis vary, showing no significant differences. Induction therapy includes Anti-CD25 and ATG, with no significance in distribution. Immunosuppressive regimen details the use of combinations such as Cya, MMF, Steroids; FK-506, MMF, Steroids; and others, displaying no significant differences. ATG stands for anti-human thymocyte globulin; Cya for cyclosporin A; FK506 for tacrolimus; MMF for mycophenolate mofetil.]
There were no significant differences in baseline characteristics between the two groups of Controllers and Non-Controllers, except for the age at time of transplant (p=0.046). Additionally, even if the difference is not statistically significant, the rate of HCMV seropositive donors was higher in Non-controllers (p=0.069) (Table 1). The median follow-up after transplantation was 7.2 years (IQR 5.9–8.5 years) for the entire cohort of patients, 7 years (IQR 5.9–8.5 years) for Controllers and 7.3 years (IQR 5.4–8.4 years) for Non-Controllers. Overall, 10/65 (15%) patients died, and 5 of them were Non-Controllers (Figure 1A). Based on our results, the overall survival in controllers seems to be higher than that measured in non-controllers. However, this difference is not statistically significant. Regarding the graft survival, 9/65 (14%) patients had graft failure and 3 of them were Non-Controllers (Figure 1B).

[image: Two line graphs comparing survival rates after transplants. Graph A shows overall survival percentages over 13 years with p-value 0.223. Graph B shows graft survival percentages over the same period with p-value 0.911. Lines represent all patients, controllers, and non-controllers.]
Figure 1 | (A) Overall survival was evaluated in all kidney transplant recipients (KTR, n=65) (black line), in 44 Controllers (orange line) and in 21 Non-Controllers (purple line). No difference in overall survival was observed between controllers and non-controllers (p=0.223). (B) Graft survival was evaluated in all kidney transplant recipients (KTR, n=65) (black line), in 44 Controllers (orange line) and in 21 Non-Controllers (purple line). No difference of graft survival was observed between controllers and non-controllers (p=0.911).




3.2 Pre-transplant absolute number of total CD8+ T cell as predictive marker of spontaneously resolving HCMV reactivation during the first year post-transplant

The pre-transplant absolute number of total CD4+ and CD8+ T cells in blood was compared in 44 Controllers and 21 Non-Controllers at pre-transplant. No difference was observed in terms of the median of total CD4+ T cell between Controllers and Non-Controllers (610 [IQR 418-838] vs 528 [IQR 377-788] T-cell/μl, respectively) while the median of total CD8+T cell was found to be higher in Controllers than Non-Controllers (310 [IQR 215-424] vs 212 [IQR 157-338] T-cell/μl, respectively, p=0.025) (Figure 2A). In order to predict the spontaneous clearance of HCMV infection based on the absolute number of CD8+ T cell, the ROC curve analysis was performed. The optimal cut-off value of 215 CD8+ T cell/μl was selected using the Youden index (AUC: 0.67, 95% CI: 0.52-0.82, p=0.025) (Supplementary Table 1).

[image: (A) Box plot comparing T-cell counts in controllers and non-controllers for CD4 and CD8 subsets. (B) Line graph showing the percentage of patients free of HCMV DNAemia over time for CD8 < 215 and CD8 > 215. (C) Scatter plot of HCMV DNAemia copies per milliliter for CD8 < 215 and CD8 > 215. (D) Bar graph displaying the percentage of controllers and non-controllers within CD8 < 215 and CD8 > 215 groups, with statistical significance indicated.]
Figure 2 | (A) Absolute number of total CD4 and CD8 T cells were evaluated and compared in 44 patients Controllers (orange bars) for and 21 Non-Controllers (purple bars). Median of total CD4 and CD8 T cells were shown in the graph as well as significant p value. (B) Cumulative incidence of HCMV reactivation events in patients absolute number of total CD8 T-cell response<215 CD8 T cells/µl (red line) and in patients with absolute number of total CD8 T-cell response ≥ 215 CD8 T cells/µl (blue line). (C) HCMV DNAemia peak in kidney transplant recipients (KTR) was measured in 22 patients with total CD8 T. (D) Percentage of Controllers (orange bars) and Non-Controllers patients (purple bars) according to absolute number of total CD8 T-cell response<215 CD8 T cells/µl and in patients with absolute number of CD8 T-cell response ≥ 215 CD8 T cells/µl. P value and Odd ratio (OR) were also given.

Interestingly, the cumulative incidence of HCMV reactivations during the first year after transplant in patients with the absolute number of CD8+< 215 T cell/μl was 85%, while in patients with the absolute number of CD8+ ≥215 T cell/μl it was 79% (p=0.005, Figure 2B). HCMV DNAemia at peak was measured and compared in 22 patients with the absolute number of CD8+< 215 T cell/μl and in 43 patients with CD8+ ≥ 215 T cell/μl in blood. We observed that median of HCMV DNAemia at peak was 47295 [IQR 4455-243863] copies/mL in patients with the absolute number of CD8+< 215 T cell/μl in blood, and 13050 (2250–64150) copies/mL in patients with the absolute number of CD8+ ≥ 215 T cell/μl in blood (Figure 2C), even if this difference was not statistically significant (p=0.169). Regarding patients with the absolute number of CD8+< 215 T cell/μl, 12 out of 22 (55%) were Non-Controllers, while 10 out of 22 (45%) patients were Controllers. On the other hand, patients with the absolute number of CD8+ ≥ 215 T cell/μl, 9 out of 43 (21%) were Non-Controllers, while 34 out of 43 (79%) were Controllers (p=0.018, Figure 2D).




3.3 Pre-transplant IE1-specific T-cell response as a second predictive marker of spontaneously resolving HCMV reactivation during the first year post-transplant

HCMV-specific T-cell response was evaluated in 62 patients (41 Controllers and 21 Non-Controllers). Both pp65 and IE2-specific T-cell response did not significantly differ between Controllers and Non-Controllers (p=0.193 and p=0.869, respectively). On the contrary, a significantly higher median IE1-specific T-cell response was observed in Controllers compared to Non-Controllers (330 [IQR 69-1744] vs 28 [IQR 7-292] spots, respectively; p=0.015) (Figure 3A). Additionally, a negative correlation between DNAemia peak and IE1-specific T-cell responses was observed (p=0.0092, r= -0.33 IC 95% between -0.54 and -0.07). Based on these results, a ROC curve analysis was used to predict the spontaneous clearance of HCMV infection and cut-off of 60 spots of IE1-specific T-cell response was calculated using Youden index (Supplementary Table 1).

[image: Panel A shows a box plot comparing net spots per million PBMC for controllers and non-controllers across different epitopes, indicating higher pp65 response in controllers (p=0.015). Panel B presents a Kaplan-Meier curve illustrating a higher percentage of patients free of HCMV DNAemia in the IE1≥60 group (p=0.0019). Panel C depicts a dot plot showing significantly lower HCMV DNAemia levels in the IE1≥60 group (p<0.001). Panel D is a bar chart, indicating a higher percentage of controllers in the IE1≥60 group (80%), with an odds ratio of 5.77 (p=0.0043).]
Figure 3 | (A) Pp65, IE1 and IE2 specific T-cell responses were evaluated and compared in 41 patients Controllers (orange bars) for and 21 Non-Controllers (purple bars). Median antigen-specific T-cell responses were shown in the graph as well as each p value. (B) Cumulative incidence of HCMV reactivation events in patients with IE1-specific T-cell response<60 spots (red line) patients with IE1-specific T-cell response ≥ 60 spots (blue line). (C) HCMV DNAemia peak in patients classified according to pre transplant IE1-specific T-cell response. (D) Percentage of Controllers (orange bars) and Non-Controllers patients (purple bars) according to pre-defined IE1-specific T-cell response cut-off of 60 spots. P value and Odd ratio (OR) were also given.

In patients with IE1-specific T-cell response< 60 spots the cumulative incidence of HCMV reactivation events was 90%, while in patients with IE1-specific T-cell response ≥ 60 spots a cumulative incidence of HCMV reactivation events of 77% was observed (p=0.0019, Figure 3B). HCMV DNAemia at peak was measured and compared in the two groups of patients, showing that median of HCMV DNAemia at peak was 81325 [IQR 5378-404325] copies/mL in patients with IE1-specific T-cell response< 60 spots and 8390 (337–50085) copies/mL in patients with IE1-specific T-cell response ≥ 60 spots (p<0.001, Figure 3C). Among patients with an IE1-specific T-cell response at pre-transplant<60 spots, 13 out of 22 (59%) were Non-Controllers, while 9 out of 22 (41%) were Controllers. Otherwise, looking at patients with an IE1-specific T-cell response ≥ 60 spots, 8 out of 40 (20%) were Non-Controllers, while 32 out of 40 (80%) were Controllers (p=0.004, Figure 3D). In other words, since a higher proportion of Controllers patients showed an IE1-specific T-cell response ≥ 60 spots, measuring HCMV-specific T-cell response at baseline might be used for identifying patients with high rate of self-resolving HCMV reactivation in the post-transplant period.




3.4 The use of combined immunological markers might be used for optimizing the HCMV management of transplanted patients

Based on these findings, age at time of transplant, CD8+ T-cell count and IE1-specific T-cell response can be independently used for predicting the risk of treatment for severe HCMV reactivation in HCMV seropositive KTRs. Then, we combined the parameters for identifying the percentage of non-controllers in each group as shown in Figure 4. Groups were classified according to age lower than 60 years, high CD8+ T cell count (≥215 cells/µl), and high level of IE1-specific T-cell response (≥60 spots). In detail, group 1 included patients with all the three markers (n=21), group 2 included patients at two of the three markers (n=26) while group 3 included patients with only one of the markers described (n=12). Group 4 included patients with none of the markers (n=3). The number and percentage of controllers and non-controllers were given for each group. Interestingly, among group 1, only one of the 21 patients was treated for uncontrolled HCMV infection. On the other hand, all the three patients of group 4 were treated for uncontrolled HCMV infection.

[image: Stacked bar chart illustrating the percentage of controllers and non-controllers in four groups with a p-value of 0.0021. Group one has 86% controllers; group two, 61% controllers; group three, 63% controllers; and group four, 0% controllers. Total patients: 21 in group one, 26 in group two, 17 in group three, and 3 in group four.]
Figure 4 | Percentage of patients according with CD8 T-cells, IE1 spots levels and age. Total number of patients and percentage of Controllers have been given for each group. Parameters for the classification of each group have been described in the text.

Multivariate logistic analysis for predicting the risk of HCMV Non-Controllers (treated) infection was performed including IE1-specific T-cell response (higher or lower than 60 spots), CD8+ T-cell count (higher or lower than 215 cells/µl) and age (higher or lower than 60 years) as variables. Results were given in Table 2 and Figure 5. Mathematical function is the following:

Table 2 | Multivariate logistic regression.


[image: Table displaying odds ratios with variables, estimates, confidence intervals, and p-values. Variables listed are Intercept, B: IE1, C: CD8, and D: age. Estimates range from 0.036 to 8.614, with confidence intervals provided, and p-values from 0.0022 to 0.0079.]
[image: Violin plot comparing predicted probabilities for observed Controllers and Non-Controllers. The left violin displays orange data points for Controllers, with a dense distribution around 0.8. The right violin shows purple data points for Non-Controllers, peaking near 0.3. Horizontal dotted lines mark 0.2, 0.6, and 0.8 probabilities.]
Figure 5 | Prediction of probability of the event occurrence in observed Controllers (orange dots) and Non-Controllers (purple dots). The y-axis ranges from 0 (highest probability to be HCMV uncontroller) to 1 (highest probability to be HCMV controller). Dotted horizontal lines have been included for indicating grey zone.

[image: Logit function expressed as Logit of probability Y equals one is equal to the natural logarithm of the probability Y equals one divided by the probability Y equals zero. It is modeled as beta zero plus beta one times B plus beta two times C plus beta three times D.]	

Based on the proposed model, the combination of the three variables are able to predict with high probability the rate of controller patients. In detail, percentages of negative and positive predictive power were 80% and 80.85%, respectively. The percentage of correctly classified “Controllers” was 92.7% while the percentage of correctly classified “Non-Controllers” was 57.2%. 





4 Discussion

The evaluation of HCMV serostatus in both donor and recipient at time of transplant is considered the most informative approach for the stratification of the risk for HCMV infection after transplant. However, even if HCMV-seropositive recipients are considered to have HCMV-specific immune response, HCMV can reactivate in some patients leading to the risk of HCMV-related complications (30). For this reason, a tool for a better stratification should be introduced, especially for the risk definition among HCMV-seropositive recipients (31).

In this study, we examined the role of lymphocyte count and HCMV-specific T-cell response measured at pre-transplant as potential predictive markers of spontaneous control of HCMV reactivations following kidney transplant. High absolute number of CD8+ T cells and sustained IE1-specific T-cell response were independently associated with highest rate of patients with spontaneous resolution of HCMV reactivation (defined as controllers) during the first year after transplant. Moreover, the rate of Controllers was higher in younger subjects. Additionally, even if the difference is not statistically significant, it seems that donor serostatus could have an impact on the occurrence of clinically relevant HCMV reactivations. However, as major limitation of the study, HCMV donor serostatus is unknown for about 30% of the subjects.

Many studies investigated the role of absolute lymphocyte count measured after transplant or at time of treatment in predicting the rate of HCMV infection or recurrent HCMV infection after treatment (10, 32–34). However, the potential role of baseline pre-transplant measurement has been less extensively investigated. In our study, a threshold of IE1-specific T-cell response of 60 net spots/million PBMC was the best cut off for the identification of patients with high probability to control HCMV reactivation spontaneously. Previous studies suggested a possible role of lower IE1-specific T-cell response as risk factor for HCMV reactivation (20, 23, 25, 35). In our study, higher pre-transplant pp65-specific T-cell response was observed in patients with self-resolving HCMV reactivation than in patients with clinically relevant HCMV reactivation, although the difference was not statistically significant. On the contrary, Kim and colleagues reported that pp65-specific T-cell response measured at pre-transplant, but not IE1-specific T-cell response seems to predict the development of HCMV reactivation in HCMV-seropositive patients (36). The reasons for these differences might be related to the type of stimuli used or outcome definition. Further evaluation on this field are necessary. So far, the lack of standardized assays represents a crucial issue for the comparison of results between different clinical settings.

Based on our results, patients with pre-transplant IE1-specific T-cell response above this cut off showed higher probability to develop self-resolving HCMV reactivations. Furthermore, the cumulative incidence of HCMV reactivation events in patients with impaired pre-transplant IE1-specific T-cell response was higher. This means that higher pre-transplant IE1-specific T-cell response could be predictive of sustained immunity in the post-transplant period (15). According to this hypothesis, it was previously observed that patients with positive pre-transplant HCMV-specific T-cell response showed higher HCMV-specific immune response in the post-transplant period. On the contrary, in patients with no pre-transplant HCMV-specific immune response, post-transplant T-cell response specific for HCMV was detectable 3 months after transplant in less than 50% of patients, suggesting a long-term impairment in the control of HCMV infection (21). To date, no universal cut-off of DNAemia have been chosen for starting pre-emptive therapy; for this reason pre-transplant HCMV-specific T-cell response should be evaluated in different transplant setting, in relation to diagnostic and therapeutic protocols. To conclude, in addition to the assessment of HCMV serostatus in patients attending for transplant, pre-transplant IE1-specific T-cell response and CD8+ T cell count evaluation should be further investigated for definition of potential algorithm for a better stratification of the risk in HCMV-seropositive recipients and “ad hoc” therapeutic strategies, including modulation of immunosuppression therapy.
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Supplementary Figure 1 | Flow-chart representing the enrollment and monitoring of kidney transplant recipients. KTR: kidney transplant recipients; PBMC: peripheral blood mononuclear cells; (*) patients with self-resolving HCMV reactivations or undetectable HCMV DNAemia; (**) patients treated for clinically significant HCMV reactivation
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Background

Cytomegalovirus (CMV) infection poses a significant risk to kidney transplant recipients. CMV immunoglobulin shows promising prophylactic effect, particularly in the context of ABO-incompatible transplants. However, its efficacy in preventing CMV viremia remains underexplored.





Methods

In this retrospective study, we enrolled patients who underwent ABO-incompatible living donor kidney transplantation between May 2021 and September 2023. Prophylactic CMV immunoglobulin was administered at 100 mg/kg weekly for one month in the combined prophylaxis group, while no prophylactic medication was applied in the preemptive therapy group. The primary outcome was measured as the incidence of clinically relevant CMV viremia (CMV DNA >10,000 copies/mL) within one year after transplantation. Both groups received standard preemptive therapy with ganciclovir or valganciclovir after diagnosed with clinically relevant CMV viremia.





Results

Prophylactic CMV immunoglobulin significantly reduced clinically relevant viremia incidence compared to preemptive therapy group (16.0% vs. 34.0%, P = 0.04). At the end of the follow-up, the combined prophylaxis group showed higher eGFR (56.40 ± 14.19 vs. 47.30 ± 13.01 mL/min/1.73m², P = 0.0014) and lower serum creatinine (146.5 ± 57.07 vs. 171.2 ± 51.48 µmol/L, P = 0.0274). However, no significant differences in renal function were observed between the groups at1,3, or 6 months post-transplantation.





Conclusion

CMV immunoglobulin represents a promising prophylactic option for reducing clinically relevant CMV viremia incidence and delaying infection onset in ABO-incompatible kidney transplant recipients.
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1 Introduction

Cytomegalovirus (CMV) infection is a major complication in kidney transplantation, significantly impacting patient survival, prognosis, and graft function (1, 2).With the increasing demand for donor organs among patients with end-stage renal disease, ABO-incompatible (ABOi) kidney transplantation has become widely adopted as a strategy to address donor shortages (3).To successfully perform ABOi transplantation, pretransplant desensitization protocols, which include intensified immunosuppression and antibody removal treatments, are necessary to lower anti-ABO antibody titers and reduce the risk of rejection (4, 5). However, these strategies may increase the risk of CMV infection in ABOi kidney transplant recipients.

Currently, ganciclovir or valganciclovir is widely recommended for the universal prophylaxis and preemptive therapy of CMV infection (5). However, these antiviral medications face significant challenges in the context of prophylaxis, particularly in ABOi transplantation. To begin with, the adverse effects of universal prophylaxis ganciclovir or valganciclovir, particularly the bone marrow suppression and nephrotoxicity, often lead to treatment discontinuation in ABOi transplant recipients (6, 7). Secondly, prolonged use of antiviral drugs may induce resistance, increasing the risk of CMV recurrence and indirectly threatening graft survival (8). Moreover, High economic costs, poor adherence to therapy, and limited drug availability further exacerbate the difficulties of CMV management in ABOi kidney transplant recipients (7, 9). In light of these challenges, the potential role of CMV immunoglobulin (CMVig) as a prophylactic agent in ABOi kidney transplantation remains underexplored, with limited data available to support its efficacy and application in this specific setting.

Notably, before the advent of antiviral drugs, CMVig had already been used to some extent for preventing CMV infection in kidney transplant recipients (10, 11). Recent studies and supplementary preclinical data have provided supportive evidence, reigniting interest in the potential of CMVig among ABOi transplant populations (12, 13). Given the unique immunological status and therapeutic needs of ABOi kidney transplant recipients, more personalized and intensive prophylactic measures are warranted (14, 15). If short-term CMVig administration can significantly reduce CMV infection rates or delay infection events, this could effectively alleviate the burden of ganciclovir/valganciclovir treatment. This would further address long-standing concerns of immunosuppressive load and drug-related adverse effects in ABOi kidney transplant recipients.

While CMVig demonstrates promising potential, its precise application protocols and long-term efficacy in ABOi kidney transplantation remain to be fully elucidated. This study aims to explore the role of CMVig in preventing CMV infections post-ABOi kidney transplantation, evaluate its effectiveness and safety under unique immune conditions, and provide a theoretical and clinical basis for optimizing infection management strategies in ABOi kidney transplantation.




2 Materials and methods



2.1 Patients and study design

This retrospective, single-center study analyzed patients who underwent ABOi kidney transplantation at our hospital between May 2021 and September 2023. The study design and workflow are illustrated in Figure 1. Inclusion criteria included: (a) ABOi kidney transplantation, (b) age 18–60 years, (c) no gender restrictions, (d) first or multiple kidney transplants, and (e) with or without other organ transplants. Patients with follow-up periods of less than one year or those who declined informed consent were excluded. The study adhered to the Declaration of Helsinki and was approved by the hospital’s Ethics Committee and was approved by the Ethics Committee of the Sichuan Provincial Peoples Hospital (No. 20244631).

[image: Flowchart detailing participant selection for a study on ABO-incompatible kidney transplants from living donors (2021-2023, n=106). Inclusion criteria: ABOi kidney transplantation, age 18-60, no gender restriction, first or multiple transplants, with/without other organ transplants. Exclusion criteria: follow-up time less than one year, refusal to sign informed consent. Ninety-seven patients included, divided into two groups: 47 received preemptive therapy, 50 received preemptive therapy plus intravenous CMVig.]
Figure 1 | Study cohort and workflow. Patients were divided into two groups: preemptive therapy group (n=47) and combined prophylaxis group (preemptive therapy+CMVig, n=50). ABOi, ABO-incompatible; CMVig, Cytomegalovirus immunoglobulin.

Patients were divided into two groups based on their postoperative CMV infection prevention protocol through patient-physician shared decision-making. The preemptive therapy group(PET group) received standard preemptive therapy with ganciclovir or valganciclovir initiated upon the detection of clinically relevant CMV viremia (CMV DNA >10,000 copies/mL). The combined prophylaxis group (CMVig group), defined as patients receiving CMV immunoglobulin (CMVig) in addition to preemptive therapy, was administered an additional prophylactic regimen of CMV immunoglobulin (CMVig) administered at a dose of 100 mg/kg weekly for one month, starting on the first postoperative day. Outcomes assessed during a one-year follow-up included the incidence of clinically relevant CMV viremia, renal function (eGFR and serum creatinine), and postoperative complications (Figure 1).




2.2 ABO desensitization protocol and immunosuppressive regimen

Desensitization was achieved using plasmapheresis and monoclonal antibody therapy. Plasmapheresis was initiated seven days before transplantation (Day -7) with the goal of reducing anti-ABO antibody titers (IgM and IgG) to ≤1:16 prior to surgery. Monoclonal antibody therapy is carried out in two regimens. the first regimen consists of a single 200 mg dose of CD20 monoclonal antibody (administered two weeks preoperatively). The second regimen combines a reduced 100 mg dose of CD20 monoclonal antibody (administered two weeks preoperatively), with a complement C5 inhibitor, eculizumab (600 mg for patients <60 kg and 900 mg for patients ≥60 kg, administered one day before surgery) (Figure 2). Two weeks prior to transplantation, patients began a triple immunosuppressive regimen consisting of a calcineurin inhibitor, an antimetabolite (mycophenolate mofetil), and oral prednisone. Induction therapy involved rabbit anti-thymocyte globulin or basiliximab.

[image: Timeline detailing a medical regimen for transplant patients. It includes tacrolimus, mycophenolate mofetil, and methylprednisolone. Plasmapheresis is conducted before kidney transplant (KT). Regimen A uses rituximab 200 mg, and Regimen B uses rituximab 100 mg with eculizumab. Post-transplant, preemptive therapy with and without CMVig is outlined, along with rATG/anti-IL-2Ra and CMVig 100 mg/kg administration at specified intervals from -14 to 12 months.]
Figure 2 | ABO desensitization protocols and immunosuppressive regimen. CMVig, Cytomegalovirus immunoglobulin; KT, kidney transplantation; rATG, rabbit anti-thymocyte globulin; anti-IL-2Ra, basiliximab; D, day; M, month.




2.3 Surgical procedure

Living donor organ procurement followed strict legal and ethical protocols, including approval from the hospital Ethics Committee and provincial health authorities. Donors were categorized as genetically related (e.g., parents, siblings, nephews/nieces) or non-genetically related (spouses). The methods for living donor nephrectomy are primarily classified into two types: open donor nephrectomy and laparoscopic donor nephrectomy via the retroperitoneal approach (Supplementary Table S1).




2.4 CMV infection monitoring and prevention

Clinically relevant CMV viremia was defined as CMV DNA levels exceeding 10,000 copies/mL. CMV DNA quantification was performed using quantitative nucleic acid testing with the Human Cytomegalovirus Nucleic Acid Quantitative Detection Kit (PCR-fluorescence probing; DAAN Gene Co., Ltd., China). Whole blood samples were analyzed. Postoperative CMV DNA levels were monitored weekly for the first three months, then monthly until one year. Prevention strategies included either standard preemptive therapy alone or combined with prophylactic CMVig. In the PET group, antiviral treatment was initiated upon detecting a viral load exceeding the threshold(CMV DNA >10,000 copies/mL). Patients received either valganciclovir (900 mg, twice daily, with dosage adjusted based on renal function) or ganciclovir (5 mg/kg, every 12 hours, with dosage adjusted based on renal function). The treatment duration was at least two weeks and continued until viral replication was completely eradicated. To evaluate response to preemptive therapy, weekly quantitative CMV DNA monitoring was performed. In the CMVig group, in addition to the preemptive therapy protocol, prophylactic CMVig (Human Immunoglobulin for Intravenous Injection, Shandong Taibang Biological Products Co., Ltd., China; potency: 721 IU/mL) was administered at 100 mg/kg (1442 IU/kg) weekly for one month, starting on the first postoperative day.




2.5 B cells monitoring and other outcomes

Peripheral blood B-cell counts were analyzed by flow cytometry (Beckman Coulter CytoFLEX) using whole blood staining with PE-Cy7-conjugated anti-CD19 (clone J3-119; Beckman Coulter).Results were expressed as absolute cell counts (cells/μL) and relative percentages of total lymphocytes. Data were retrospectively collected from the following time points: 14 days pre-transplant(day of rituximab administration), day of transplantation, and postoperative follow-ups. We also followed the rejection and infection-related events. Rejection (TCMR or ABMR) was diagnosed via Banff 2019 criteria. Infections were defined as: pulmonary infections (clinical symptoms and radiological/microbiological confirmation), BK virus infections (viruria/viremia via PCR, viruria ≥1×107 copies/mL, viremia ≥1×104 copies/mL), and herpesvirus infections (PCR/serology).




2.6 Statistical analysis

All statistical analyses were performed using SPSS version 26.0 and R version 4.0. Continuous variables are presented as mean ± standard deviation (SD) or median (interquartile range, IQR), and were compared using either t-tests or Mann-Whitney U tests, as appropriate. Categorical variables were analyzed using chi-square or Fisher’s exact tests. Kaplan-Meier survival analysis with log-rank tests was used to compare the incidence of clinically relevant CMV viremia between the groups. To identify factors influencing CMV viremia, both univariate and multivariate logistic regression analyses were conducted. Univariate analysis was first performed to assess the relationship between each individual factor and CMV viremia, including the following variables: group, gender, induction therapy type, body mass index, dialysis duration, pretransplant anti-A/B antibody titer, renal glomerular filtration rate, warm ischemia time, cold ischemia time, and HLA mismatch. Subsequently, multivariate analysis was used to identify independent factors significantly associated with CMV viremia, adjusting for potential confounders. Given its potential clinical significance, induction therapy type was forced into the multivariate regression model regardless of its univariate statistical results. A backward stepwise regression approach was employed to select the most relevant variables for the multivariate model. Changes in renal function over time were assessed using repeated measures ANOVA. A two-tailed P-value of < 0.05 was considered statistically significant.





3 Results



3.1 Patient characteristics

A total of 106 patients underwent ABOi kidney transplantation, with 50 patients in the CMVig group and 47 in the PET group. Nine patients were excluded due to insufficient follow-up (n = 4) or refusal to participate (n = 5). Baseline characteristics, as summarized in Table 1, were comparable between the two groups. The mean recipient age was 37.8 ± 9.0 years in the CMVig group and 35.5 ± 10.0 years in the PET group (P = 0.234). The median dialysis duration was 12.0 months (IQR: 3.0–24.0) in the CMVig group and 8.0 months (IQR: 5.0–12.0) in the PET group (P = 0.594). The mean donor kidney glomerular filtration rate (GFR) was 41.7 ± 5.4 mL/min in the CMVig group and 42.9 ± 5.6 mL/min in the PET group (P = 0.280). Both groups had a median of two HLA mismatches (IQR: 2–3 in the CMVig group vs. 1–3 in the PET group, P = 0.100). Pre-transplant anti-A/B antibody titers were similar, with a median titer of 1:4 (IQR: 1:4–1:8) in both groups (P = 0.836). All donor-recipient pairs were CMV seropositive (D+/R+). Additionally, there were no significant differences in other parameters, including gender distribution, warm ischemia time, or cold ischemia time (all P > 0.05).

Table 1 | Patient Characteristics.


[image: A table comparing preemptive therapy (n=47) and preemptive therapy with CMVig (n=50) across various medical characteristics. It includes recipient's age, gender distribution, BMI, dialysis duration, comorbidities, renal disease diagnoses, blood groups, donor-specific antibodies, donor characteristics, desensitization protocol, immunosuppressive regimen, and surgery-related statistics, including donor/recipient serostatus and ischemia times. P-values assess statistical significance across categories.]



3.2 CMV infection outcomes

During the one-year follow-up, the clinically relevant CMV viremia occurred in 24.7% (24/97) of patients. The incidence was significantly lower in the CMVig group (16.0%, 8/50) compared to the PET group (34.0%, 16/47; P = 0.04). Notably, no cases of CMV end-organ disease were observed in either group. Furthermore, the median time to post-transplant infection was 8 weeks (IQR: 4-15.75) in the PET group versus 22 weeks (IQR: 13-24) in the CMVig group (P = 0.032). Kaplan-Meier analysis demonstrated clear divergence in cumulative CMV progression between groups (Figure 3). The log-rank test confirmed statistical significance (P = 0.027) (Figure 3). Regarding treatment duration, the median course of preemptive antiviral therapy was shorter in the CMVig group (2 weeks, IQR: 2-4) compared to the PET group (3.5 weeks, IQR: 2-4), although this difference did not reach statistical significance (P = 0.383).

[image: Kaplan-Meier plot showing cumulative incidence of CMV viremia over 48 weeks post-kidney transplantation. The blue line represents preemptive therapy, while the red line represents preemptive therapy plus CMV immunoglobulin (CMVig). The cumulative incidence is lower for the combination therapy. The log-rank test p-value is 0.027, indicating statistical significance. The table below shows the number at risk for each group over time.]
Figure 3 | Kaplan-Meier analysis of CMV viremia-free survival. The curve compares clinically relevant CMV viremia-free survival rates between the combined group (preemptive therapy + CMVig) and the preemptive therapy group. A significant difference was observed (log-rank test, P = 0.027).

To explore factors associated with CMV viremia, univariate logistic regression analysis was conducted. The results indicated that patients in the CMVig group (i.e., CMVig intervention) had a significantly lower risk of clinically relevant CMV viremia compared to the PET group (OR = 0.37, 95% CI: 0.13–0.95, P = 0.043). Univariate logistic regression analysis also identified three independent risk factors: higher pre-transplant anti-A/B antibody titers (OR = 1.13, 95% CI: 1.02–1.25, P = 0.014), prolonged warm ischemia time (OR = 2.06, 95% CI: 1.18–3.69, P = 0.012), and a greater number of HLA mismatches (OR = 2.25, 95% CI: 1.45–3.77, P < 0.001). Different induction therapy, Gender, Body mass index, dialysis duration, renal GFR, and cold ischemia time did not show significant associations with CMV viremia (all P > 0.05) (Table 2). Multivariate logistic regression analysis further confirmed the independent impact of these factors. CMVig intervention was a strong protective factor, significantly reducing the risk of CMV viremia (adjusted OR = 0.19, 95% CI: 0.04–0.68, P = 0.016). Conversely, higher pre-transplant anti-A/B antibody titers (adjusted OR = 1.19 per unit increase, 95% CI: 1.04–1.38, P = 0.016), prolonged warm ischemia time (adjusted OR = 2.67, 95% CI: 1.24–6.46, P = 0.018), and increased HLA mismatches (adjusted OR = 2.78, 95% CI: 1.63–5.47, P < 0.001) were identified as independent risk factors for CMV viremia (Table 2).

Table 2 | Univariate and Multivariate Analyses of Factors Influencing cytomegalovirus viremia.
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3.3 Renal allograft function

CMV infection impacts kidney function in transplant patients. In this study, renal allograft function was consistently poorer in clinically relevant CMV viremia-positive patients compared to viremia-negative patients at multiple time points during the follow-up period. Specifically, the mean estimated glomerular filtration rate (eGFR) in CMV viremia-positive patients was significantly lower than in viremia-negative patients at 1, 3, 6, and 12 months post-transplant: 56.68 ± 14.59 vs. 66.84 ± 14.54ml/min/1.73m² (P = 0.0051) at 1 month, 48.82 ± 16.16 vs. 63.49 ± 15.70 ml/min/1.73m² (P = 0.0004) at 3 months, 44.06 ± 9.09 vs. 59.23 ± 12.85 ml/min/1.73m² (P < 0.0001) at 6 months, and 44.36 ± 10.59 vs. 54.50 ± 14.54ml/min/1.73m² (P = 0.0005) at 12 months. Similarly, serum creatinine levels also differed significantly between the two groups, being higher in clinically relevant CMV viremia-positive patients at 3, 6, and 12 months: 185.95 ± 122.98 vs. 131.58 ± 46.26 µmol/L (P = 0.0443) at 3 months, 181.38 ± 73.79 vs. 129.54 ± 48.94 µmol/L (P = 0.0031) at 6 months, and 200.76 ± 79.45 vs. 144.60 ± 36.15 µmol/L (P = 0.0025) at 12 months (Figures 4A, C). A comparison of renal allograft function between the two groups over the one-year follow-up period demonstrated significant differences (Figures 4B, D). At 12 months post-transplant, the eGFR in CMVig group was significantly higher than in the PET group (56.40 ± 14.19 vs. 47.30 ± 13.01 ml/min/1.73m², P = 0.0014). Additionally, serum creatinine levels in the CMVig group were significantly lower than those in PET group at the same time point (146.52 ± 57.07 vs. 171.22 ± 51.48 µmol/L, P = 0.0274) (Figure 4). Although urinary protein positivity rates increased over time in both groups, the PET group consistently exhibited higher positivity rates at 1,3,6 and 12 months post-transplant. However, these differences were not statistically significant (Supplementary Figure S1).
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Figure 4 | Renal allograft function over time. (A) eGFR comparison between patients with and without clinically relevant CMV viremia post-transplant. (B) eGFR comparison between the two groups. (C) Cr levels in patients with and without clinically relevant CMV viremia. (D) Cr levels in the two groups. eGFR, estimated Glomerular Filtration Rate; Cr, Serum creatinine; CMVig, Cytomegalovirus immunoglobulin; KT, kidney transplantation. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.




3.4 B cells reconstitution

The dynamics of B cells recovery following rituximab treatment were assessed. Before treatment, the median B cell count was 117 cells/μL (IQR: 84–154) in the PET group and 125 cells/μL(IQR: 78–173) in the CMVig group. By 14 days post-treatment, the median B cell count in both groups had dropped to undetectable levels. At the 12-month follow-up, repopulation remained limited, with median B cell counts of 10 cells/μL (IQR: 7–14) in the PET group and 8.5 cells/μL (IQR: 3–15) in the CMVig group, both of which remained below the normal lower limit (Figure 5). These findings demonstrate that rituximab-induced B cell depletion persists over an extended period in both groups.

[image: Scatter plot showing B lymphocyte counts per microliter over time after rituximab treatment. Red dots represent preemptive therapy with CMVig and blue dots represent preemptive therapy. The counts decrease significantly from day zero to fourteen days and remain low after one year.]
Figure 5 | B lymphocyte depletion and reconstitution after rituximab treatment. This figure demonstrates the changes in peripheral blood B lymphocyte counts (cells/μL) in the two groups over time.




3.5 Other secondary outcomes

The overall incidence of infection and rejection complications following kidney transplantation showed no significant differences between the two groups. T cell-mediated rejection (TCMR) occurred in 2.00% (1/50) of patients in the CMVig group and 2.12% (1/47) of patients in the PET group. No cases of antibody-mediated rejection (ABMR) were reported in either group. The incidence of pulmonary infections was 10.00% (5/50) in the CMVig group and 8.51% (4/47) in the PET group. BK virus-associated complications, including viruria and viremia, were comparable between the two groups. Additionally, no cases of herpes simplex virus (HSV-1, HSV-2) or varicella-zoster virus (VZV) infections were observed in either group (Table 3).

Table 3 | Other secondary outcomes.


[image: Comparison table showing the occurrence of medical conditions between two groups: preemptive therapy (n=47) and preemptive therapy plus CMVig (n=50). Conditions listed include T cell-mediated rejection, antibody-mediated rejection, pulmonary infection, BK virus viruria, BK virus viremia, BK virus-associated nephropathy, varicella zoster virus infection, and herpes simplex virus. Percentages for each condition are provided, with notable occurrences in pulmonary infection, BK virus viruria, BK virus viremia, and one case of BK virus-associated nephropathy in the CMVig group.]




4 Discussion

Cytomegalovirus (CMV), or human herpesvirus 5 (HHV-5), is a member of the Herpesviridae family that establishes lifelong latency following primary infection, with reactivation occurring under conditions of immunosuppression (16, 17). CMV infection represents a major challenge in post-transplant management, with infection rates reported as high as 30–67% in solid organ transplant recipients, depending on the transplanted organ and the intensity of the immunosuppressive regimen (5, 18, 19). In ABOi kidney transplantation, the need for enhanced immunosuppressive protocols and preconditioning regimens poses additional challenges in CMV management (20, 21). These desensitization protocols are designed to lower anti-A/B antibody (isoagglutinin) levels to a safe threshold to prevent rejection but inadvertently weaken immune defenses, significantly increasing susceptibility to opportunistic infections such as CMV (2, 22). These considerations underscore the critical need for tailored infection prevention strategies specifically for ABOi transplant recipients.

In some cases, CMVig has demonstrated efficacy and potential in preventing and treating CMV infections following ABOi kidney transplantation (23, 24).Mechanistic studies also suggest that CMVig could be a promising therapeutic candidate. In previous studies on CMVig, its multifaceted protective mechanisms have been documented. CMVig provides passive immunity by neutralizing circulating CMV particles (25). Additionally, CMVig enhances the body’s antiviral immune response while suppressing excessive immune activation, thereby balancing immune responses (5, 26). This dual modulation, involving both innate and adaptive immunity, facilitates viral clearance in high-risk populations, making it particularly crucial for ABO-incompatible kidney transplant recipients (25, 26). However, its specific clinical efficacy in ABOi kidney transplant recipients remains to be comprehensively observed and reported.

Our study demonstrates that prophylactic use of CMVig significantly reduces the incidence of CMV infection within 12 months. Patients receiving CMVig treatment showed a significantly lower incidence of clinically relevant CMV viremia compared to the preemptive therapy group. This finding is consistent with prior studies on solid organ transplantation. For instance, a systematic review and meta-analysis conducted by Barten et al. found that CMVig prophylaxis significantly reduced CMV infection rates in solid organ transplant recipients, reporting an infection rate of 35.8% in the CMVig group compared to 41.4% in the PET group (27).However, conflicting evidence exists. For instance, a randomized double-blind trial conducted by Ishida JH indicated that although CMVig delayed the onset of CMV viremia in some kidney transplant recipients, the difference compared to the placebo group was not statistically significant (28). The authors attributed these findings to factors such as insufficient sample size, selection bias in the study population, and inadequate follow-up duration.

Beyond reducing infection rates, CMVig delayed the onset of CMV viremia in our cohort, highlighting its potential for controlling CMV infection during the critical early post-transplant period. This extended protection may reduce reliance on antiviral drugs, thereby minimizing associated adverse effects such as nephrotoxicity and bone marrow suppression. Our clinical findings align with the mechanistic evidence supporting the therapeutic potential of CMVig, further reinforcing its role as a promising preventive strategy in ABOi kidney recipients.

CMV infection is a well-documented contributor to graft dysfunction and loss. Prior studies by Hellemans et al. and Ishikawa et al. have established a significant correlation between CMV infection and progressive declines in graft function (29, 30). Consistent with these findings, our one-year follow-up revealed that patients with clinically relevant CMV viremia exhibited significantly lower eGFR at multiple time points compared to those without, indicating sustained graft dysfunction attributable to CMV. These findings further underscore the critical importance of early CMV detection and intervention to prevent sustained graft damage and optimize transplantation outcomes.

Thus, we also investigated whether prophylactic CMVig directly enhances graft function. During the early follow-up period (1, 3, and 6 months), no significant differences in eGFR or serum creatinine levels were observed between the CMVig-treated and the preemptive group, suggesting limited direct protective effects of CMVig on graft function. However, by the 12-month follow-up, patients receiving CMVig demonstrated significantly improved eGFR and serum creatinine levels compared to patients in preemptive group. These improvements are likely attributable to the reduced incidence of CMV infection in the CMVig-treated group, which indirectly mitigated CMV-induced graft damage rather than reflecting a direct protective effect of CMVig itself.

Finally, our study evaluated the reconstitution of immune function and explored alternative desensitization strategies in ABOi kidney recipients. Previous studies, including those by Thiel and Colucci, have shown that peripheral B cell counts typically recover within 6 to 12 months following rituximab treatment (31, 32). However, persistently low B cell counts were observed throughout the entire observation period in our cohort. This prolonged immunosuppression likely accounts for the increased susceptibility to CMV infection observed in ABOi recipients (33). To address this, we explored a modified desensitization strategy in four patients, reducing rituximab doses from 200mg to 100 mg and administering a single preoperative dose of eculizumab. This C5 complement inhibitor supports desensitization by suppressing complement-mediated humoral immunity (34). While its efficacy is well-documented in atypical hemolytic uremic syndrome (aHUS), its role in preventing ABOi-associated antibody-mediated rejection (ABMR) remains uncertain (35, 36). Given that ABOi desensitization involves multiple immune pathways, including complement-dependent mechanisms and antibody-dependent cellular cytotoxicity (ADCC), relying solely on complement inhibitors may not be sufficient (37). Notably, none of the four patients experienced CMV infections or ABMR. These findings suggest that personalized desensitization protocols incorporating alternative strategies may help balance infection risk and immunosuppression in ABOi kidney transplantation.

Of course, this study has certain limitations. First, as a single-center study, the generalizability of the findings to other populations or different clinical settings may be limited. Second, the relatively short follow-up period restricts observations of long-term outcomes, such as graft survival and CMV-related mortality.




5 Conclusions

In conclusion, CMVig represents a promising prophylactic option for reducing CMV viremia incidence and delaying infection onset in ABOi kidney transplant recipients. Additionally, personalized desensitization protocols may further enhance CMV management and improve long-term outcomes for this high-risk population. However, further multi-center studies with extended follow-up periods are needed to validate these findings and establish optimized protocols for integrating CMVig into clinical practice.





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 authors.





Ethics statement

The studies involving humans were approved by Ethics Committee of Sichuan Provincial People’s Hospital. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

LZ: Data curation, Formal analysis, Methodology, Software, Visualization, Writing – original draft. ST: Conceptualization, Data curation, Formal analysis, Investigation, Writing – original draft. ZP: Investigation, Formal analysis, Validation, Writing – review & editing. KC: Data curation, Investigation, Writing – original draft. WD: Data curation, Investigation, Writing – original draft. YH: Project administration, Resources, Supervision, Validation, Writing – review & editing. HY: Project administration, Resources, Supervision, Validation, Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.




Acknowledgments

We sincerely thank Sichuan Provincial People’s Hospital for providing patient data and follow-up information. We also extend our heartfelt gratitude to the volunteer patients who generously participated in this research and supported its completion.





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.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1562951/full#supplementary-material

Supplementary Figure 1 | Urinary proteins positive percentage over time. The bar chart shows the percentage of patients with urinary protein positivity at 1,3,6 and 12 months post-kidney transplantation (KT).

Supplementary Table 1 | Donor-recipient relationships and surgical methods.



Abbreviations

CMV, Cytomegalovirus; ABOi, ABO incompatible; CMVig, Cytomegalovirus immunoglobulin; HSV, herpes simplex virus; VZV, varicella-zoster virus; HHV, human herpesvirus.


References
	1. Limaye, AP, Budde, K, Humar, A, Vincenti, F, Kuypers, DRJ, Carroll, RP, et al. Letermovir vs valganciclovir for prophylaxis of cytomegalovirus in high-risk kidney transplant recipients: A randomized clinical trial. Jama. (2023) 330:33–42. doi: 10.1001/jama.2023.9106
	2. Razonable, RR, and Humar, A. Cytomegalovirus in solid organ transplant recipients-Guidelines of the American Society of Transplantation Infectious Diseases Community of Practice. Clin Transplant. (2019) 33:e13512. doi: 10.1111/ctr.13512
	3. Lewis, A, Koukoura, A, Tsianos, GI, Gargavanis, AA, Nielsen, AA, and Vassiliadis, E. Organ donation in the US and Europe: The supply vs demand imbalance. Transplant Rev (Orlando). (2021) 35:100585. doi: 10.1016/j.trre.2020.100585
	4. Morath, C, Zeier, M, Döhler, B, Opelz, G, and Süsal, C. ABO-incompatible kidney transplantation. Front In Immunol. (2017) 8:234. doi: 10.3389/fimmu.2017.00234
	5. Kotton, CN, Kumar, D, Caliendo, AM, Huprikar, S, Chou, S, Danziger-Isakov, L, et al. The third international consensus guidelines on the management of cytomegalovirus in solid-organ transplantation. Transplantation. (2018) 102:900–31. doi: 10.1097/TP.0000000000002191
	6. Cowley, NJ, Owen, A, Shiels, SC, Millar, J, Woolley, R, Ives, N, et al. Safety and efficacy of antiviral therapy for prevention of cytomegalovirus reactivation in immunocompetent critically ill patients: A randomized clinical trial. JAMA Intern Med. (2017) 177:774–83. doi: 10.1001/jamainternmed.2017.0895
	7. Kotton, CN, and Kamar, N. New insights on CMV management in solid organ transplant patients: prevention, treatment, and management of resistant/refractory disease. Infect Dis Ther. (2023) 12:333–42. doi: 10.1007/s40121-022-00746-1
	8. Yong, MK, Shigle, TL, Kim, YJ, Carpenter, PA, Chemaly, RF, and Papanicolaou, GA. American Society for Transplantation and Cellular Therapy Series: 4 - Cytomegalovirus treatment and management of resistant or refractory infections after hematopoietic cell transplantation. Transplant Cell Ther. (2021) 27:957–67. doi: 10.1016/j.jtct.2021.09.010
	9. Axelrod, D, Segev, DL, Xiao, H, Schnitzler, MA, Brennan, DC, Dharnidharka, VR, et al. Economic impacts of ABO-incompatible live donor kidney transplantation: A national study of medicare-insured recipients. Am J Transplant. (2016) 16:1465–73. doi: 10.1111/ajt.13616
	10. Limaye, AP, Babu, TM, and Boeckh, M. Progress and challenges in the prevention, diagnosis, and management of cytomegalovirus infection in transplantation. Clin Microbiol Rev. (2020) 34(1):e00043-19. doi: 10.1128/CMR.00043-19
	11. Snydman, DR, Werner, BG, Heinze-Lacey, B, Berardi, VP, Tilney, NL, Kirkman, RL, et al. Use of cytomegalovirus immune globulin to prevent cytomegalovirus disease in renal-transplant recipients. N Engl J Med. (1987) 317:1049–54. doi: 10.1056/NEJM198710223171703
	12. Martins, JP, Andoniou, CE, Fleming, P, Kuns, RD, Schuster, IS, Voigt, V, et al. Strain-specific antibody therapy prevents cytomegalovirus reactivation after transplantation. Science. (2019) 363:288–93. doi: 10.1126/science.aat0066
	13. Zamora, D, Krantz, EM, Green, ML, Joncas-Schronce, L, Blazevic, R, Edmison, BC, et al. Cytomegalovirus humoral response against epithelial cell entry-mediated infection in the primary infection setting after hematopoietic cell transplantation. J Infect Dis. (2020) 221:1470–9. doi: 10.1093/infdis/jiz596
	14. Ko, Y, Kim, JY, Kim, SH, Kim, DH, Lim, SJ, Shin, S, et al. Acute rejection and infectious complications in ABO- and HLA-incompatible kidney transplantations. Ann Transplant. (2020) 25:e927420. doi: 10.12659/AOT.927420
	15. Orandi, BJ, Garonzik-Wang, JM, Massie, AB, Zachary, AA, Montgomery, JR, Van Arendonk, KJ, et al. Quantifying the risk of incompatible kidney transplantation: a multicenter study. Am J Transplant. (2014) 14:1573–80. doi: 10.1111/ajt.12786
	16. Wills, MR, Poole, E, Lau, B, Krishna, B, and Sinclair, JH. The immunology of human cytomegalovirus latency: could latent infection be cleared by novel immunotherapeutic strategies? Cell Mol Immunol. (2015) 12:128–38. doi: 10.1038/cmi.2014.75
	17. Griffiths, P, and Reeves, M. Pathogenesis of human cytomegalovirus in the immunocompromised host. Nat Rev Microbiol. (2021) 19:759–73. doi: 10.1038/s41579-021-00582-z
	18. Silva Junior, HT, Tokat, Y, Cai, J, Singh, I, Sandhu, A, Demuth, D, et al. Epidemiology, management, and burden of cytomegalovirus in solid organ transplant recipients in selected countries outside of Europe and North America: A systematic review. Transpl Infect Dis. (2023) 25:e14070. doi: 10.1111/tid.14070
	19. Khawaja, F, Spallone, A, Kotton, CN, and Chemaly, RF. Cytomegalovirus infection in transplant recipients: newly approved additions to our armamentarium. Clin Microbiol Infect. (2023) 29:44–50. doi: 10.1016/j.cmi.2022.07.001
	20. Roberts, MB, and Fishman, JA. Immunosuppressive agents and infectious risk in transplantation: managing the “Net state of immunosuppression. Clin Infect Dis. (2021) 73:e1302–e17. doi: 10.1093/cid/ciaa1189
	21. Kumar, R, and Ison, MG. Opportunistic infections in transplant patients. Infect Dis Clin North Am. (2019) 33:1143–57. doi: 10.1016/j.idc.2019.05.008
	22. Lee, J, Lee, JG, Kim, S, Song, SH, Kim, BS, Kim, HO, et al. The effect of rituximab dose on infectious complications in ABO-incompatible kidney transplantation. Nephrol Dial Transplant. (2016) 31:1013–21. doi: 10.1093/ndt/gfw017
	23. Wiening, V, Schmidt, T, Dahmen, M, Siam, S, Reuter, S, Pavenstädt, HJ, et al. Case report: management of a multidrug-resistant CMV-strain in a renal transplant recipient by high-dose CMV-specific immunoglobulins, modulation in immunosuppression, and induction of CMV-specific cellular immunity. Front Immunol. (2020) 11:623178. doi: 10.3389/fimmu.2020.623178
	24. Kodama, H, Hatakeyama, S, Matsuura, T, Saito, M, Nishida, H, Hamaya, T, et al. Incidence of postoperative cytomegalovirus and BK-polyoma virus infections and graft loss in ABO-incompatible renal transplant recipients: a multicenter retrospective study. Int Urol Nephrol. (2024) 56:2187–93. doi: 10.1007/s11255-023-03934-1
	25. Carbone, J. The immunology of posttransplant CMV infection: potential effect of CMV immunoglobulins on distinct components of the immune response to CMV. Transplantation. (2016) 100 Suppl 3:S11–8. doi: 10.1097/TP.0000000000001095
	26. Deml, L, Hüber, CM, Barabas, S, Spindler, T, Cozzi, E, and Grossi, P. Stimulatory effect of CMV immunoglobulin on innate immunity and on the immunogenicity of CMV antigens. Transplant Direct. (2021) 7:e781. doi: 10.1097/TXD.0000000000001236
	27. Barten, MJ, Baldanti, F, Staus, A, Hüber, CM, Glynou, K, and Zuckermann, A. Effectiveness of prophylactic human cytomegalovirus hyperimmunoglobulin in preventing cytomegalovirus infection following transplantation: A systematic review and meta-analysis. Life (Basel). (2022) 12(3):361. doi: 10.3390/life12030361
	28. Ishida, JH, Patel, A, Mehta, AK, Gatault, P, McBride, JM, Burgess, T, et al. Phase 2 randomized, double-blind, placebo-controlled trial of RG7667, a combination monoclonal antibody, for prevention of cytomegalovirus infection in high-risk kidney transplant recipients. Antimicrob Agents Chemother. (2017) 61(2):e01794-16. doi: 10.1128/AAC.01794-16
	29. Hellemans, R, and Abramowicz, D. Cytomegalovirus after kidney transplantation in 2020: moving towards personalized prevention. Nephrol Dial Transplant. (2022) 37:810–6. doi: 10.1093/ndt/gfaa249
	30. Ishikawa, S, Tasaki, M, Saito, K, Nakagawa, Y, Ikeda, M, Takahashi, K, et al. Long-term CMV monitoring and chronic rejection in renal transplant recipients. Front Cell Infect Microbiol. (2023) 13:1190794. doi: 10.3389/fcimb.2023.1190794
	31. Colucci, M, Carsetti, R, Cascioli, S, Casiraghi, F, Perna, A, Ravà, L, et al. B cell reconstitution after rituximab treatment in idiopathic nephrotic syndrome. J Am Soc Nephrol. (2016) 27:1811–22. doi: 10.1681/ASN.2015050523
	32. Thiel, J, Rizzi, M, Engesser, M, Dufner, AK, Troilo, A, Lorenzetti, R, et al. B cell repopulation kinetics after rituximab treatment in ANCA-associated vasculitides compared to rheumatoid arthritis, and connective tissue diseases: a longitudinal observational study on 120 patients. Arthritis Res Ther. (2017) 19:101. doi: 10.1186/s13075-017-1306-0
	33. Nixon, A, Ogden, L, Woywodt, A, and Dhaygude, A. Infectious complications of rituximab therapy in renal disease. Clin Kidney J. (2017) 10:455–60. doi: 10.1093/ckj/sfx038
	34. Schinstock, C, Tambur, A, and Stegall, M. Current approaches to desensitization in solid organ transplantation. Front Immunol. (2021) 12:686271. doi: 10.3389/fimmu.2021.686271
	35. Legendre, CM, Licht, C, Muus, P, Greenbaum, LA, Babu, S, Bedrosian, C, et al. Terminal complement inhibitor eculizumab in atypical hemolytic-uremic syndrome. N Engl J Med. (2013) 368:2169–81. doi: 10.1056/NEJMoa1208981
	36. Tan, EK, Bentall, A, Dean, PG, Shaheen, MF, Stegall, MD, and Schinstock, CA. Use of eculizumab for active antibody-mediated rejection that occurs early post-kidney transplantation: A consecutive series of 15 cases. Transplantation. (2019) 103:2397–404. doi: 10.1097/TP.0000000000002639
	37. Bhalla, A, Alachkar, N, and Alasfar, S. Complement-based therapy in the management of antibody-mediated rejection. Adv Chronic Kidney Dis. (2020) 27:138–48. doi: 10.1053/j.ackd.2019.12.002




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 © 2025 Zhong, Tang, Pu, Chen, Di, Hou and Yang. 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.




BRIEF RESEARCH REPORT

published: 15 May 2025

doi: 10.3389/fimmu.2025.1553305

[image: image2]


Performance of new pp65-IGRA for the quantification of HCMV-specific CD4+ T-cell response in healthy subjects and in solid organ transplant recipients


Dalila Mele 1, Federica Zavaglio 1, Federica Bergami 1, Marilena Gregorini 2,3, Domenica Federica Briganti 3,4, Carlo Pellegrini 4,5, Giuditta Comolli 1, Irene Cassaniti 1,4, Daniele Lilleri 1* and Fausto Baldanti 1,4


1 Molecular Virology Unit, Department of Microbiology and Virology, Fondazione IRCCS Policlinico San Matteo, Pavia, Italy, 2 Unit of Nephrology, Dialysis and Transplantation, Fondazione IRCCS Policlinico San Matteo, Pavia, Italy, 3 UOS Transplant Center, Fondazione IRCCS Policlinico San Matteo, Pavia, Italy, 4 Department of Clinical, Surgical, Diagnostic and Pediatric Sciences, University of Pavia, Pavia, Italy, 5 Department of Cardiothoracic Surgery, Fondazione IRCCS Policlinico San Matteo, Pavia, Italy




Edited by: 

Cynthia Giver, Emory University, United States

Reviewed by: 

Luigi Nespoli, University of Insubria, Italy

Jorge Valle Arroyo, Fundación para la Investigación Biosanitaria de Andalucía Oriental (FIBAO), Spain

*Correspondence: 

Daniele Lilleri
 d.lilleri@smatteo.pv.it


Received: 30 December 2024

Accepted: 15 April 2025

Published: 15 May 2025

Citation:
Mele D, Zavaglio F, Bergami F, Gregorini M, Briganti DF, Pellegrini C, Comolli G, Cassaniti I, Lilleri D and Baldanti F (2025) Performance of new pp65-IGRA for the quantification of HCMV-specific CD4+ T-cell response in healthy subjects and in solid organ transplant recipients. Front. Immunol. 16:1553305. doi: 10.3389/fimmu.2025.1553305



Immune control of human cytomegalovirus (HCMV) replication is critical in bone marrow and solid organ transplant recipients, where uncontrolled replication can lead to high mortality. Current commercial immune monitoring tools have several limitations, such as a lack of appropriate test cutoff values and the inability to characterise antigen-specific T cells. The main aim of our study was to develop a new interferon-γ (IFN-γ) release assay (IGRA), easy to use, to quantify and characterise the HCMV-specific T-cell response (pp65-IGRA). Secondary analyses included an evaluation of the performance of pp65-IGRA to assess whether its specificity and sensitivity were equal to or greater than those of the intracellular cytokine staining (ICS) and enzyme-linked immunospot (ELISpot) assays. In the study, 76 immunocompetent donors and nine solid organ transplant recipients were enrolled. Blood samples or peripheral blood mononuclear cells were stimulated with HCMV pp65-recombinant protein or with a complete pool of overlapping pp65 peptides. IFN-γ production was analysed by enzyme-linked immunoassay, ELISpot assays, and flow cytometry. For each assay, appropriate cutoff values were calculated. Our data demonstrate the suitability of pp65-IGRA for the quantification of HCMV-specific CD4+ T-cell responses and may support its use in routine clinical practice to improve the management of immunocompromised patients.
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1 Introduction

Human cytomegalovirus (HCMV) is a ubiquitous DNA virus capable of establishing lifelong latency in bone marrow hematopoietic progenitor cells after primary infection (1). Periodically, a latently infected virus can restart replication, causing reactivation episodes.

Upon primary HCMV infection, the virus can trigger an overwhelming response involving many arms of the immune system (2). Several studies have documented that cell-mediated adaptive immunity (CMI) plays a key role in the control of the replication of HCMV (3, 4). Particularly, HCMV-specific CD8+ T lymphocytes are essential for limiting HCMV viremia during the acute phase of primary infection, whereas long-term immune control of infection is established by the CD4+ T lymphocyte subset. Indeed, several works, including ours, give direct evidence that the presence of an HCMV-specific CD4+ T-cell response is associated with a lower risk of HCMV disease (5–8). HCMV infection or reactivation in the immunocompetent individual is rarely a cause of morbidity. Conversely, the reduced immune response in bone marrow or solid organ transplant recipients, due to immunosuppressive therapies, makes them susceptible to viral reactivation with serious life‐threatening risks (3).

Current guidelines suggest two main strategies to prevent HCMV disease in transplant recipients: the universal prophylaxis (based on administration of antiviral drugs to all patients for up to 12 months) and preemptive therapy (based on monitoring the viral burden in the blood and treatment when transplant recipients are deemed to be at high risk (9, 10). Both approaches have limitations, such as cost, toxicity, and risk for emergence of resistance. However, patients without significant HCMV-specific T-cell dysfunction could avoid both prophylactic and preventive therapies. In fact, HCMV reactivation episodes and the risk of disease are associated with each patient’s immune status, and transplant recipients who maintain a sufficient HCMV-specific T-cell response can control HCMV infection despite immune suppression (5, 8, 11–15). Therefore, it is important in the clinical practice the employment of HCMV–CMI assays, particularly those that track the specific CD4 T-cell response, to guide personalized strategies aimed at preventing HCMV in immunocompromised individuals (11–15).

Different clinical tools have been evaluated for ex-vivo quantitation and functional characterization of antigen-specific T-cell responses, including enzyme-linked immunospot (ELISPOT), enzyme-linked immunoassay (ELISA), and flow cytometry. Of these, ELISA and ELISpot are highly specific and sensitive but do not provide the phenotypic characterization of antigen-stimulated T cells (16–18). On the other hand, the flow cytometry approach allows the analysis of cell function and phenotype in parallel (5, 8, 14, 15), but it is labor intensive, expensive, and poorly standardized. Moreover, flow cytometry or ELISpot requires trained operators to perform the tests accurately and interpret the results. The preparation of peripheral blood mononuclear cells (PBMCs) requires considerable expertise. Specifically, PBMCs should be used or cryopreserved within hours of blood collection to ensure data quality. Therefore, whole blood assays could be more advantageous than PBMC-based methods by significantly reducing blood volume, being rapid and automated, and not requiring skilled personnel. The QuantiFERON-CMV assay is the only commercially available method for measuring CMI response in whole blood samples. It is an in-vitro assay using HCMV peptides that are designed to specifically target CD8+ T cells and are restricted by HLA class I haplotypes, which cover > 98% of the human population. Therefore, this test is not suitable for subjects with HLA class I haplotypes that are not covered (18, 19). Additionally, it does not analyze HCMV-specific CD4+ T-cell responses. Several studies have reported that 15- to 20-mer overlapping peptides are able to stimulate both CD4+ and CD8+ T cell immunity, whereas whole proteins mainly stimulate CD4+ T cells (20, 21). The aim of our study was to develop a novel, easy-to-perform, whole-blood Interferon-Gamma-Release Assay (IGRA) that requires minimal blood volume and is suitable for accurate quantification of HCMV-specific CD4+ T-cell response and to compare its performance with that of the currently available assays. For this reason, whole blood samples were stimulated with HCMV pp65-recombinant protein or a complete pool of overlapping pp65 peptides (pp65-IGRA). Additionally, three different HCMV-specific IGRAs were evaluated and compared with the novel pp65-IGRA: intracellular cytokine staining (ICS) by flow cytometry, ELISpot assay developed in our institute, and HCMV–IFN-γ ELISA (QuantiFERON-CMV, Germany, Qiagen). Of note, the ELISpot assay detects overall specific T-cell response, whereas the QuantiFERON-CMV assay measures HCMV-CMI by quantifying IFNγ released by CD8+ T cells.




2 Materials and methods



2.1 Study setting

For the setup and the comparative evaluation of pp65-IGRA, peripheral blood samples were collected from 76 immunocompetent donors. In addition, blood samples were collected from 9 HCMV-seropositive solid organ transplant recipients (SOTR) before and 3 months after transplantation to test preliminarily pp65-IGRA in this population. PBMCs were obtained from heparin-treated blood by density gradient centrifugation (Lymphoprep, Sentinel Diagnostics, Milan, Italy) and were used to measure antigen-specific T-cell responses by ICS and ELISpot assay. Serum samples were used for HCMV IgG serology. All subjects signed an informed consent form. The study was approved by the local Ethics Committee (Comitato Etico Area Pavia) and institutional review board (Prot. 0003690/2024).




2.2 HCMV serology

For quantifications of anti-HCMV IgG antibody titre in serum, the automated chemiluminescence analyser technology was used (LIASON XL, Italy, DiaSorin). Values lower than 12 mUI/ml were considered negative.




2.3 Media and antigens

To evaluate the HCMV-specific T-cell response, recombinant pp65 protein (Abcam, Cambridge, UK) and pp65 peptide pool (15 mers, overlapping by 10 amino acids, A&A Labs LLC, San Diego, CA) were used at a final concentration of 1 µg/ml. Commercial phytohaemagglutinin (PHA, 5 μg/ml; MO, USA) or SEB (Staphylococcus aureus, Enterotoxin Type B, 10 µg/ml) was used as a positive control in the ELISpot assay and pp65-IGRA whole blood assay. A peptide pool of human actin (15 mers, overlapping by 10 amino acids, Pepscan, Lelystad, the Netherlands) was used as a negative control in the ICS assay at a final concentration of 1 µg/ml. Culture medium was RPMI 1640 (Euroclone, Milano, Italy) supplemented with 2 mM L-glutamine (Euroclone), 100 U/ml penicillin and 100 µg/ml streptomycin solution (Euroclone), and 10% of heat-inactivated fetal bovine serum.




2.4 Intracellular cytokine staining assay

In a round-bottom 96-well plate, peripheral blood mononuclear cells (PBMCs) were stimulated for 16h–18h (22, 23) with recombinant pp65 protein, pp65 peptide pool, and peptide pool of human actin in the presence of 0.5 µg/ml co-stimulator molecules, CD28 and CD49d (BD Bioscience, New Jersey, USA), and brefeldin A (Sigma-Aldrich-Merck, Darmstadt, Germany) at a final concentration of 10 µg/ml. Cells were seeded at a density of 0.5–1 × 106 cells/200 µl culture medium per well. Cells were then incubated overnight at 37°C (5% CO2). Subsequently, PBMCs were harvested, washed, and stained using CD8 V500, CD3 PerCP-Cy 5.5, and CD4 APC Cy7 (BD Biosciences). After fixation and permeabilization (Fixation/Permeabilization Solution Kit, BD Biosciences), cells were stained with anti–IFN-γ PECy7 (BD Biosciences). Nonviable cells were identified by staining with Live/Dead Fixable Violet Dye Pacific Blue (Invitrogen, MA, USA). Data acquisition was performed with a FACS Lyric flow cytometer using BD FACSuite software (BD Biosciences) (23–25). The frequency of IFN-γ–producing CD4+ and CD8+ T cells is determined by subtracting the frequency of IFNγ+ CD4+ or CD8+ T cells incubated with human actin peptides from the IFNγ+ CD4+ or CD8+ T cells incubated with recombinant pp65 protein and pp65 peptide pool.




2.5 Ex-vivo enzyme-linked immunospot assay

Antigen-specific T-cell responses were evaluated by IFN-γ detection following recombinant pp65 protein and pp65 peptide pool stimulation in an ELISpot assay as previously described (26). Negative control wells lacked peptides, and positive control wells contained PHA. Spots were counted using an automated ELISpot Reader System (Autoimmun Diagnostika GmbH, Strasburg, Germany). Results were expressed as IFN-γ spot-forming units (SFUs)/106 PBMCs, after subtracting spots from the negative control.




2.6 HCMV-specific interferon-gamma-release assays (pp65-IGRA)

In a 48-well plate, 400 µl of heparinized whole blood were stimulated with the same stimuli used for the ICS assay and maintained overnight at 37°C (5% CO2). Unstimulated whole blood was used as a negative control. Subsequently, plasma was harvested and analyzed for IFN-γ [µg/ml ELISA assay, according to manufacturer’s instructions (Quantikine ELISA, R&D Systems, MN, USA)]. The IFN-γ levels of the negative control were subtracted from the unstimulated one.




2.7 QuantiFERON-CMV assay

The CE-IVD QuantiFERON-CMV assay had been performed according to the manufacturer’s instructions (Qiagen, Germany). Plasma was harvested and analyzed for IFN-γ (IU/ml) using the QuantiFERON-CMV ELISA kit (Qiagen).




2.8 Statistical analysis

GraphPad Prism 9.1.0 (GraphPad Software, La Jolla, CA, USA) was used for statistical analyses. A two-sided p-value < 0.05 was considered statistically significant. Receiver operating characteristic (ROC) curve analysis was done to evaluate the optimum cutoffs to discriminate HCMV seropositive and seronegative subjects. The cutoffs were established according to the Youden’s index (or Youden’s J statistic) (27), defined as:

[image: Formula for the Youden's index: J equals sensitivity plus specificity minus one.]	

The maximum value of the index was used as a criterion for selecting the optimum cutoff value, in order to obtain the best compromise between sensitivity and specificity. The area under the curve (AUC) and its 95% confidence interval (CI) were calculated. Correlations between variables were analysed by Pearson’s rank correlation coefficient.





3 Results



3.1 Demographic characteristics of subjects included in the study

For the evaluation of the efficacy of pp65-IGRA in detecting HCMV-specific T-cell response in immunocompetent subjects and for the comparison of its diagnostic efficacy with that of other assays, we tested 76 immunocompetent donors (48 females and 28 males) whose median age was 50 years (range: 25–89 years).

Detection of HCMV-specific T-cell response by pp65 IGRA was subsequently evaluated in nine SOTR (four females and five males) whose median age was 58 years (range: 19–69 years).




3.2 T-cell response to pp65 after incubation of whole blood and PBMCs with a peptide pool or the recombinant protein

Whole blood (WB) from 54 seropositive and 22 seronegative immunocompetent donors was incubated with a peptide pool of pp65 or the recombinant protein, and the concentration of IFN-γ released was measured (pp65-IGRA; Figure 1A). As expected, both antigen formulations were able to induce IFN-γ release from most seropositive subjects. On the contrary, WB from HCMV-seronegative subjects stimulated with the peptide pool gave a negligible response, while a certain amount of IFN-γ release was observed in a minor portion of recombinant pp65-stimulated WB samples. By ROC analysis, and according to Youden’s index, a cutoff of 3 pg/ml for the peptide pool and a cutoff of 50 pg/ml for the recombinant protein were selected for discrimination of seropositive and seronegative subjects. An ELISpot assay was performed with PBMCs using the same pp65 formulations (Figure 1B). Again, IFN-γ–positive spots were produced by the great majority of seropositive subjects, while a small number of spots were produced by few seronegative subjects (the great majority gave negative results). Cutoffs of 40 and 25 SFU/106 cells were chosen for the peptide pool or the recombinant protein. According to the selected cutoffs, after stimulation with the peptide pool, no seronegative subjects gave non-specific results with pp65-IGRA and ELISpot, while using recombinant protein 3 and 2 seronegative subjects gave false-positive results with pp65-IGRA and ELISpot.

[image: Four scatter plots illustrate various immune responses to pp65 peptide pool and pp65 recombinant protein in HCMV seronegative and seropositive individuals. Plot A shows IFNγ levels in pg/ml using pp65-IGRA, with higher responses in seropositive groups. Plot B displays SFU per 10^6 cells using ELISpot, again showing increased responses in seropositive individuals. Plot C represents %CD4+IFNγ+ T cells using ICS with notable differences between groups. Plot D shows %CD8+IFNγ+ T cells, also measured by ICS, highlighting higher responses in seropositive groups. Green and black dots differentiate between peptide pool and recombinant protein responses.]
Figure 1 | Whole blood IFN-γ release was measured in 22 HCMV-seronegative and 54 HCV-seropositive donors following stimulation with pp65 peptide pool (white dot) or recombinant protein (green dot) (A). Number of spot-forming cells in response to stimulation with pp65 peptide pool or recombinant in stratified HD (B). Frequency of CD4+ and CD8+ T cells producing IFN-γ in PBMCs of donors stimulated with pp65 peptide pool or recombinant protein (C, D, respectively). The horizontal dotted line indicated the cutoff.

IFN-γ production was also determined on CD4+ (Figure 1C) and CD8+ (Figure 1D) T cells by ICS. Flow cytometry gate strategies were shown in Supplementary Figure S1. As expected, the peptide pool stimulated both T-cell subpopulations, while the recombinant protein provided an excellent stimulation for CD4+ and a poor stimulation for CD8+ T cells. No seronegative subject gave false-positive results with either peptide pool or recombinant protein in CD4+ T-cell response, and one subject gave a false positive result in CD8+ T-cell response to peptide pool.

The diagnostic performance of pp65-IGRA, ELISpot, and ICS in discriminating seropositive and seronegative subjects is shown in Table 1. A slightly better sensitivity was observed for the pp65-IGRA than the ELISpot. For these two assays, 100% specificity was observed with the peptide pool as stimulus, whereas specificity was close to 100% with the recombinant protein. The ICS assay for CD4+ T cells was highly specific with both antigen formulations, while sensitivity was lower than that of pp65-IGRA and ELISpot. The sensitivity was very poor with ICS for CD8+ T cells using recombinant protein as stimulus.

Table 1 | Performance characteristics of all IGRA quantitative assays.


[image: Table comparing assays based on AUC, cutoff, specificity, and sensitivity. Assays include pp65-IGRA and ELISpot with both pp65 pool and recombinant forms, and ICS-CD4/CD8. AUC ranges from 0.864 to 0.989, specificity ranges from 90.91% to 100%, and sensitivity ranges from 65.22% to 96.3%. Cutoffs vary by assay type: 3 to 50 pg/ml for IGRA, 25 to 40 SFU/10^6 cells for ELISpot, and 0.02% to 0.035% for ICS.]



3.3 Correlation of pp65-IGRA with ELISpot and ICS

7Using a peptide pool for T-cell stimulation, among the 54 HCMV-seropositive subjects, there was a significant and high correlation (Figure 2A) between pp65-IGRA and ELISpot (p < 0.001, R = 0.80). A lower correlation (Figure 2B) was found between pp65-IGRA and ICS for CD4+ T cells (R = 0.58), while the lowest correlation (Figure 2C) was found between pp65-IGRA and ICS for CD8+ T cells (R = 0.43). Using the recombinant protein, a significant correlation, albeit low, was found between pp65-IGRA and ELISpot or ICS for CD4+ T cells (R = 0.53 and 0.51, respectively; Figures 2D, E); no significant correlation was observed between pp65-IGRA and ICS for CD8+ T cells (Figure 2F).

[image: Scatter plots comparing interferon-gamma (IFN-γ) levels from pp65 IGRA assays on the x-axis with SFU/10^6 cells and percentages of CD4+ and CD8+ IFN-γ+ T cells on the y-axis. Panels A, B, C use pp65 peptide pool, and panels D, E, F use pp65 recombinant protein. Correlation coefficients (r) and p-values indicate relationships between variables. Panels A, D show SFU data; B, E show CD4+ T cells; C, F show CD8+ T cells. White circles represent peptide pool and green circles represent recombinant protein stimuli.]
Figure 2 | Correlation between whole blood IFN-γ production (pg/ml) and the number of spots on ELISpot following stimulation with pp65 pool (white dots, A) or pp65 recombinant (green dots, D). Correlation between the IFN-γ production (pg/ml) and the frequency of IFN-γ+CD4+(B, E) and CD8+ T cells (C, F) measured by ICS assay following pp65 stimulation. Each dot represents a single sample; Correlation was determined using Spearman, r, and p-value are given in the graph. The cutoff line of each analysis was shown.

A more complete characterisation of antigen-specific T-cell response can be achieved by using
both pp65 formulations. According to the chosen cutoffs, a positive response against both the pp65
peptide pool and the pp65 recombinant protein likely indicates the presence of HCMV-specific CD4+ and CD8+ T cells. Alternatively, a positive response against the pp65 peptide pool only indicates a response that is primarily associated with CD8+ T cells (Supplementary Figure S2).




3.4 Correlation of QuantiFERON-CMV with pp65-IGRA

In a subgroup of HCMV-seropositive subjects, we analysed the correlation between the commercially available QuantiFERON-CMV, which exploits the incubation of whole blood with CD8+ epitopic peptides of known HLA-restriction derived from different HCMV proteins and pp65-specific pp65-IGRA. There was a good correlation between the two assays when the peptide pool of pp65 was used in the pp65-IGRA (R = 0.72; Figure 3A), while the correlation was lower when the recombinant protein was used (R = 0.50; Figure 3B).

[image: Scatter plots labeled A and B show the relationship between IFN-γ levels measured by pp65-IGRA and QuantiFERON-CMV. Plot A, featuring circles, concerns the pp65 peptide pool with a correlation coefficient of 0.60 and p-value less than 0.007. Plot B, with green dots, pertains to pp65 recombinant protein, showing a correlation coefficient of 0.29 and p-value of 0.23. Both axes are logarithmic, ranging from 0.01 to 100 for QuantiFERON-CMV and 1 to 10,000 for pp65-IGRA.]
Figure 3 | Correlation between IFN-γ level (pg/ml) measured by pp65-IGRA, following stimulation with pp65 pool (white dots, A) or pp65 recombinant (green dots, B), and IFN-γ level measured by QuantiFERON®-CMV. Each dot represents a single sample; correlation was determined using Spearman, r and p value are shown in the graph. Cutoff line of each analysis are shown.




3.5 T-cell response measured by pp65-IGRA in transplant recipients

Finally, the novel pp65-IGRA assay was used to investigate the antigen-specific T-cell response in nine HCMV-seropositive solid organ recipients before (T0) and 3 months (T3) after transplantation. Overall, 4 of 10 patients were defined as “controllers” due to self-resolving HCMV infection and 5 of 10 patients were defined as “non-controllers” due to needing preemptive therapy. Supplementary Table S1 shows the clinical and demographic characteristics of two groups of patients. At T0, all SOT recipients except one (eight of nine) were able to induce IFN-γ release after stimulation with a peptide pool of pp65, while seven of nine patients showed a positive pp65-specific T-cell response using the recombinant protein. Comparison of the T-cell response before and after 3 months of transplantation in the two groups of patients showed that “non-controllers” had a reduction in T-cell response as measured by pp65-IGRA, whereas “controllers” maintained higher levels of T-cell response despite immunosuppression. This reduction was more clearly observed, although not statistically significant, when using the pp65 recombinant protein rather than stimulating with the peptide pool (Figure 4). Indeed, five of five non-controllers showed a response below the “recombinant protein” cutoff at 3 months after transplantation.

[image: Scatter plots compare IFN-γ levels in pg/ml for pp65 peptide pool (A) and pp65 recombinant protein (B) between controllers and non-controllers at times T0 and T3. Both plots show varying responses with individual data points, medians, and a significance level of 0.095 indicated.]
Figure 4 | Whole blood IFN-γ release was measured in four controllers (circle dots) and five non-controllers (square dots), solid organ recipients (SOTR) (A) before (T0) and 3 months after transplantation. Graphs show levels of IFN-γ released following stimulation with pp65 peptide pool (A, white) and recombinant protein (B, green) in two groups of SOTR. The horizontal dotted line indicated the cutoff. Statistical analysis was performed by the Mann–Whitney test. p-values < 0.1 were shown in the graphs.





4 Discussion

This study reports the evaluation of a new whole blood IGRA for HCMV using pp65 as stimulus. Two different antigenic formulations were used: a pool of overlapping peptides of 15 aa spanning the entire protein and the recombinant whole protein. Data provided by the pp65-IGRA were compared with those provided by an ELISpot assay using the same antigenic formulations, while ICS was also performed to analyze the relevant contribution of CD4+ or CD8+ T cells in IFN-γ production. Results of the study show that pp65-IGRA is able to detect a T-cell response in the majority of seropositive subjects tested (96%) with either peptide pool or recombinant protein, whereas few seronegative subjects gave non-specific results with the recombinant protein, and no subject gave non-specific results with the peptide pool.

Over the past 2 decades, there has been a push to develop HCMV-specific CMI assays that can accurately measure the HCMV-specific T-cell response, an important predictor of HCMV disease in transplant recipients. Current guidelines endorse the use of HCMV-specific T-cell response monitoring to inform on the risk of HCMV infection (28, 29). ELISpot or QuantiFERON-CMV assays have been widely used for monitoring the reconstitution or ex-novo development of HCMV-specific T-cell response in the post-transplant period (30, 31) and to individualize the duration of antiviral prophylaxis (11, 12, 32).

Direct comparison of ELISpot and QuantiFERON (33–35) reported a better performance of ELISPOT in transplant recipients. The commercially available ELISpot and QuantiFERON-CMV assays, although standardised and CE-marked, exhibit drawbacks that hinder their routine use in clinical practice. The former is highly specific and sensitive but does not provide phenotypic characterization of antigen-stimulated T cells. The latter, QuantiFERON-CMV (Qiagen Inc.), is a standardised and easy-to-perform assay based on a stimulation with HLA class 1–restricted HCMV epitopes; therefore detects mainly CD8+ T-cell response and cannot discriminate CD4+ T cells producing IFN-γ.

It is interesting to note that our new assay, pp65-IGRA, showed a slightly better sensitivity than that observed for the ELISpot. We cannot exclude a potential impact of the sample preparation (whole blood vs. PBMCs) on the different performance of the assays.

In addition, the pp65 overlapping peptide pool was shown to stimulate both CD4+ and CD8+ T-cell responses simultaneously, whereas the whole protein was observed to elicit predominantly HCMV-specific CD4+ T-cell responses, which have been reported to be crucial for immune control of CMV viremia after transplantation (5–8). This is further supported by the weak correlation observed between the pp65-IGRA and QuantiFERON-CMV when recombinant protein was used in the pp65-IGRA. Moreover, the QuantiFERON-CMV assay is limited by the HLA type of the patient; the assay is based on the stimulation of CD8+ T cells with a pool of 22 short peptides from 6 HCMV proteins presented by several HLA class I haplotypes, but we showed that mismatching between patient HLA alleles and those cognate to peptides present in the QuantiFERON-CMV pool may impact on the results obtained (19, 25). Conversely, the pp65-IGRA involves overlapping peptides of the pp65 antigen, therefore being able to detect a T-cell response to pp65 independently from specific patient HLA type.

The production of IFN-γ in response to recombinant pp65 found in certain HCMV-seronegative subjects may depend on protein formulation (e.g., purity level, endotoxin presence). It is also possible that the recombinant protein activates the innate immune response in a non-specific manner, inducing IFN-γ production. In addition to T and NK cells, monocytes and macrophages have also been reported to produce IFN-γ (36, 37). We could speculate that in some subjects the recombinant protein may induce IFN-γ production by monocytes or macrophages through the activation of the TLR2, TLR3, or TLR4 pathway, as usually occurs with other microbial products. These facts may be at the basis of a specificity slightly below 100% for the recombinant protein. On the other hand, we cannot completely exclude a humoral/cellular mismatch in these donors, since subgroups of healthy donors who, despite being HCMV-seronegative, show CD4+ and CD8+ T-cell responses have been described (38).

Our study is limited to the evaluation of the efficacy of pp65-IGRA mainly in a cohort of immunocompetent individuals stratified by HCMV-serostatus and analyses only a small number of immunocompromised transplanted subjects. Another limitation is the imbalance between male and female donors, which may have influenced the analysis. However, our data demonstrate the suitability of pp65-IGRA for the quantification of HCMV-specific CD4+ T-cell responses and its potentiality in identifying patients at risk for, or protected from, HCMV infection after transplantation. As a next step, performance of pp65-IGRA and the cutoff values here determined in immunocompetent subjects should be evaluated on larger cohorts of patients in different transplantation settings (organ or hematopoietic stem cell transplantation, adult or pediatric patients) and receiving different immunosuppressive regimens. Results of these future studies, if confirming the preliminary data presented here, will support the use of the assay in routine clinical practice to improve the management of immunocompromised patients. In particular, results of the assay could be used to identify patients requiring strict HCMV surveillance or antiviral prophylaxis and those who can safely avoid or interrupt anti-HCMV treatment or prophylaxis, therefore improving patient management with a personalized approach to HCMV control, able also to spare costs of unnecessary antiviral drug administration.
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Introduction

The major histocompatibility complex class I-related gene A (MICA), is a highly polymorphic gene, serve as a crucial role in immune regulator through its interaction with the NKG2D receptor on natural killer (NK) cells. These polymorphisms may influence immune responses, disease susceptibility, and transplant outcomes. However, the precise mechanisms by which MICA polymorphisms modulate NKG2D receptor activation remain poorly understood.





Methods

We analyzed 29 representative MICA polymorphic molecules that cover the most prevalent alleles in the population. These variants were systematically examined through Luminex bead assays, monoclonal antibody binding studies, and NKG2D-Ig fusion protein assays. NKG2D receptor activation was assessed in vitro using NKG2D reporter cells, while NK cell-mediated cytotoxicity was evaluated through NKL cell killing assays against target cells expressing either Type-I or Type-II MICA molecules.





Results

Our analysis identified two major types of MICA polymorphisms based on antigenic epitopes and NKG2D binding characteristics. Type-I MICA characterized by six specific polymorphic site and their associated amino acid variants. exhibited significantly stronger NKG2D receptor binding affinity and more robust receptor activation compared to Type-II polymorphisms. This functional distinction was further corroborated by enhanced NK cells cytotoxicity against target cells expressing Type-I MICA molecules. Importantly, these differences in receptor activation and NK cell killing efficiency were attributable to six critical polymorphic amino acid sites.





Conclusion

This study demonstrates the existence of two distinct types of MICA polymorphisms that differentially regulate NKG2D receptor activation and NK cell cytotoxicity. These findings offer new insights into that how genetic variation in MICA may contribute to individual differences in disease susceptibility through immune regulation mechanisms.





Keywords: MICA polymorphisms, NKG2D receptor, NK cell, binding affinity, immune regulation




1 Introduction

The major histocompatibility complex class I-related gene A (MICA) is located on the short arm of human chromosome 6 within the major histocompatibility complex (MHC) class I gene region, adjacent to the HLA-B locus (1). This highly polymorphic gene exhibits its genetic variation primarily in the α1, α2, and α3 immunoglobulin-like extracellular structural domains, which are encoded by exons 2-4 (2). Current data from the IMGT/HLA database (https://www.ebi.ac.uk/ipd/imgt/hla/; version 3.57, 07-2024) document 576 human MICA alleles encoding 280 distinct protein variants. Under normal physiological conditions, MICA molecules exhibits low expression levels on the membranes of human epithelial cells (3), fibroblasts (4), and endothelial cells (5), with minimal to undetectable expression in other cell types. However, the expression of MICA is significantly upregulated in response to tumor transformation or viral infection (6, 7).

The main biological function of MICA is to serve as a ligand for the NKG2D (natural killer group 2 member D) receptor on the surface of natural killer (NK) cells, thereby activating NKG2D-mediated signaling pathway (8). Notably, amino acid polymorphisms in MICA have implicated in the pathogenesis of various diseases. For example, the single nucleotide polymorphism (SNP) rs2596542 is associated with an increased risk of hepatocellular carcinoma in hepatitis C virus (HCV) patients (9, 10) In patients with acute leukemia receiving hematopoietic stem cell transplantation, glycine (G) at position 14 of the MICA protein correlates with significantly decreased overall survival (11). Furthermore, a methionine-to-valine substitution at position 129 (M/V) substantially diminishes binding affinity to the NKG2D receptor (12), and this genotype significantly increases susceptibility to renal transplant rejection (13).

NK cell surface receptors consist of both activating and inhibitory types. Among these, the activating receptor NKG2D plays a pivotal role in immune surveillance: upon ligand engagement, it triggers NK cell activation, enhances cytokine secretion, and mediates cytotoxicity against target cells (14). The ligands for NKG2D, referred to as natural killer group 2 member D ligands (NKG2DL), include MICA, MICB (major histocompatibility complex class I chain-related protein B), and the UL-16 binding protein (ULBP) family. These ligands activate NK cells by binding to the NKG2D receptor on their surface (15). MICA exhibits remarkable polymorphism, with MICA variants displaying distinct binding affinities for NKG2D receptor (16). This polymorphism could modulate the activation potential of the NKG2D receptor, thereby regulating the cytotoxic activity of NK cells (17).

The NKG2D-NKG2DL pathway plays a critical role in immune regulation, with growing recognition of its therapeutic potential in cancer (18). Among NKG2DLs, MICA stands out as the most polymorphic member, exhibiting different binding affinities for the NKG2D receptor, which may result in divergent immune responses. This variability positions MICA as both a key immunoregulatory target and a significant contributor to autoimmune pathogenesis (15). Furthermore, as members of the MHC gene family, MICA alleles have been implicated in immune responses against allografts in organ transplant recipients, where the development of specific antibodies contributes to graft rejection (11). These findings suggest that MICA may represent an important target for immunoregulation strategies. However, the precise effects of MICA polymorphisms on the NKG2D receptor signaling pathway remains incompletely understood.

In this study, we identified 29 of the most common and representative MICA polymorphic molecules in the population which had two different response patterns. Multifactorial analysis of these response patterns and the amino acid sequence alignment of revealed the existence of two major types of MICA polymorphic molecules in the population, distinguished by six linked polymorphic amino acid sites and their corresponding residue types. Our findings provide mechanistic insights into how structural variations in MICA influence the activation ability of the NKG2D receptor, offering a new perspective for predicting susceptibility to individual disease.




2 Methods



2.1 Cell culture

NKG2D receptor reporter cells (NKG2D-2B4) were generated by our research team in collaboration with Prof. Chengcheng Zhang’s team at The University of Texas Southwestern Medical Center and are maintained in our laboratory (19). Hmy2.CIR cells were purchased from ATCC (USA), and MICA+Hmy2.CIR overexpressing cells were constructed by our team and are also maintained in our laboratory (19, 20). The NKL cell line was generously provided by M. J. Robertson’s team at the Indiana University School of Medicine, Indianapolis, IN (19). HEK 293F cells were purchased from Sino Biological.

All cell lines were cultured in RPMI 1640 medium (#11875500BT, Gibco, USA) supplemented with 10% fetal bovine serum (FBS, #10099141, Gibco, USA) and 1% penicillin/streptomycin (P/S, #P1400, Solarbio, China). NKL cells were additionally supplemented with 10 ng/mL interleukin-2 (IL-2, #200-02, PeproTech, USA). HEK 293F cells were cultured in serum-free 293-TII medium (#M293TII, Sino Biological, China) with shaking at 170 rpm. All cells were maintained at 37°C in a 5% CO2 incubator.




2.2 Soluble recombinant proteins

A total of 12 recombinant proteins, including MICA*045 (coated on Luminex beads), MICA*001, MICA*002, MICA*007, MICA*012, MICA*017, MICA*018, MICA*004, MICA*006, MICA*008, MICA*009, and MICA*019, were constructed in mammalian expression vectors in our laboratory. These proteins were then transfected into 293F cells, expressed, purified, and collected, respectively. Specifically, the signal peptide, extracellular protein sequence, and 6 × His tag sequences of the above 12 MICA proteins were ligated into the pcDNA 3.1(+) eukaryotic expression vector by double digestion Hind III (Cat#: R3104V, NEB, USA) and BamH I (Cat#: R3136V, NEB, USA). The expressing plasmid was transformed into Trans5α chemically competent cells (#CD201-01, Transgen, China), the recombinant cell colony was amplified, and the plasmids were extracted for sequencing verification. The plasmid was mixed with polyethyleneimine (25 kDa linear PEI, #23966, Polysciences, USA) at a 1:3 ratio (molecular weight) and transferred into 293F cells. After 3 days of expression, cell supernatants were collected, and the proteins were purified using affinity chromatography on nickel columns (Bestchrom, China).

About the NKG2D-Ig soluble recombinant protein, the extracellular nucleotide sequence of NKG2D and the human IgG Fc fragment were synthesized by the Beijing Genomics Institution. And the NKG2D-Ig fragment was ligated into the eukaryotic expression vector pFlag-CMV5.1 using T4 ligase (Cat#: EL0011, Invitrogen, USA) by double digestion. After transfecting the ligase product into Trans5α chemically competent cells, the recombinant cell colony was amplified, and the plasmids were extracted for sequencing verification. The protein was expressed and purified as above mentioned.




2.3 Monoclonal antibodies

The 11 recombinant MICA proteins (20 µg each) were mixed to form solutions of equal concentration and volume, which were then emulsified with Freund’s adjuvant as an antigen for immunizing BALB/c mice. Mice were immunized once a week for four consecutive weeks, after which they were sacrificed. Spleen cells were isolated from the mice and fused with mouse myeloma cells (SP2/0) to generate hybridoma cells. Monoclonal hybridomas were selected by limited dilution, expanded in culture, and the monoclonal antibodies were purified and collected. The specific methodology for producing monoclonal antibodies is described in the Zou et al. paper (21). One monoclonal antibody, named 5.2G1, was identified based on its dual response patterns to the MICA polymorphic molecules. The monoclonal antibody 6B3, which was kindly provided by the Southwestern Medical Center, USA, is maintained in our laboratory (21).




2.4 Serum samples

Human serum samples, S001 and S002, were obtained by our research team from the 16th International HLA and Immunogenetics Workshop (IHIW) and are stored in our laboratory (22). These serum samples were extracted from the peripheral blood of renal transplant recipients who had experienced postoperative humoral rejection.




2.5 MICA luminex array

Luminex beads containing 28 types of MICA polymorphic molecules were coated into Luminex Beads separately and assembled with a commission kits (Immunocore, USA). MICA*045 soluble protein was coated onto the beads following the manufacturer’s instructions, resulting in Luminex beads containing 29 different MICA polymorphic molecules. The MICA Luminex beads were diluted to 1 × 105 beads/mL in 10% BSA solution, and 50 µL of this mixture was added to each well of a 96-well plate, with three replicate wells per group. Subsequently, 1 µg/mL of S001 serum, S002 serum, 5.2G1 monoclonal antibody (mAb), 6B3 mAb, mouse IgG, NKG2D-Ig fusion protein, and 10% BSA were added to the wells. The plate was incubated at room temperature for 40 minutes on a shaker set to 850 rpm, followed by centrifugation at 1500 rpm and washing with 100 µL of washing buffer. This washing step was repeated three times. Then, 50 µL of PE-conjugated goat anti-human/mouse IgG (#115-115-164, Jackson ImmunoResearch, USA) was added, and the plate was incubated for 30 minutes at room temperature on the shaker at 850 rpm. The beads were washed three times, resuspended in 50 µL PBS, and analyzed using a Luminex 200 instrument (Bio-Rad, USA).




2.6 SDS-PAGE, gel staining, and western blot

The NKG2D-Ig fusion protein was mixed with 6× loading buffer containing β-Mercaptoethanol and incubated in a water bath at 100°C for 5 minutes. A 20 µL sample was then loaded, along with a protein marker (#26619, ThermoFisher, USA), and separated by electrophoresis on a 10% SDS-PAGE gel at 100 V for 80 minutes.

For gel staining, the gel was stained with a 50% Coomassie Brilliant Blue solution (#R-250, Sigma, USA) for 30 minutes at room temperature, followed by destaining in Coomassie Brilliant Blue decolorizing solution, with shaking at 70 rpm at room temperature for 24 hours. The gel was then recorded.

For the western blot, the other piece of gel was transferred to a PVDF membrane. After electrophoretic transfer at 200 mA for 90 minutes, the membrane was blocked with 5% skimmed milk at 37°C for 1 hour. The membrane was subsequently incubated with 1:5000 HRP-conjugated goat anti-human IgG (#109-035-008, Jackson ImmunoResearch, USA) at 37°C for 30 minutes. After three washes with 0.05% PBST, chemiluminescent imaging was performed.




2.7 Amino acid sequence analysis of MICA polymorphic molecules

The amino acid sequences of 280 MICA polymorphic molecules from the IPD-IMGT/HLA database (https://www.ebi.ac.uk/ipd/imgt/hla/) (version 3.57, released July 2024) were analyzed using comparative clustering, with the MICA*001 sequence serving as the reference.




2.8 Flow cytometry

The cells were adjusted to a concentration of 1 × 106 cells/mL in 2% FBS-PBS buffer, and the corresponding antibody was added at a 1:100 dilution. The cells were incubated for 30 minutes at 4°C, protected from light. After incubation, the cells were washed three times with buffer and then analyzed using a flow cytometer. For secondary antibody staining, the secondary antibody was added at a 1:500 dilution, incubated for 30 minutes at 4°C, protected from light, and washed three times with buffer before flow cytometry analysis.

To detect NKG2D molecules on NKG2D-2B4 and 2B4-mock cells, PE-conjugated anti-NKG2D antibody (#320806, Biolegend, USA) was used. Detection of NKG2D on NKL cells was performed with PE-conjugated anti-NKG2D antibody (#320806, Biolegend, USA), PE-conjugated Mouse IgG1, κ (#400111, Biolegend, USA), and PE-conjugated anti-mouse H-2 antibody (#125505, Biolegend, USA). For detecting MICA molecules on MICA+Hmy2.CIR and Hmy2.CIR cells, anti-MICA antibody (6B3) was used, followed by PE-conjugated anti-mouse IgG (H+L) antibody (#1034-09, SouthernBiotech, USA) and PE-conjugated anti-mouse H-2 antibody (#125505, Biolegend, USA).




2.9 NKG2D receptor reporter cell signaling pathway activation flow cytometry assay

The MICA recombinant protein solution was diluted to 80 µg/mL, and 50 µL of the solution was added to each well of a 96-well plate. The plate was incubated for 4 hours at 37°C, followed by two washes with PBS. NKG2D-2B4 and 2B4 cells were then added to the wells at a density of 8 × 104 cells/well, with three replicate wells per group. In the soluble group, NKG2D-2B4 and 2B4 cells were seeded into uncoated 96-well plates at 8 × 104 cells/well, and 50 µL of the MICA recombinant protein solution was added. The cells were cultured in a 37°C, 5% CO2 incubator for 16 hours. After incubation, the cells were collected by centrifugation, resuspended in 5% FBS-PBS buffer, and the proportion of GFP-positive cells was determined by flow cytometry. A dose-response curve was constructed with the dose on the horizontal axis and the percentage of GFP-positive reporter cells on the vertical axis.




2.10 NKG2D receptor-activated confocal immunofluorescence

50 µL of the MICA recombinant protein solution was added to each well of a 96-well plate and incubated at 37°C for 4 hours, followed by two washes with PBS. NKG2D-2B4 and 2B4 cells were seeded at a density of 8 × 104 cells per well. The cells were pre-stained with anti-human NKG2D monoclonal antibody (eBioscience, USA) and incubated at 4°C for 30 minutes. After incubation, the cells were washed three times with PBS and then incubated with goat anti-mouse Fluor 594 (Invitrogen, USA) at 4°C for 30 minutes. In parallel, for the soluble group, 50 µL of the MICA recombinant protein solution was added to the uncoated wells, and the plate was incubated in a 5% CO2 incubator at 37°C for 16 hours. Finally, cells were observed under a confocal fluorescence microscope (Zeiss LSM 710).




2.11 NKL cell blocking and killing assay

MICA+Hmy2.CIR and Hmy2.CIR cells were stained with CFSE (CellTrace CFSE Cell Proliferation Kit, #C34554, ThermoFisher, USA) and then seeded into 96-well plates at a density of 5 × 104 cells per well, followed by the addition of recombinant MICA soluble protein and NKG2D-Ig soluble protein at concentrations of 10 µg/mL for blocking and killing assays. NKL cells were added at E:T ratios of 1:1, 3:1, 5:1, and 10:1. After incubation at 37°C for 4 hours, the cells were stained with 7-AAD (#51-68981E, BD Pharmingen, USA) at a 1:500 dilution and analyzed by flow cytometry. Killing efficiency was calculated as the ratio of CFSE+ 7-AAD+ target cells, with CFSE-stained target cells serving as the 100% reference.




2.12 NKG2D allele sequencing

We collected 89 Chinese south Han healthy individuals to detected NKG2D allele frequency. 89 healthy individuals recruited from the Health Management Center of Xiangya Hospital, Central South University. All participants provided signed informed consent forms, and the study protocol was approved by the Ethics Committee of Xiangya Hospital, Central South University (approval number 201611608). Peripheral blood mononuclear cells (PBMCs) were isolated from 178 healthy donor blood samples using Ficoll (stemcell, Canada) density gradient centrifugation. Total RNA was extracted from PBMCs with a RNA extraction kit (Qiagen, China) following the manufacturer’s protocol. First-strand cDNA synthesis was performed using 1 μg total RNA with a reverse transcription kit (Biosharp, China) under recommended conditions: 37°C for 15 min followed by 85°C for 5 sec for enzyme inactivation.

NKG2D gene cDNA was amplified using 100 ng cDNA template with specific primers via PCR. The resulting products were purified and quantified to 20 ng/μL using nuclease-free DEPC-treated water. Sequencing libraries were prepared by mixing 40 μL DEPC water, 252 μL PCR Master Mix, and 8 μL high-fidelity Taq polymerase, followed by incubation at room temperature for 30 min. Amplification was performed under the following thermal procedure: 96°C, 2 min, then 96°C, 30 s, 20 cycles, 69°C for 50 s, 72°C for 90 s, then 72°C for 10 min to extension.

PCR products were electrophoresed (130 V, 30 min) in 1% agarose gel. Sequencing reactions utilized BigDye Terminator v3.1 Cycle Sequencing Kit with 4 μL template DNA and 2 μL primer per well, processed through: 25 cycles: 96°C for 10 s → 50°C for 5 s → 60°C for 2 min.

Post-sequencing cleanup involved SDS treatment (1.5 μL 2% SDS/well) and Sephadex G-50 column purification. Samples were analyzed on an ABI 3730xl Genetic Analyzer, with sequences aligned to reference NKG2D alleles (GenBank: NM_001349433.1) using CodonCode Aligner v10.0.




2.13 Statistical analysis

The experimental data were statistically analyzed using SPSS 22.0 software. Measurement data are presented as mean ± SD, and comparisons between two groups were made using an independent sample t-test (non-parametric and unpaired tests). The allele frequencies of MICA were estimated based on the principles of the Poisson distribution. Graphs were generated using GraphPad Prism 9.0. A P-value of < 0.05 was considered statistically significant. *P < 0.05, **P < 0.01, ***P < 0.001.





3 Result



3.1 More than 90% of the population carries one or two of the 29 common MICA polymorphic alleles

A total of 280 MICA polymorphic molecules have been identified in the population. Since the distribution of MICA alleles is not evenly distributed across the population, the numbers of the common MICA alleles (frequency > 1%) are limited among the populations. In this study, we selected a Luminex bead array kit containing 28 MICA polymorphic proteins, along with the MICA*045 allele protein, which is prevalent in the Chinese population. These 29 proteins were conjugated into a Luminex beads respectively as MICA antigens array, forming a liquid microarray detection platform for testing. A search of the PubMed database was conducted for MICA allele frequency studies across various populations, and statistical analysis was performed. Based on the combined allele frequencies of the 29 MICA polymorphisms and the frequency of prevalent MICA*010 allele, which encodes a non-expressing protein, it was concluded that the proportion of populations carrying one or two of the 29 MICA polymorphic molecules ranged from 91.6% to 99.4% in different regional populations (Table 1). The 29 MICA polymorphic proteins selected can cover for more than 90% population (Supplementary Material 1).

Table 1 | The Frequency of Three Groups of MICA Alleles in Different Populations.


[image: Table showing the frequency of MICA alleles across different populations. For Chinese (N=144), 29 MICA is 73.27%, MICA*010 is 22.22%. American (N=103), 29 MICA is 84.60%, MICA*010 is 7.00%. Japanese (N=130), 29 MICA is 88.10%, MICA*010 is 10.80%. European (N=154), 29 MICA is 90.59%, MICA*010 is 4.55%. African (N=201), 29 MICA is 98.70%, MICA*010 is 0.70%. Footnotes explain 29 common MICA alleles and MICA*010 not expressed on the cell membrane.]



3.2 Presence of two broadly specific antigenic epitopes in the human polymorphic MICA molecule

The two serum samples (S001 and S002) obtained from the renal transplant recipients had been characterized to contain allo-antibodies with different specificities (23). Using a 29 MICA polymorphic molecules Luminex array, the results revealed that serum S001 showed a strong positive reaction with 18 MICA polymorphic proteins, including MICA*001, MICA*002, MICA*007, MICA*011, MICA*012, MICA*015, MICA*017, MICA*018, MICA*029, MICA*030, MICA*036, MICA*037, MICA*041, MICA*043, MICA*045, MICA*046, MICA*050, and MICA*051, with an average mean fluorescence intensity (MFI) value of 8380.48 ± 351.01. While S001 serum showed a low positive reaction with 11 other MICA polymorphic proteins, including MICA*004, MICA*005, MICA*006, MICA*008, MICA*009, MICA*016, MICA*019, MICA*024, MICA*028, MICA*033, and MICA*042, with an average MFI value of 680.64 ± 93.54 (P < 0.001) (Figures 1A, C, Table 2). Conversely, S002 serum exhibited a completely opposite reactivity pattern to S001 serum, showing high reactivity with the MICA polymorphic molecules that had lower MFI values in S001, and low reactivity with the group of MICA polymorphic molecules that had higher MFI values in S001. The MFI values tested by these two groups of MICA molecules with S002 were 307.89 ± 55.45 and 7806.39 ± 498.21, respectively (P < 0.001) (Figures 1B, C, Table 2). These results suggest that, despite the high polymorphism of MICA molecules within the population, the antigen-antibody reactions indicate the presence of two major reciprocal antigenic epitopes.

[image: Five graphs depict MICA gene expression across different samples. A and B display Type-I and Type-II MFI for samples S001 and S002, with higher MFI in Type-I. Chart C summarizes these differences. D and E represent similar data for samples 5.2G1 and 6B3, showing variations with less distinction. F compares average MFI for these samples, indicating significant differences in 5.2G1 but not in 6B3.]
Figure 1 | Human MICA polymorphic proteins exhibit two major opposing antigenic epitopes. (A) Reactivity characteristics of 29 MICA polymorphic molecules with S001 serum. (B) Reactivity characteristics of 29 MICA polymorphic molecules with S002 serum. (C) Comparison of the average binding ability of S001 and S002 serum to Type-I and Type II MICA proteins of 29 MICA polymorphic proteins, with statistical analysis performed using independent sample t-test. (D) Reactivity characteristics of 29 MICA polymorphic molecules with monoclonal antibody 5.2G1. (E) Reactivity characteristics of 29 MICA polymorphic molecules with monoclonal antibody 6B3. (F) Comparison of the average binding ability of 5.2G1 and 6B3 monoclonal antibody to Type-I and Type II MICA proteins of 29 MICA polymorphic proteins, with statistical analysis performed using independent sample t-test. ***P<0.001; ns, not significant.

Table 2 | MFI values of the two major types of MICA in response to anti-MICA antibodies and the NKG2D receptor.


[image: Table comparing four tested samples between two types (Type I and Type II) with their mean and standard deviation. Type I has eighteen samples and Type II has eleven. Human Ab S001 shows means of 8380.48 for Type I and 680.64 for Type II. Human Ab S002 shows 307.89 for Type I and 7806.39 for Type II. mAb 5.2G1 shows 1405.06 for Type I and 597.55 for Type II. NKG2D-Ig shows 1977.52 for Type I and 655.70 for Type II. All p-values are less than 0.0001.]
In addition, during the identification of 11 mouse anti-human MICA monoclonal hybridoma cell strains, we observed that the monoclonal antibody produced by one of the hybridoma strains (designated 5.2G1) exhibited a reactive pattern against the 29 MICA polymorphic molecules that closely resembled the reactivity observed in the human allo-antibodies of serum S001. The MFI value for 5.2G1 with the two groups of MICA polymorphic molecules was 1405.06 ± 223.11 vs. 597.55 ± 73.54 (P < 0.001) (Figures 1D, F, Table 2). While the general monoclonal antibody 6B3 showed a strong, uniform positive response across all MICA polymorphic molecules in the Luminex beads array, yielding a consistent and broad reactivity pattern (Figures 1E, F). These results confirm the presence of broadly specific antigenic epitopes among human MICA polymorphic molecules.

The primary biological function of MICA molecules is to activate the NKG2D receptor. Based on this, we hypothesized that the broad-specific antigenic epitopes present in MICA polymorphic molecules may exhibit differential binding affinities for the NKG2D receptor, thereby influencing NK cell activation. To test this hypothesis, we prepared soluble NKG2D receptor fusion proteins (NKG2D-Ig) (Figure 2A). The purified soluble NKG2D fusion proteins displayed a band at the molecular weight of 46 kDa with SDS-PAGE, and Coomassie brilliant blue staining. Meanwhile, the hIgG antibody displayed a band of heavy chain at the molecular weight of 55 kDa and a band of light chain at the molecular weight of 25 kDa. The BSA protein displayed a band at the molecular weight of 66 kDa (Figure 2B). Additionally, the soluble NKG2D receptor fusion protein with a flag of Fc fragment of human IgG was confirmed as the same molecular weight of 46 kDa (Figure 2C).

[image: A diagram and multiple graphs depict the analysis of a protein, NKG2D-Ig. Panel A shows a schematic of the protein structure with labeled sections: IgG-Fc, linker, hNKG2D-Fc. Panel B presents an SDS-PAGE gel indicating protein size bands for NKG2D-Ig, hIgG, and BSA. Panel C displays a western blot for these proteins, using an anti-hIgG-Fc antibody. Panel D is a bar graph showing mean fluorescence intensity (MFI) for different MICA alleles with Type-I and Type-II classifications. Panel E is a bar chart comparing average MFI for Type-I and Type-II, with Type-I significantly higher.]
Figure 2 | Preparation and Functional Detection of NKG2D-Ig Fusion Protein. (A) Schematic diagram of the structure of NKG2D-Ig fusion protein, with the N-terminal on the left and C-terminal on the right. (B) Coomassie brilliant blue staining showing the molecular size of the NKG2D-Ig fusion protein, with a molecular weight of 46 kDa, using human IgG and bovine serum albumin (BSA) as controls. (C) Detection of NKG2D-Ig fusion protein using anti-human IgG Fc antibody by Western blot, with a protein size of approximately 46 kDa, using human IgG and BSA as controls. (D) Reactivity characteristics of 29 MICA polymorphic molecules with NKG2D-Ig fusion protein. (E) Comparison of the binding ability of Type-I and Type-II proteins of 29 MICA polymorphic proteins, with statistical analysis performed using independent sample t-test.***P<0.001.

Subsequently, the NKG2D-Ig protein was incubated with the 29 MICA Luminex beads array, and the MFI value was used as an index to assess the binding affinity between the NKG2D receptor and the MICA polymorphic molecules. The results revealed two distinct reactivity patterns for the NKG2D-Ig protein against the two major groups of MICA polymorphic molecules (1977.52 ± 446.00 vs. 655.70 ± 175.68, P < 0.0001) (Figures 2D, E, Table 2). This reactivity pattern closely consistent with the reactivity observed with human serum S001 and monoclonal antibody 5.2G1, further confirming the different binding affinity among the two major groups of the 29 MICA polymorphic molecules.




3.3 Response pattern of NKG2D receptor against two major groups of MICA is dependent on key polymorphic sites and its amino acid types in MICA molecules

We analyzed the binding affinities of allo-antibodies and the NKG2D-Ig protein to the 29 MICA polymorphic molecules, suggesting the presence of two major types of specific epitopes. Then that was confirmed by mAb 5.2G1. To further investigate this, we compared the amino acid polymorphic sites and their corresponding amino acid variants in these two groups of MICA polymorphic molecules by using data from the HLA/IMGT database. There have 27 amino acid polymorphic sites that were located in the extracellular membrane region of these MICA molecules in the MICA polymorphic amino acid alignment (Table 3). The MICA polymorphic molecules with high binding affinity for the NKG2D receptor were strongly correlated with six polymorphic sites and linked with six amino acid types: C36+M129+K173+G206+W210+S215, we call it as Type I MICA. While the six linked amino acid species is Y36+V129+E173+S206+R210+T215, is classified as Type II MICA. Type II MICA polymorphic molecules exhibited a lower binding affinity for NKG2D than Type I MICA molecules (Table 2). Interestingly, human MICA polymorphic molecules are classified into either Type I or Type II. Other polymorphisms sites in the MICA molecules, and their corresponding amino acid variants, did not influence the classification of these two major MICA types.

Table 3 | Amino acid sequence alignment of 29 MICA polymorphic molecules.


[image: Table showing polymorphic sites of amino acid residues in MICA protein molecules. MICA*001 is the reference sequence. Orange indicates six-linked polymorphic sites. Blue represents Type I, and green represents Type II MICA molecules.]



3.4 Type-I MICA polymorphic molecules activated the signaling pathway of the NKG2D receptor at a significantly lower dose than type-II MICA polymorphic molecules

The above experiments confirmed the existence of differential affinities between the two major types of MICA polymorphic molecules binding with the NKG2D receptor. To test whether this variation in ligand-receptor binding may relate to NKG2D receptor activation, we utilized an NKG2D receptor reporter cell line (NKG2D-2B4), which was previously constructed in our laboratory. The NKG2D receptor reporter cells were constructed by using a human-mouse chimeric receptor structure, with the extracellular domain of human NKG2D receptor and the intracellular domains of the murine NKG2D receptor, enabling interaction with the DAP-12 adapter protein of the murine-derived 2B4 T hybridoma cells, which forward to activate the downstream signaling pathways. Upon binding of its ligand, the NKG2D receptor triggers the activation of downstream signaling pathways, resulting in the expression of GFP and the emission of green biofluorescence (Figures 3A, B). We selected the most common MICA polymorphic proteins in humans (MICA*002 belonging to Type I and MICA*008 to Type II) for dose-response experiments to evaluate the activation of the NKG2D signaling pathway. Our prior studies have shown that soluble MICA proteins can bind to the NKG2D receptor but do not activate the NKG2D signaling pathway (19). To address this, soluble MICA proteins were pre-coated onto a 96-well plate, followed by the addition of NKG2D receptor reporter cells to assess activation with biofluorescence (Figure 3C). The dose of immobilized MICA was positively correlated with the proportion of GFP+ cells, which was detected by flow cytometry (Figure 3D). Dose-response curves were generated to represent the proportion of activated reporter cells (GFP+ cells) induced by different concentrations of Type I and Type II proteins. The concentration of MICA protein at the point of 50% of NKG2D reporter cells (GFP+) reported biofluorescence was defined as the EC 50 value. The results indicated that the EC 50 value for Type I molecules was 24.97 μg/mL, while for Type II molecules, it was 37.34 μg/mL, which means that the lower the EC 50 value was, the stronger the activate ability of the MICA molecules was (Figure 3E).

[image: Diagram illustrating the mechanism of NKG2D receptor activation, flow cytometry data, and microscopy images of cell activation in response to MICA. Panel A shows a schematic of the NKG2D receptor pathway. Panel B presents flow cytometry histograms comparing mock and NKG2D with 2B4. Panel C displays microscopy images showing cells under different conditions: PBS, soluble MICA, and immobilized MICA. Panel D depicts flow cytometry graphs showing GFP expression and percentage of activated cells across varying MICA concentrations for Type-I and Type-II MICA. Panel E shows a dose-response curve for GFP positive cells with varying MICA concentrations.]
Figure 3 | There are differences in the ability of the two major types of MICA polymorphic molecules to activate the NKG2D receptor. (A) Schematic diagram of the structure of NKG2D receptor reporter cell. (B) The NKG2D receptor reporter cells stably express the NKG2D molecule on the surface. (C) Immobilized MICA protein could activate NKG2D reporter cell to produce GFP. (D) The percentage of GFP+ reporter cells activated by different concentration of MICA polymorphic molecules. (E) The dose-response curves to evaluate the activation of the NKG2D receptor.

Using the dose-response curves described earlier, we applied the 11 MICA polymorphic molecules to react with NKG2D receptor reporter cells at six concentrations and determined the EC 50 values for each, as derived from the curves. Among them, Type I MICA molecules (n=6) include MICA*001, MICA*002, MICA*007, MICA*012, MICA*017, and MICA*018, with an average EC 50 value of 24.95 ± 3.14 μg/mL. Type II MICA molecules (n=5) include MICA*004, MICA*006, MICA*008, MICA*009, and MICA*019, with a mean EC 50 value of 39.68 ± 4.46 μg/mL. The EC 50 value for Type I MICA molecules was significantly lower than that of Type II MICA molecules (P < 0.001, Table 4), indicating that a lower dose (24.95 μg/mL) of Type I MICA polymorphic molecules was sufficient to activate 50% of the NKG2D receptor reporter cells (50% GFP+), while a higher dose (39.68 μg/mL) of Type II MICA polymorphic molecules was required to achieve the same level of activation (50% GFP+).

Table 4 | The dose of 11 MICA polymorphic molecules that activates 50% of the NKG2D receptor response (EC50).


[image: Table displaying the average EC 50 values in micrograms per milliliter for MICA polymorphic molecules. Type-I (N=6) molecules have values ranging from 21.55 to 28.61, with an average of 24.95. Type-II (N=5) molecules have values from 34.84 to 43.49, averaging 39.68. The P value is less than 0.001.]



3.5 The killing efficiency of NKL cells against MICA stably expressing cells with type-I MICA was significantly higher than that with type-II MICA

The NKG2D receptor on the NKL cell membrane was detected using an anti-NKG2D monoclonal antibody, demonstrating high expression of the NKG2D receptor (Figure 4A). Our previous studies have shown that NKL cells function as effector cells with a specific killing effect on human B lymphoblastoid cells that overexpress MICA. This cytotoxic effect can be inhibited by NKG2D-Ig fusion proteins or soluble recombinant MICA proteins, resulting in a significant reduction in killing efficiency (20). We also genotyped the NKG2D gene in a healthy population (Supplementary Material 2) and identified four distinct alleles; however, no amino acid sequence changes were found, indicating that the NKG2D receptor protein is conserved across human individuals. Thus, it can be inferred that the NKG2D receptor expressed on the NKL cell line serves as a reliable model for assessing the killing efficiency of MICA-expressing target cells in the populations.

[image: Flow cytometry and cell lysis analysis showing cell interactions. Panel A displays histogram for NKL cells, indicating expression of NKG2D and HLA-I. Panel B shows type I and II MICA expression with isotype controls. Panel C presents scatter plots of SSC versus 7-AAD for Type II and I MICA at different effector to target (E:T) ratios, with percentages indicating cell lysis. Panel D is a line graph depicting cell lysis percentages across different E:T ratios for Hmy2.CIR Type I and II MICA cells, compared with Hmy2.CIR cells, showing statistical significance.]
Figure 4 | The killing efficiency of NKL cells against Type-I MICA cells is higher than that against Type-II MICA cells. (A) The NKL cells stably express the NKG2D molecule on the surface. (B) The two types of MICA overexpressing Hmy2.CIR cells stably and evenly express the MICA molecule on the surface. (C, D) The killing efficiency of NKL cells against the two types of MICA+ Hmy2.CIR cells. *P<0.05.

To evaluate the cytotoxic efficiency of NKL cells, we constructed human B-lymphoblastoid cells (Hmy2.CIR) overexpressing Type-I MICA (MICA*002) and Type-II MICA (MICA*008) molecules. These overexpressing cells were stained with an anti-MICA monoclonal antibody, and two cell strains with comparable membrane expression levels of Type-I and Type-II MICA molecules were selected and expanded as target cells (Figure 4B). Flow cytometry was then used to assess the killing efficiency of NKL cells against these target cells. The proportion of killed target cells (7-AAD+) was calculated at different effector-to-target (E: T) ratios (1:1, 3:1, 5:1, and 10:1), and killing curves were plotted for NKL cells targeting cells stably expressing either Type-I or Type-II MICA. The results showed that NKL cells exhibited a significantly higher killing efficiency against Type-I MICA target cells compared to Type-II MICA target cells (P < 0.05, Figures 4C, D).





4 Discussion

To investigate the functional differences among various MICA polymorphic molecules, we selected 29 representative variants based on their reactivity to anti-MICA antibodies and NKG2D receptor. These polymorphisms correspond to alleles found in more than 90% of the population. Although MICA*010 is present in the population, it was excluded from this study due to its lack of protein expression (24). The 29 MICA polymorphic molecules selected for structural and functional analysis in this study are considered broadly representative of the population’s diversity (25–29).

Variations in the activation of NKG2D receptor by MICA polymorphic molecules may be attributed to specific amino acid polymorphisms. In our previous study, we identified two opposing antigen-antibody reaction profiles in the serum samples from renal transplant patients obtained from ASHI (23). Building on this, our current study further confirmed that the 29 MICA polymorphic molecules exhibited two opposing antigen-antibody response profiles when exposed to allo-antibodies from two renal transplant recipients. Similar dichotomous patterns were also observed in reaction with anti-MICA monoclonal antibodies. These findings suggest the existence of two major types of MICA polymorphic molecules. Notably, these two MICA phenotypes displayed distinct binding affinities to soluble NKG2D receptor proteins.

Most previous studies primarily focused on single amino acid polymorphisms in MICA molecules, particularly the well-characterized M/V dimorphism at position 129. This variant has been linked to differential binding affinity to the NKG2D receptor, with the M variant conferring significantly higher affinity compared to the V variant (13, 30). However, subsequent studies have indicated that the NKG2D binding affinity is not solely determined by the MICA-129 allele (23, 31). In our study, cluster analysis of the amino acid polymorphisms across all 280 MICA variants revealed two major groups characterized by six linked polymorphic residues: position 36, 129, 173, 206, 210, and 215. Notably, the residue at position 129 was found to be tightly linked to these sites. When position 129 is M, the six linked amino acids at the six sites typically form the sequence C36+M129+K173+G206+W210+S215. MICA polymorphic molecules with this combination exhibit higher binding affinity to both antibodies and the NKG2D receptor. In contrast, when position 129 is V, the linked amino acids at these six sites are usually Y36+V129+E173+S206+R210+T215, resulting in a lower binding affinity to the NKG2D receptor. Consequently, MICA polymorphic molecules with high binding affinity and these six linked amino acids were classified as Type-I MICA, while those with lower affinity were classified as Type-II MICA. The extracellular domains of MICA consist of the α1, α2, and α3 immunoglobulin-like structural domains, with the α1 and α2 domains being primary responsible for NKG2D receptor binding. The amino acids at positions 36, 129, and 173, located within the α1 and α2 domains, are key components of antigenic epitopes, forming the molecular structural basis for distinguishing the two major types of MICA (31, 32).

To investigate whether there is a significant difference in the ability of the two of MICA polymorphic phenotypes to activate the NKG2D receptor signaling pathway, we stimulated NKG2D receptor reporter cells with recombinant MICA proteins at varying concentrations. The EC50 value, defined as the concentration at which 50% of the reporter cells exhibited biofluorescence (GFP+), was determined.

As a key effector cell type in innate immunity, NK cells play a crucial role in the early-stage elimination of tumor cells and virus-infected cells. The NKG2D receptor is essential for NK cell activation and transduces signals through the DAP10 adaptor via multiple signaling pathways. NKG2D can initiate various forms of signal transduction via phosphorylation, activating mitogen-activated protein kinase (MAPK) and Janus kinase (Jak)/signal transducer and activator of transcription (STAT) signaling pathways (33). NKG2D ligands, such as MICA, regulate the receptor function, with upregulation of MICA expression leading to increased NKG2D receptor expression (34). The variable affinity of NKG2D for MICA may influence receptor activation in predisposed individuals, which has been observed in various autoimmune diseases (34). The affinity of the NKG2D receptor for MICA is higher than that for other ligands. However, mutations in certain MICA sites can reduce the formation of hydrogen bonds, thereby suppressing NKG2D receptor-mediated NK cell activation (35). In this study, we found that Type-I and Type-II MICA molecules differed in their ability to activate the NKG2D receptor signaling pathway. These findings indicate that the two major MICA polymorphic types not only vary in their binding affinity to the NKG2D receptor but also in their capacity to activate the NKG2D signaling pathway. Furthermore, our results demonstrate that these two MICA phenotypes also differ in the efficiency of NKL cell-mediated cytotoxicity, highlighting distinct molecular mechanisms that regulate NK cell activation and target cell killing.

The NKG2D receptor is encoded by the highly conserved KLRK1 gene, which exhibits limited polymorphisms (36). While certain variants have been implicated in diseases such as rheumatoid arthritis (RA) and HPV-induced cancers, their causal relationships and underlying mechanisms remain unclear (37, 38). Our SBT sequencing analysis of KLRK1 transcripts across study populations detected no amino acid-altering polymorphisms suggesting that the structural variation in NKG2D receptor itself does not account for observed differences in receptor activation. Rather these functional variations appear to stem primarily from polymorphisms in the MICA molecules. Although, the NKG2D receptor interacts with multiple ligands-including the MICB and ULBP families- MICA is considered the most important due to its highest degree of polymorphism and its dominant role in receptor activation (15). The differential effects of the NKG2D-MICA axis in innate immune responses are primarily determined by MICA polymorphisms.

In summary, our results are the first to identify two major types of MICA polymorphic molecules distinguished by six linked amino acid sites, offering insight into how MICA polymorphism regulates the NKG2D signaling pathway. Based on these findings, individuals can be classified into three MICA phenotypic groups: Type-I homozygote, Type-II homozygote, and Type-I/Type-II heterozygote. Since Type-I MICA ligands more efficiently activate the NKG2D receptor on NK cells compared to Type-II ligands, individuals with the Type-I homozygous phenotype may exhibit heightened NK cell responsiveness. This could enhance protection against infections and tumors but may also increase susceptibility to autoimmune diseases (39). Conversely, individuals with the Type-II homozygous phenotype may show reduced NK cell activation and potentially exhibit the opposite disease susceptibility. The relationship between MICA phenotypes and disease outcomes across these three groups remains unclear, and further clinical data are necessary to explore these correlations. Our findings provide valuable insights into the molecular and functional regulation of the NKG2D-MICA axis, which demand further in-depth investigation.
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Case Report: CD19 CAR-T cells derived from recipient of umbilical cord blood transplantation effectively treated relapsed acute lymphoblastic leukemia after UCBT
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Recent advances in chimeric antigen receptors have provided an alternative approach for treating relapsed acute lymphocyte leukemia after allogeneic hematopoietic stem cell transplantation (allo-HSCT). However, relapsed patients who had undergone allogeneic umbilical cord blood transplantation (UCBT) have no chance of having CAR-T cells derived from donors due to lacking UCB. We present a case of a patient with Ph+ ALL who relapsed after UCBT and achieved complete morphological and molecular remission following treatment with CD19 CAR-T cells derived from the recipient post-UCBT. The patient had only grade I CRS. GVHD or neurotoxicity was not observed. More than 6 years after CAR-T cell infusion, the patient was still in hematologic and molecular complete remission with negative minimal residual disease (MRD). This case is the first to show a new strategy of practicality, efficacy, and safety of CD19 CAR-T cells derived from UCBT recipients for treating relapsed ALL after UCBT.
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Background

Adult patients with acute B-cell lymphoblastic leukemia (B-ALL) often relapse after chemotherapy alone, with a long-term survival rate of approximately 30% (1, 2). Although hematopoietic stem cell transplantation (HSCT) has improved the survival of patients with hematologic malignancies, relapse after HSCT remains a challenge. Progressive malignancy is the leading cause of death following allo-HSCT (3). Patients with relapsed acute lymphoblastic leukemia after allo-HSCT have a median survival of 5.5 months (4). Donor leukocyte infusion (DLI) is commonly used for patients with high-risk relapse post-HSCT, but its efficacy is 15%–40% and induces severe graft-versus-host disease (GVHD), which increases transplantation-related mortality (5, 6). Recent advances in chimeric antigen receptor (CAR) T-cell therapy have shown significant progress and have changed the landscape of treatment for hematologic malignancies (7). Multiple clinical trials have demonstrated that infusion of CD19 CAR-T cells resulted in overall remission rates of 70%–90% in patients with relapsed B-cell ALL after autologous and allogeneic donors (8–11). However, relapsed patients who received UCBT do not have a chance for DLI or CAR-T cells from donors owing to the limitation of the source. To solve this problem, we attempted a new strategy of CAR-T cell therapy in UCBT recipients. We report that a patient with B-ALL who relapsed after UCBT achieved a second complete remission after treatment with CD19 CAR-T cells derived from the recipient (Figure 1).

[image: Timeline showing a treatment plan from 2017 to 2018 for acute lymphoblastic leukemia (ALL). Key events include chemotherapy on 2017/05/17, umbilical cord blood transplantation (UCBT) on 2017/10/02, and CAR-T cell infusion on 2018/11/28. Phases include complete molecular remission (CMR), molecular relapse (MR), and complete hematologic remission (CHR). PBMC collection occurred on 2018/07/02.]
Figure 1 | Treatment procedures for the ALL patient who, after UCBT, received autologous CAR T cell therapy due to relapse.





Case representation

A 27-year-old man presented to our hospital with cough and fever in May 2017. Peripheral blood examination revealed a white blood cell count of 183.5 × 109/L, hemoglobin level of 110 g/L, and platelet count of 119 × 109/L. Bone marrow examination revealed 88% blast cells with negative myeloperoxidase staining. Flow cytometry analysis revealed an abnormal blast population (48%) expressing HLA-DR, CD10, CD19, CD22, CD33, CD34, CD38, CD58, CD123, cCD79a, and TdT. Cytogenetic and molecular biology analyses revealed t (9, 22)(q34;q11) and BCR-ABL1(p210) fusion gene transcripts. No other gene mutations were detected by next-generation DNA sequencing. The patient was diagnosed with Philadelphia chromosome-positive B-cell acute lymphoblastic leukemia (Ph+ B-ALL).





Treatment

Reducing tumor load with cyclophosphamide and prednisone was given to, following induction chemotherapy with Vindesine, Idarubicin, Cyclophosphamide, Prednisone, and L-asparaginase (VICLP). He received one more cycle of VICLP and started a tyrosine-kinase inhibitor (imatinib) for consolidation. Complete hematologic remission (CHR) was achieved for two months. Subsequently, on 2 October 2017, the patient received a single allogeneic unit of UCBT with a myeloablative regimen of busulfan/cyclophosphamide. Peripheral myeloid engraftment (absolute neutrophil count, >0.5 ×10 9/L) was evident on day 22, and he was platelet transfusion-dependent (platelet count, >20 × 109/L) until day 50 post-transplantation. Donor HLA-matched complete chimerism (100%) was achieved within the initial 14 days. The patient achieved a complete molecular remission (CMR) 3 months after transplantation. At molecular relapse, the patient was treated with interferon-γ for its antitumor effects and received BCR-ABL-targeted therapy using the TKI Dasatinib.

After treatment, the patient achieved complete CHR with sustained MRD negativity, as confirmed using flow cytometry. However, molecular monitoring revealed persistent detection of the BCR-ABL1 fusion gene by reverse transcription-polymerase chain reaction (RT-PCR) for 2 months. But the disease was going to progress over the next 3 months. CAR-T cell therapy was performed after obtaining informed consent from the patient. When the patient relapsed with 7% blast cells in the bone marrow and BCR-ABL1 30.88% (IS), analysis of short tandem repeats (STRs) showed 100% chimerism with umbilical cord donor cells. Peripheral blood mononuclear cells (PBMC) from the patients were collected for preparation of CAR-T cells. Following isolation and procurement, T-cells were ex vivo activated and transduced using a lentiviral vector encoding the CAR gene. CD19-targeting CAR-T cells were generated using a murine single-chain antibody with a 4-1BB co-stimulatory domain carrying IL-6shRNA. After continuous in vitro culture for 7 days–10 days, testing was conducted in accordance with the relevant standards to ensure the function and safety of the final product, including the quantification of target CD19 CAR-T cells, bacteria, mycoplasma, endotoxins, and other potential contaminants. The patient then received a conditioning regimen of fludarabine (30 mg/m2) and cyclophosphamide (300 mg/m2) from Days-4 to -2 before CAR-T cell therapy. Before CAR-T cell infusion, the patient had 9.5% leukemia blast cells in the bone marrow. STR analysis decreased to 93.66%. On 8 November 2018, 7.8 × 106/kg of CD19 CAR-T cells were transfused on day 0. The number of CAR-T cells reached a peak on the 7th day after infusion, which expanded to 110 folds in vivo (Figure 2A; Table 1).

[image: Four-panel graph showing different health metrics over time. Panel A: CAR T-cells in PB (green) and BM (orange) increase until day eleven, then decline. Panel B: Patient temperature decreases from 41°C to 37°C by day nine. Panel C: CRP (orange) peaks on day three, FER (blue) fluctuates above CRP. Panel D: IL-2 (green), IL-6 (red), IL-10 (blue), and IFN-γ (purple) cytokine levels peak early and decline by day fifteen.]
Figure 2 | CAR-T expansion in vivo, patient’s temperature, CRP and ferritin, serum levels of cytokines after CAR-T cell infusion. (A) The number of CAR-T cells expansion in PB and BM. (B) Patient’s temperature. (C) Changes in CRP and ferritin. (D) Serum levels of cytokines. PB, peripheral blood; BM, bone marrow.

Table 1 | The number of CAR-T cells expansion in PB and BM.


[image: Table showing CAR-T cell levels over time post-infusion. Peripheral blood levels rise from 1.22 at Day 1 to 110.63 at Day 7, then decrease to 0.23 by Day 360. Bone marrow levels peak at 44.87 on Day 28.]




Outcome and follow-up

The patient developed high fever for 1 week and diarrhea for 5 days after CAR-T cell infusion (Figure 2B). The patient’s temperature tended to be normal, and diarrhea was relieved after treatment with nonsteroidal drugs (indomethacin) and supportive care. The levels of cytokines, including plasma interleukin IL-6, IL-2, IL-10, interferon-γ, C-reactive protein (CRP), and ferritin, significantly increased with CAR-T cell expansion (Figures 2C, D). IL-6 levels peaked at 229 pg/ml (200-fold higher than the baseline) on day 7. Grade I cytokine release syndrome (CRS) was diagnosed. No hypotension, tachycardia, hypoxia, coagulopathy, or multiple organ failure was observed. GVHD did not occur. On day 30 after CAR-T cell infusion, the patient regained CHR and CMR with negative BCR-ABL. After 6 years, the patient underwent annual tests, including routine blood tests, bone marrow cytology, MRD, and quantitative detection of the BCR::ABL1 P210 fusion gene and STR. The patient remained in hematological and molecular complete remission.





Discussion

Relapse after chemotherapy is the main cause of death in patients with ALL, as well as in patients after allo-HSCT. Donor lymphocyte infusions (DLIs) and allogeneic anti-CD19 CAR-T cells from HLA-matched donors can effectively treat progressive B-cell malignancies. However, DLI and allogeneic donor-derived CAR-T cells are not available for UCBT recipients. Autologous and allogeneic CD19 CAR-T cells have achieved complete remission in previously treated relapsed/refractory B cell malignancies (10, 12–14). In our case, therapy with CAR-T cells derived from UCBT recipient-self was the only strategy for treating relapse after UCBT. When T cells were collected to generate CAR-T cells, chimerism in the UCBT patient was 100%. The patient experienced CR again, with a negative MRD after CAR-T cell therapy. Our case is the first to show the feasibility, safety, and efficacy of CD19 CAR-T cells derived from a recipient of UCBT for treating relapsed Ph+-ALL. This strategy is important for patients who have no DLI treatment after UCBT. This provides an alternative approach to overcome the barriers of UCBT recipients who have no better treatment choices for relapsed ALL.

The current duration of complete remission in our patient was more than 6 years after CAR-T cell infusion. CAR-T cells were still detected 12 months after infusion. Park et al. (15) found that a higher ratio of peak CAR T-cell expansion to tumor burden significantly correlated with the event-free survival and overall survival, which was a better predictor of long-term survival. In terms of the efficacy of CAR-T cell therapy, the ratio of infused CAR-T cell expansion fold to tumor load was superior to the absolute magnitude of T-cell expansion in patients receiving CAR-T cell treatment. Clinical trials have demonstrated that persistence of CAR-T cells is a key factor in the success of CD-19 CAR-T cell therapy (16). The 4-1BB co-stimulator plays the role prolonged CAR-T cell persistence. It was reported that 4-1BB based CAR-T cells in the blood can persist for a median duration of 168 days (range, 20 days–617 days) (17). In our case, the number of infused CAR-T cells was expanded to 110 folds and sustained for 12 months in the recipient. Therefore, we believe that CAR-T cell expansion folds and CAR-T cell persistence of 4-1BB co-stimulation contributed to the efficacy of CAR-T cell therapy in our case. Additionally, some studies have indicated that umbilical cord-derived CAR-T therapy exhibits favorable clinical outcomes. Xu et al. reported that 11 patients with R/R B-ALL after UCBT following CD19-targeted CAR-T therapy achieved a high remission rate and experienced mild adverse events (18). Marra et al. report that a patient with multiple relapsing Ph+ B-ALL achieved good clinical outcomes after CAR-T therapy after UCBT. The case report also confirmed the positive therapeutic effects of umbilical cord-derived CAR-T therapy (19). Notably, in our case, the patient received CAR-T therapy after UCBT and achieved long-term survival for more than 6 years, which may have contributed to the patient’s sustained remission. First, at the time of peripheral blood T-cell collection, the patient’s bone marrow blasts were only 7%, indicating a low tumor burden at relapse. Second, short tandem repeat (STR) analysis confirmed 100% cord blood chimerism. CD19 CAR-T cells derived from recipient T-cells after UCBT. This represents CAR-T cells derived from cord blood (20–22), which exhibit characteristics of cord blood-derived T cells. This contributes to a robust graft-versus-leukemia (GVL) effect, similar to that of fresh cord blood-derived T cells, thereby potentially enhancing the therapeutic efficacy in this clinical setting.

CRS is a common side effect of immune-mediated response to CAR-T cell therapy. In our case, the patient developed grade I CRS with fever and diarrhea according to the revised grading system (23). The cytokines detected included IL-6, IL-2, IL-10, and IFN-γ, which increased dramatically on the 7th day after CAR-T cell infusion. They coincided with CD19 CAR-T cell expansion in vivo and then decreased rapidly to the normal range within one month. The peaks of CRP and ferritin lagged behind the tested cytokine levels by 1 to 2 days. CRS is caused by the release of numerous cytokines from CAR-T cells and other cells including monocytes, macrophages, and dendritic cells, which generally occurs 1 to 14 days after CAR-T cell infusion and is sustainable for 1–10 days (24–27). Risk factors for CRS include tumor load, the time of CAR-T cell infusion, infection status, the amount of CAR-T cells for infusion, and the preparative regimen of CAR-T cell therapy (15, 28, 29). Patients with a low tumor burden have a markedly lower incidence of CRS and neurotoxic events (15). The patient’s CRS with fever and diarrhea was grade I and was managed well. We believe that the efficacy of CAR-T cell therapy in this case might be due to the lower tumor load before CAR-T cell therapy and the infusion of an appropriate number of CAR-T cells. Furthermore, upon observing the clinical and laboratory findings in the patient, we promptly initiated supportive measures and nonsteroidal drug (indomethacin) intervention to prevent subsequent severe CRS events. Finally, compared to CD28 as a costimulatory domain, CAR-T cells with a 4-1BB costimulatory domain induce less severe CRS events (30). Based on the data presented, it is evident that the incidence of severe cytokine release syndrome (CRS) associated with CAR-T cell treatment is remarkably low.

In the present case, GVHD and neurotoxicity were not observed. Our patient exhibited 100% chimerism after undergoing UCBT. Although the infusion of CAR-T cells derived from patients post-UCBT was alloidentical transplantation (31), we believe that the CD19 CAR-T cells made from the recipient of UCBT would cause no GVHD or less GVHD, and that the transplanted grafts in UCBT recipients would not be attacked by their own CAR-T cells. The levels of acute and chronic GVHD after infusion of recipient-derived CAR-T cells were lower than those of allo-derived CAR-T cells. In this case, it is hypothesized that the recipient’s tolerance to the cells facilitates avoidance of allo-rejection (32). We believe that the lack of GVHD in this patient may be due to the following reasons: First, the lower dose of CAR-T cells reduced the possibility of GVHD compared with DLI. Second, T cells from a patient after UCBT may have been tolerated by the recipient’s immune system. CAR-T cell therapy has shown better clinical efficacy in patients with R/R B-ALL after UCBT. CAR-T cells of umbilical origin may facilitate rapid expansion and enhance the therapeutic effect of the treatment. Therefore, further confirmation with a larger sample size is needed to validate these findings.
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Leuk-CTL-001 (EudraCT n. 2019-003362-41) is a Phase I/II clinical trial on the safety and preliminary efficacy of donor-derived anti-leukemia cytotoxic T lymphocytes (CTLs) for the prevention of leukemia relapse in children given haploidentical hematopoietic stem cell transplantation (HCT). The prognosis for children affected by acute leukemia and transplanted in an advanced disease stage, in the presence of measurable minimal residual disease (MRD) or with unfavorable cytogenetic abnormalities, is still poor and often less than 50%. Adoptive cell therapy based on the infusion of donor-derived CTLs able to recognize patients’ leukemia blasts (LB) is a promising approach to control leukemia relapse after allogeneic HCT. We previously described a procedure for ex vivo generating and expanding large numbers of donor-derived anti-leukemia CTL in compliance with Good Manufacturing Practice (GMP). The analysis of all batches of anti-leukemia CTLs produced so far documented that the majority of effector cells were CD3+/CD8+ cells, with a memory/terminal activated phenotype displaying efficient capacity to lyse patients’ LB and to secrete IFNγ and TNFα in response to leukemia cells. The Leuk-001 trial explores the safety of infusion of escalating doses of anti-leukemia CTLs in a cohort of high-risk relapse pediatric patients given haploidentical HCT for acute leukemia, starting within 60 days after transplantation. The safety is evaluated in terms of incidence of acute and chronic graft versus host disease (GVHD). The secondary objective is the evaluation of efficacy defined as cumulative incidence of relapse.
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Introduction

The Italian age standardized incidence rate for acute lymphoblastic leukemia (ALL) in the 0–19 age population is 36.7 cases per million (95% CI 34.2-39.3) while, for acute myeloid leukemia (AML) it is 6.8 cases per million (95% CI 5.6-8.1). These incidence rates correspond to about 400 new diagnoses of pediatric ALL and 100 new diagnoses of pediatric AML per year in Italy. Even though, currently, more than 80% of children with ALL can be cured with conventional first line chemotherapy, 15-20% of children with ALL still present with disease relapse. The majority of relapsing patients are given an HCT after second-line chemotherapy, but only 30-70% can be cured by HCT (1). A subsequent relapse is the most frequent cause of treatment failure. Considering AML, the event-free survival probability for children treated with the AIEOP-AML 2002/01 protocol was 55% for the whole study population and 53% for high-risk patients (2) and leukemia relapse represented the most common cause of treatment failure. The probability of long-term survival for children relapsing after an allogeneic HCT is low: the vast majority die due to disease progression or for the complications of therapies.

Over the last four decades, allogeneic HCT from an HLA-matched donor, either related or unrelated, has been increasingly used to treat patients affected by various malignant or non-malignant disorders, including acute leukemia. However, only 25% of patients have an HLA-identical sibling and fewer than 60% of the remaining patients can be matched with suitable HLA-compatible, unrelated donors. In the absence of an HLA-matched donor, alternative donors, such as HLA-haploidentical relatives, are being increasingly used (3).

A study by The Acute Leukemia and Pediatric Working Parties of the European Society for Blood and Marrow Transplantation (EBMT) showed that the 5-year leukemia-free survival (LFS) for children with ALL, transplanted in complete remission was about 30%, indicating that haplo­HCT is a useful treatment for patients in morphological remission of disease (4). In particular, in the last years, T-cell receptor (TCR)αβ/CD19 cell depletion has emerged as an effective graft manipulation strategy for preventing GVHD in patients lacking HLA–matched donor and in need of an urgent transplant (5). Despite great improvements, leukemia relapse remains the most frequent cause of transplant failure, especially in high-risk patients, and the prognosis for children affected by acute leukemia and transplanted in an advanced disease stage, in the presence of measurable MRD or with unfavorable cytogenetic abnormalities is still poor, and often less that 50%. Further intensification of pre-transplant chemotherapy and conditioning regimen would increase the incidence of treatment-related toxicity and non-relapse mortality. Thus, in the last few years, clinical research has been directed towards the early identification of patients who cannot be cured by conventional treatment and who could benefit from the use of targeted therapy therapies (6–8).

Harnessing the cytotoxicity and targeting the ability of the cellular immune system could improve the efficacy of anticancer therapy. While the use of monoclonal antibodies is now well established in clinical practice, the development of cellular therapies against cancer has been slower, largely because of the complexity of this approach. Among the different forms of cellular immunotherapy, the adoptive transfer of T lymphocytes is the most promising to overcome leukemia resistance to chemotherapy. T cell therapy for solid and hematological tumors has proved to be effective in preventing or treating cancer growth in patients with different diseases such as melanoma, lymphoma, nasopharyngeal carcinoma (9, 10). Despite these results, cancer immunotherapy still has many limitations and obstacles. Most neoplasms can develop a range of immune escape strategies resulting in failure to appropriately present tumor antigens to immunocompetent cells. Other limitations of immunotherapy based on the infusion of T cells are the suboptimal persistence of transferred cells in the patient and the necessity to define the best tumor associated antigens (TAA) for cellular therapy.

In recent years, excellent results have been achieved in the control of relapsed/refractory ALL with the infusion of T lymphocytes genetically modified to express chimeric antigen receptors (CAR) targeting B cell-associated antigens (11–13). The increase in CAR-T cell efficacy, however, has been paralleled by the potential to induce severe adverse events, including cytokine release syndrome, B cell aplasia, and other severe on-target off-tumor toxicities (14). In addition, despite encouraging data on the treatment of B cell precursor ALL, major challenges remain to be overcome to safely apply CAR-T cell therapy to patients with other leukemia subtypes (T cell precursor ALL or AML) (15–17).

The use of autologous T cells may result in disparities in efficiency or yield of the final product, due to the patient’s prior treatment leading also to a manufacturing failure rate (18). This has led over the years to the development of allogeneic and/or ‘off-the-shelf’ CAR-Ts from healthy donors with the aim of providing a readily available therapeutic solution for patients who needed this therapy. CAR-T production using genome-editing as well as non-gene-editing technologies were evaluated. While these technologies have many advantages, they also have limitations due to associated safety risks, including inducing GVHD and rejection. At present, more extensive researches are required for the development of technologies that allow safe administration of allogeneic CAR-Ts while improving their persistence and their efficacy and maintaining a favorable safety profile (19).

The pivotal therapeutic role of immunity against acute leukemia has been revealed by the graft-versus-leukemia (GVL) effect observed following allogeneic HCT. Moreover, circulating leukemia-specific CTLs have been detected in patients with different forms of acute leukemia, and the presence of these specific T-cell responses in peripheral blood and bone marrow samples of leukemia patients has been associated with improved disease control and longer survival (20–23). This body of data suggests that allogeneic or naturally elicited leukemia reactive T cells could have an effect in preventing relapse and improving transplant outcome.

Unmanipulated donor lymphocyte infusion (DLI) is used after stem cell transplantation to treat and prevent relapse, to prevent infections and to establish full donor chimerism. However, an expected side effect of the presence of mature T cells is the potential occurrence of acute GVHD (24). Evidence has emerged that escalating DLI has achieved higher clinical response rates with lower GVHD occurrence (25). Optimization of DLI dose and schedule as well as strategies of donor T-cell manipulation may lead to the consistent ability to separate GVHD from GVL activity and improve the safety of DLI treatment. One way to manipulate donor lymphocytes to reduce GVHD is leukemia antigen stimulation, in order to increase antileukemia activity while reducing the number of alloreactive T cells by specific culture.

Somatic cell therapy with anti-leukemia CTLs may offer a new tool to prevent or treat relapse. The major advantage of immune-based therapies is the possibility to use highly selective immune effector cells directed against malignant cells, thus limiting treatment related toxicities.





Pre-clinical background

Allogeneic or autologous anti-leukemia CTL directed against minor histocompatibility antigens or the BCR/ABL neoantigen (26–29), have been successfully employed to treat relapsed leukemia in adult patients representing proof of principle for the potential efficacy of this form of T cell therapy.

During the last decade, the proponent’s research unit has developed and optimized a procedure to generate donor-derived CTLs directed against pediatric acute LB, through the stimulation of peripheral blood mononuclear cells (PBMC) with IFN-dendritic cells (IFN-DC) pulsed with apoptotic LB as source of tumor antigens. CTLs generated ex vivo with this approach are likely to recognize a broader range of TAA, potentially reducing the risk of selecting variant leukemic subclones (30–32). Anti-leukemia CTLs include both effector and memory T-cells, suggesting the presence of lymphocytes able to exert, not only an immediate cytotoxic effector activity, but also to maintain long-term immune surveillance (33).

A major risk with the use of donor-derived anti-leukemia CTL is the subsequent development of GVHD. This risk is particularly relevant in the setting of haplo-HCT, where the donor and recipient are HLA partially-matched. In this regard it has been documented that although some anti-leukemia CTL lines showed sizeable cytotoxicity against patients’ derived PHA-blasts, the vast majority displayed lower levels of alloreactivity compared with that observed against LB, especially at the lowest E:T (31, 32).

Any successful cell therapy approach strongly depends on the possibility to in vitro generate a product with a high level of standardization in compliance with GMP. Anti-leukemia CTL are Advanced Therapy Medical products (ATMP) and GMP guidelines ensure their quality and safety in terms of sterility, purity and potency for in vivo use. Since 2016, after optimizing protocols for obtaining highly specific anti-leukemia CTL, ATMP have been prepared in the Fondazione IRCCS Policlinico San Matteo’s GMP facility “Cell Factory”.

In a recent paper (34), we reported data obtained in 51 batches of ATMP documenting that biological QC, including cell viability, identity, phenotype and potency were in compliance with the defined cut offs. We also deeply evaluated the phenotypic and functional features of ATMP batches using biological assays, other than those necessary for batch release. By comparing the ability of each ATMP to lyse LB in the cytotoxicity assay and to secrete IFN-γ and TNF-α in response to LB, we documented that the majority of ATMPs displayed sizeable levels of cytotoxic activity against LB and high percentages of cytokine-secreting cells. No significant differences were documented in the potency of ATMP obtained after 1st and the 2nd round of rapid expansion. In few ATMP derived from different donors, unable to mount sizable levels of cytotoxic activity against patients LB, high percentages of IFN-γ  and/or TNF-α-secreting cells were documented. These data suggested that anti-leukemia CTL are able to mediate anti-leukemia activity by different mechanisms and that the secretion of cytokines with anti-tumor activity can make up for low levels of direct lytic activity (34).

ATMP were also characterized for surface antigens of terminal differentiation and exhaustion, which can be an indirect sign of impaired function or persistence. The analysis of all batches of ATMP produced so far documented that the majority of cells were CD3+/CD8+ cells, with a memory/terminal activated phenotype including also measurable percentages of T central memory (TCM). Anti-leukemia CTL appear more highly differentiated than exhausted in that we also documented a low percentages of the PD1+/TIM3 population, usually associated with an exhausted phenotype. In donor/recipient pairs in which more than one batch of ATMP was produced, biological QC and additional biological assays documented that they were homogeneous in terms of surface antigens and potency (34).

Altogether these results demonstrated that the methodological approach we have optimized protocol is highly reproducible and allows the generation of large numbers of immunologically safe and functional anti-leukemia CTL with a high level of standardization. Based on their features, anti-leukemia CTLs could be a safe and efficient somatic cell therapy to prevent/treat leukemia relapse in children given haplo-HCT for high-risk acute leukemia.





Methods and analysis




Trial design

Leuk-001 is a Phase I/II, monocentric, open label, non-randomized, prospective clinical trial of donor-derived anti-leukemia CTLs in pediatric haplo-HCT recipients transplanted for ALL or AML and with a risk of leukemia relapse after haplo-HCT ≥ 50%. The outcome of treated patients will be compared with that of pediatric recipients of haplo-HCT with the same disease characteristics and prognosis, who received infusions of unmanipulated DLI. Patients will be assigned to the treatment with anti-leukemia CTLs (experimental arm) or to standard treatment with DLI (control arm) based on the availability of cryopreserved viable LB collected at the diagnosis or at relapse, necessary for the production of anti-leukemia CTLs (Figure 1). Therefore, this will be the only difference between the study population and the control population.

[image: Flowchart showing a process for high-risk patients. It is divided into a control arm and an experimental arm. The control arm starts with a lack of patients' LB, leading to donor leukapheresis, cryopreservation, and escalating doses of DLI from 10,000 to 1,000,000 per kilogram every three weeks. The experimental arm starts with availability of patients' LB, leading to anti-leukemia CTL production for a Phase I/II trial, and escalating doses of CTL from 50,000 to 8 million per kilogram every three weeks.]
Figure 1 | Trial design flow chart. The study population includes high-risk ALL or AML pediatric patients candidate to haplo-HCT and with an expected risk of leukemia relapse after transplantation ≥ 50%. The donor, once screened and deemed eligible, will undergo leukapheresis to obtain PBMC cryopreserved in multiple vials. Depending on the availability of cryopreserved LB patients will be assigned to the treatment with anti-leukemia CTLs (experimental arm), otherwise they will proceed to standard treatment with DLI (control arm).





Study objectives

The primary objective will be safety, measured as the incidence of acute GVHD after treatment. Acute GVHD will be diagnosed and graded according to the NIH criteria. Grade II-IV acute GVHD will be expressed as cumulative incidence considering disease relapse and death in remission without GVHD as competing events. The key secondary objective will be preliminary efficacy, measured as the incidence of relapse, (REL) defined as the time from HCT to the date of disease relapse, will be calculated at 3, 6, 9, 12–18 and 24 months after HCT and expressed as cumulative incidence considering death in remission as competing event.





Patients’ selection

Fifteen pediatric subjects will be enrolled in this study after obtaining informed consent. The study population will comprise any infant (1 month- 24 months), child (2–11 years) and teenager (12–18 years) affected by high-risk ALL or AML, candidate to an haplo-HCT and with an expected risk of leukemia relapse after transplantation ≥ 50% according to the available literature data. In Tables 1, 2 patients’ inclusion and exclusion criteria are reported, respectively. Eligible donors are HLA haploidentical relatives, including but not limited to biological parents, siblings, or half-siblings. Matching will be determined by class I and class II DNA typing. In Table 3, donor inclusion and exclusion criteria are reported.

Table 1 | Inclusion criteria for ALL and AML patients’ enrolment.


[image: Comparison table outlining inclusion criteria for ALL and AML patients. Both groups require age ≥ 1 month and ≤ 18 years, life expectancy > 12 weeks, Pre-HSCT Lansky/Karnofsky score ≥ 40%, and HIV negativity. ALL criteria include various remission and MRD positivity conditions, while AML criteria involve specific remission phases and high-risk disease factors.]
Table 2 | Exclusion criteria for patients’ enrolment.


[image: Table listing patients' exclusion criteria including ongoing GVHD, active infectious diseases, severe cardiovascular or liver dysfunction, renal dysfunction, multi-system organ failure, active malignancy, pregnancy, and lack of consent for minors or those under eighteen.]
Table 3 | Parameters for batch release.


[image: Table listing various parameters, methodologies, and cutoff values for microbiologic controls of ATMP. Parameters include sterility, bacterial endotoxin content, mycoplasma content, viability, genotype identity, phenotype, and potency. Methodologies include automated culture, LAL test, RT-PCR, trypan blue staining, molecular analysis, flow cytometry, and cytotoxicity assay. Cutoff values include negative, less than 0.5 EU/ml, absent, greater than 80%, specific molecular and phenotype criteria, and specific lysis greater than 45%. Microbiologic controls followed European Pharmacopoeia guidelines.]




Anti-leukemia CTLs production

The production of anti-leukemia CTLs is carried out in compliance with current European GMP regulations. The active substance consists of donor T lymphocytes with cytotoxic capacity directed against LB of the patient for whom the cell therapy medicinal product is intended. Starting material consists of mononuclear cells obtained by HCT donor. The donor once screened and deemed eligible, before mobilization for hematopoietic stem cell collection, will undergo leukapheresis, following the established regulatory guidelines for monitoring and institutional standard procedures for collection. PBMC will be isolated by density gradient centrifugation and cryopreserved. Patients’ LB are collected and cryopreserved at the time of leukemia diagnosis/recurrence. The methodological approach for the production of anti-leukemia CTL was optimized over time and consists in three different phases: priming, leukemia-specific stimulation and rapid antigen independent expansion. Priming is based on the use of donor DC, derived from CD14+ cells cultured four days in the presence of rGM-CSF and IFN-α2b, pulsed with irradiated (200Gy) apoptotic patients’ LB as the source of leukemia associated antigens, as previously described (31) in medium supplemented with appropriate concentration of IL-7, IL-12, IL-15 and IFNα 2b (34).

As shown in Figure 2, after priming and leukemia-specific stimulation, CTLs undergo the 1st round of antigen independent expansion. After leukemia-specific stimulation, CTLs are recovered and can be cryopreserved or undergo the first round of rapid expansion. Anti-leukemia CTLs recovered after the 1st round of rapid expansion are cryopreserved in vials. Batch 1 of the ATMP can be administered to patients or, if necessary, undergo a subsequent round of rapid expansion for the production of further batches of ATMP. Following this protocol, virtually billions of CTLs can be obtained for each patient. The time necessary to expand CTL batch 1 is just over a month, while subsequent batches are produced in about two weeks. At the end of the culture, CTLs mostly contain CD3+/CD8+ T lymphocytes, and a low percentage of CD3+/CD4+ T lymphocytes. ATMP batches are subjected to microbiological and biological quality controls (QC) before product release. Microbiological QC include testing for sterility, endotoxin by LAL assay and Mycoplasma by RT-PCR. Biological QC include: i) count of viable cells before and after cryopreservation; ii) immune phenotype characterization; iii) genotypic identity; iv) potency by means of CD3-redirected cytotoxicity test (Table 3). After confirming the stability of ATMP up to eight years after cryopreservation, biological CQ that included evaluation of phenotype and potency are performed on cryopreserved ATMPs as they represent the product that will be infused.

[image: Flowchart depicting the process of generating anti-leukemia cellular therapies. Section A outlines: donor lymphocyte apheresis, followed by microbiological and genotype identity QC, dendritic cell priming, leukemia-specific stimulation, antigen-independent expansion, cryopreservation, and infusion. Section B describes a second round of antigen-independent expansion for subsequent batches, including microbiological and biological QC, leading to infusion. Timelines are indicated for each step.]
Figure 2 | Protocol of production of anti-leukemia CTL. (A) After priming and leukemia-specific stimulation, CTL underwent the 1st round of antigen independent expansion. Anti-leukemia CTL recovered after the 1st round of rapid expansion were cryopreserved in several vials. Some vials represent the batch 1 of ATMP and can be infused to patients or alternately undergo a 2nd round of rapid expansion (B), to produce the next batches of ATMP. Batch 1 and subsequent ones were subjected to microbiological and biological quality controls for the release of ATMP.





Study procedures

Anti-leukemia CTLs will be administered at progressively increasing doses every 3 weeks according to the following schedule: 5x104/kg; 1x105/kg; 5x105/kg; 1x106/kg; 2x106/kg; 4x106/kg; 8x106/kg and 8x106/kg. Treatment will start within 60 days after transplantation, and it will continue for the next 6–8 months, depending on the frequency of CTL infusions. In the absence of complications, the minimum number of infusions is eight. Considering the high risk of recurrence, based on the clinician’s judgement, it will be possible to administer subsequent monthly CTL infusions, at the same dose used for the last administration, until month +12 from HCT.

Anti-viral prophylaxis will be administered per standard site procedures. During the treatment, the administration of corticosteroids should be avoided, unless necessary, and in this case it will be recorded.

In case of development of grade I acute GVHD, subsequent CTL administrations will be delayed by 1 week and CTLs will be given at the immediately lower dose than that which preceded the occurrence of GVHD. Subsequently, the treatment will continue with the same schedule. In case of development of acute GVHD of grade ≥ II, treatment will be stopped until complete resolution of GVHD. Subsequently, based on the clinician’s judgement, anti-leukemia CTLs may be resumed, starting from the immediately lower dose than that which preceded the occurrence of GVHD, every 3 weeks with the same schedule. Subjects who develop grade I or II skin GVHD (up to Stage 3 skin GVHD without any gut or liver involvement) will be treated with topical steroids and/or other standard of care (SOC) therapies. Subjects who experience Grade III skin and/or Grade II- III non-cutaneous GVHD will be treated with standard therapy. Chronic GVHD will be treated according to SOC. In Table 4 the stopping rules are reported.

Table 4 | Stopping rules.


[image: Stopping rules table outlines conditions for halting a study. These include development of grade III-IV acute GVHD in two of the first four patients, any severe adverse event in two of the first four patients, and any serious adverse event in two of four patients in subsequent groups. Also, if incidence of grade II-IV acute GVHD reaches or exceeds forty percent, or if chronic GVHD reaches or exceeds forty in the enrolled patient population.]
A screening evaluation that includes clinical and laboratory assessment will be performed at enrollment, prior to each CTL infusion, and at day 30, 90, 180, 360, 540 and 720 from HCT (if they do not coincide with CTL infusions). Prior to each CTL infusion, chimerism analysis and immunological follow up on peripheral blood will be performed. The immunological follow up will include evaluation of the percentages of circulating T, Treg, B and NK subsets, interferon-gamma secreting cells in response to LB stimulation in vitro on peripheral blood. MRD evaluation on bone marrow will be performed at baseline, at +90, +180 and +360 days after Haplo-HCT.





Toxicity evaluation

Safety assessments will consist of monitoring protocol-defined endpoints, such as acute GVHD, measurement of protocol-specified hematology, clinical chemistry variables, vital signs and other protocol-specified tests that are deemed critical to the safety evaluation of the ATMP. All adverse events (AEs) and serious adverse events (SAEs) will be recorded. AEs will be collected for 30 days following the final infusion of anti-leukemia CTLs. All SAEs will be collected until 90 days following the last anti-leukemia CTL infusion. After this period, investigators will report SAEs considered related to the study treatment.





Sample size and data analysis

The sample size is calculated based on the primary safety endpoint, using the single stage method for phase II studies proposed by Fleming (35). This method has been primarily designed to provide sufficient clinical experience to support the design of later-stage clinical development such as phase III studies. We assumed a maximum proportion P0 of patients developing GVHD, for patients receiving the standard treatment (DLI), of 40% based on our previous experience, and on data reported in the literature (H0). We consider 10% as the maximum proportion P1 of patients developing GVHD for the study treatment (CTLs) to consider the study treatment for preliminary success (H1). A sample size of 15 patients (including a dropout of 1 patient) will be able to reject H0 with a power of 80% and a type I error of 5%. If the number of responses at the end of the study is ≤ 2, H0 will be rejected; if the number of responses is > 2, H1 will be rejected. Quantitative variables will be reported as the median value and range, while categorical variables will be expressed as absolute numbers and percentage. The demographic and clinical characteristics of patients and controls will be compared using the Chi-square test or Fisher’s exact test for categorical variables, while the Mann-Whitney rank sum test or the Student’s t-test will be used for continuous variables as appropriate. Overall survival (OS) and event-free survival (EFS) will be calculated according to the Kaplan-Meier method, while the risk of acute and chronic GVHD, relapse and death in remission, defined as non-relapse mortality (NRM) will be calculated as cumulative incidences (CI) in order to adjust the analysis for competing risks. Comparisons between different OS and EFS probabilities will be performed using the Log-Rank test, while the Gray’s test will be used to assess, in univariable analyses, differences between cumulative incidences. All results will be expressed as probabilities (%) or cumulative incidences (%) and 95% confidence interval (95% CI), at 3, 6, 9, 12, 18 and 24 months from HCT. P values < 0.05 will be considered statistically significant. Statistical analysis will be performed using NCSS [NCSS 10 Statistical Software (2015). NCSS, LLC. Kaysville, Utah, ncss.com/software/ncss.] and MP/15 (StataCorp LP, 4905 Lakeway Drive, College Station, TX 77845 USA (http://www.stata.com).






Discussion

This study explores the use of escalating doses of donor-derived anti-leukemia CTL to prevent leukemia relapse in high-risk pediatric patients affected by acute leukemia and given haplo-HCT. The primary objective is the incidence of acute GVHD compared with that observed in a control cohort of patients with identical characteristics, treated with infusion of unmanipulated DLI. Haplo-HCT based on selective depletion of TCRα/β+ and CD19+ cells has been increasingly used in pediatric patients affected by high-risk acute leukemia. By this kind of graft manipulation, T cells expressing the αβ chains of the T cell receptor, which are responsible for the development of GVHD, are removed with a high depletion efficiency (36). However, the almost complete elimination of T cells on the graft increases the risk of infections and relapse. Infusion of donor-derived mature T cells represents a way to overcome these complications. Over the years, several strategies of donor-T cell manipulation prior transfer in patients have been proposed to improve the outcome of patients without the emergence of acute and chronic GVHD that represent the most common complications after DLI. Results of clinical trials documented that the transfer of selective populations of mature T cells may improve the recovery of pathogen-specific immunity but there are no significant data regarding the incidence of relapse (37, 38).

Anti-leukemia CTLs obtained by stimulation with patients’ LB are specific for each individual blast signature, and, due to their physiological recognition and effector mechanism through their natural T cell receptor, exert leukemia-specific killing with less severe adverse reactions than CAR-T cells. In addition, their potential to recognize multiple leukemia-associated antigens present on the blast surface should make them less susceptible to immune evasion strategies developed by leukemic cells. Additionally, the risk of GVHD should be reduced by the culture procedure, which decreases the number of alloreactive T cells. For these reasons, the use of these T cells after HCT in a highly personalized approach may be a safer and more effective option than unmanipulated DLI to prevent leukemia relapse after HCT. To support this hypothesis, in a pioneer study performed in patients treated on a compassionate basis, we documented that the infusion of large numbers of anti-leukemia CTL is safe, as no patient experienced acute or chronic GVHD or severe immune adverse reactions, and may contribute to the restoration of CR in a proportion of patients relapsing after the allograft. In case of overt clinical relapse, prior reduction of the tumor burden may facilitate the anti-leukemia effect displayed by CTLs (39).

Overall, the results of this clinical study may open the way to a new approach, different from CAR-T cell therapy, for the management of high-risk patients given haplo-HCT. Overall, analysis of the features of ATMP produced so far documented that there is a certain degree of homogeneity in terms of potency and surface markers among ATMP batches in different donors and among batches produced from the same donor. Batches from different donors could show variability in lytic capacity always within the acceptable release criteria range. The evaluation of immunological properties of the infused anti-leukemia CTL and clinical follow up of treated patients could allow a better understanding of how the functional and phenotypical CTL characteristics may affect patients’ outcome.
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Background

Immune monitoring has been proposed to optimize immunosuppressive therapy in liver recipients. This study aims to describe immunological changes following liver transplantation in pediatric recipients and to identify immune markers associated with post-transplant complications.





Methods

The immunological status of 95 pediatric liver recipients was prospectively assessed before transplantation and at 1, 3, 6, 9 and 12 months post-transplantation. Serum immunoglobulins (Ig) were measured by nephelometry and immunophenotype was evaluated by flow cytometry. T, B and NK lymphocyte counts were adjusted for age using standard reference ranges.





Results

Graft rejection, post-transplant lymphoproliferative disorder and autoimmune hepatitis was diagnosed in 6%, 2% and 0% patients, respectively. Early infections affected 43% patients, while late infections occurred in 17%, 24%, 10% and 9% recipients at each follow-up interval. Baseline immune dysregulation primarily involved the cellular compartment, with 78% recipients showing lymphopenia. Lymphocyte subpopulation scores improved following liver transplantation, with CD4+ score normalizing by month 1 and CD8+, CD19+ and NK scores by month 6. First-month IgG hypogammaglobulinemia, observed in 20% recipients, resolved completely at month 12. First-month T-cell lymphopenia (CD3+ hazard ratio [HR] 2.48, p=0.005; CD8+ HR 2.38, p=0.008) and hypogammaglobulinemia (IgG HR 2.18, p=0.036; IgA HR 2.40, p=0.011; IgM HR 2.61, p=0.006) were associated with higher risk of late infections. In multivariate analysis, only CD3+ T-cell lymphopenia remained a significant predictor (HR 2.13, p=0.030).





Conclusions

Baseline immune dysregulation resolved within the first months post-transplantation. Early infections were unrelated to immune markers, while late infections were associated with CD3+ T-cell lymphopenia and hypogammaglobulinemia.





Keywords: liver transplantation, humoral immunity, cellular immunity, immune monitoring, flow cytometry




1 Introduction

Liver transplantation (LT) remains the most effective treatment for end-stage liver disease (1). Advances in immunosuppressive therapies and surgical techniques have improved survival rates, both in adults (72-73%) (2, 3) and children (73-94%) (4, 5). However, the precise tailoring of immunosuppressive treatments for each recipient remains challenging. Striking the optimal balance between minimizing the risk of rejection and avoiding complications related to immunosuppressive drugs remains crucial (6). Among these complications, infections are the leading cause of mortality in pediatric LT recipients (4.1%) (7).

Currently, clinical practice relies primarily on pharmacokinetics to estimate immunosuppression, but this approach is often insufficient in pediatric LT (8). New strategies, including pharmacogenomics, immune biomarkers, cellular therapy, tolerance induction and alternative immunosuppressants, show promise for managing narrow therapeutic range drugs (9). Hence, immune monitoring has been proposed as a valuable tool to predict immunological and infectious complications after LT (10).

In LT humoral immune responses are monitored by the presence of donor-specific antibodies, which are often a contraindication for immunosuppression weaning (11). However, there are no standardized techniques to measure cellular responses against infections and/or malignancies. Specific T-cell responses have been proposed as biomarkers for predicting post-transplant lymphoproliferative disorder (PTLD) (12). Our previous study evaluated this approach in the pediatric LT setting, to identify patients with inadequate control of Epstein-Barr virus (EBV) infection (13).

In recent years, new follow-up strategies combining both humoral and cellular immunity in LT have been explored (14–16). Fukui et al. studied 82 adult liver recipients, finding that low serum complement 3 (C3) levels before and one month after transplantation predicted 90-day mortality (14). Previously, Iovino et al. found that liver recipients who develop infections had lower immunoglobulin G (IgG) levels at day 3 post-transplantation and higher CD64 monocyte counts at day 7 (15). Similarly, Carbone et al. had observed that liver recipients at higher infection risk had baseline hypocomplementemia C3 and hipergammablobulinemia IgG, but showed reduced IgG levels by day 7 post-transplantation (16).

While those studies focused on adults, research on immune changes in pediatric LT is limited (8), as studying immunity in children is challenging due to age-related effects on T- and B-cell number and function, influencing their susceptibility to infections and other complications (17). However, epidemiological observations (18) suggest that children exhibit more favorable outcomes than adults when confronted with viruses like EBV and Severe Acute Respiratory Syndrome Coronavirus 2, likely due to their robust innate immune responses, characterized by more active natural killer (NK) and NKT cells, as well as increased regulatory T cells (Tregs).

Given these differences, it is crucial to translate this understanding into the context of immunosuppression in pediatric LT. This prospective study aims to define humoral and cellular immunity changes before LT and up to one year after the procedure in a cohort of pediatric recipients, considering age-related variations. Additionally, we seek to identify immune markers associated with the risk of clinically relevant infections, autoimmunity, PTLD and rejection events.




2 Methods



2.1 Patients and study design

Our prospective study included 106 pediatric patients from University Hospital La Paz, who received a liver graft between January 2019 and December 2023. All patients gave informed consent, approved by the ethics committee of our institution (reference PI-4000). Eleven patients were withdrawn from the study (Figure 1), resulting in a final cohort of 95 patients. Transplant indication was categorized in five groups (Table 1), according to Díaz Fernandez et al. (19).

[image: Flowchart showing patient cohort selection. Total patient cohort is 106. Excluded patients numbered 11, due to invalid consent (3), over 18 at transplant (1), cancelled transplant (1), died at transplant (4), and invalid follow-up (2). Studied patient cohort is 95.]
Figure 1 | Flowchart for the inclusion of the pediatric liver transplanted patient cohort (n=95).

Table 1 | Epidemiologic and clinical features in a cohort of pediatric liver recipients, further categorized as early/late infected and non-infected patients.


[image: A detailed table presents characteristics of 95 subjects in a study, divided into categories based on early and late infections. Variables include sex, age at transplantation, type of donor, ABO compatibility, indication for transplantation, type and number of transplantations, induction and maintenance treatments, prophylaxis treatment, and serology status for Epstein-Barr virus and Cytomegalovirus. The table includes p-values for differences across groups, and data is presented in numbers and percentages. Notes clarify acronyms like TAC, CE, and others.]
Patients were monitored for 1 year. Follow-up periods included a baseline study just before transplantation (PreTx) and five studies post-transplantation at 1, 3, 6, 9 and 12 months after the procedure (1M, 3M, 6M, 9M and 12M). Demographic and clinically relevant information was collected (Table 1). Immune status was assessed at each timepoint. We considered clinically relevant infections, rejection, liver autoimmunity and PTLD as primary outcomes.

The standard induction regimen consisted of basiliximab administered on days 0 and 4 post-transplantation, combined with tacrolimus and corticosteroids. Maintenance immunosuppression mainly consisted of tacrolimus and corticosteroids. In selected cases experiencing rejection episodes, mycophenolate mofetil was added to the regimen.

Antimicrobial prophylaxis included trimethoprim-sulfamethoxazole for Pneumocystis jirovecii, administered for two years post-transplantation, and either ganciclovir or valganciclovir for Cytomegalovirus, prescribed for six months post-transplantation regardless of donor/recipient serostatus.

Infectious events were categorized according to Van Delden et al. (20), and their relevance was defined as proven bacterial, probable/proven fungal and probable/proven viral infections, as well as viral syndromes. Early infections were defined as those occurring within the first month post-transplantation, while infections occurring thereafter were classified as late infections. Autoimmune hepatitis (AIH) was defined by a positive test result for any of the following antibodies: anti-mitochondrial M2, anti-filamentous-actin (F-actin), anti-Liver Cytosol Antigen Type 1 or anti-Liver-Kidney Microsomal antibodies, along with meeting clinical criteria. PTLD diagnosis was based on histopathologic criteria. The histopathological diagnosis of acute allograft rejection was determined based on the Banff criteria (21).




2.2 Immune status assessment

Cellular immune status was evaluated by multiparametric flow cytometry. Briefly, 75µL of whole blood was stained with various monoclonal antibody combinations, using different panels over time due to supplier changes (Supplementary Table S1). Comparative analyses were conducted to ensure that the percentages remained consistent across all panels (data not shown). Cell acquisition was made on a BD FACSCanto™ or a DxFLEX flow cytometer. The resulting data were analyzed by FACSDiva™ (BD, USA) or Kaluza (Beckman Coulter, USA) software.

Immunophenotype of T lymphocytes (CD3+, further classified as CD4+ and CD8+), B lymphocytes (CD19+), NK lymphocytes (CD3-CD16+CD56+) and NKT cells (CD3+CD16+CD56+) was performed. CD4+ and CD8+ T lymphocytes were further distributed in naïve (Tn, CD27+CD45RO-), effector (Teff, CD27-CD45RO-), central memory (Tcm, CD27+CD45RO+-) and effector memory (Tefm, CD27-CD45RO+-) subsets. Additional quantified subpopulations included recent thymic emigrants (RTE, CD4+CD45RA+CD31+), Treg (CD3+CD4+CD25+CD127low), gamma-delta T lymphocytes (Tγδ, CD3+TCRγδ+), activated T cells (CD3+HLA-DR+) and memory B cells (Bm, CD19+CD27+).

Absolut numbers of T, B and NK lymphocytes were normalized to a patient-specific age range (22), creating a variable called “score”. To calculate the score, the median of the age-specific normal range was subtracted from the absolute number of lymphocytes in the subpopulation. The result was then divided by the difference between the 90th percentile and the 10th percentile of the normal range for that age group. Lymphopenia was defined as a score under -0.5 and lymphocytosis as a score over 0.5.

Regarding humoral immunity, levels of immunoglobulins G, A and M (IgG, IgA and IgM) were quantified on serum by nephelometry following manufacturer’s instructions (Siemens, Altona). Hypogammaglobulinemia was defined as values of IgG, IgA or IgM below the lower 95% confidence interval for each age group (23).




2.3 Statistical analysis

Quantitative variables were compared between two groups using the Mann–Whitney U test, except for the Δscore, for which the Student’s t-test was applied after confirming normal distribution with the Shapiro–Wilk test. When comparing quantitative variables across more than two groups, the Kruskal-Wallis test was used, followed by Dunn’s post hoc test for pairwise comparisons. Survival analysis was performed using the Cox proportional hazards model. The optimal multivariate model was selected using the Akaike Information Criterion, starting with variables with a p-value <0.100 from univariate analysis. The final model retained variables with the best fit. Statistical significance was set at p <0.05. All analyses were conducted with RStudio (version 4.3.3, R Core Team, 2024).





3 Results



3.1 Baseline clinical features

Ninety-five patients were ultimately included in our prospective study (Figure 1), with a median age of 16 (7–88) months. The baseline characteristics of the cohort are detailed in Table 1. Split graft from a deceased donor was the most common type of donation (41%), with biliary atresia being the predominant indication for LT (63%). Only 6 patients (6%) underwent combined liver-kidney transplantation, while 9 others (9%) required a second transplant due to primary graft failure (n=7), acute rejection (n=1) or tumor recurrence (n=1).

Ninety-seven percent of the patients received the standard induction regimen. Two patients (2%) also received mycophenolate as part of their induction therapy due to a combined transplant with a kidney graft, whereas one patient (1%) with a liver tumor was on chemotherapy at the time of transplantation.

Seven patients (7%) received intravenous immunoglobulin (IVIG). Two (2%) were prescribed IVIG prior to transplantation: one as part of the treatment for Gestational Alloimmune Liver Disease and another in the context of Evans syndrome associated with Autoimmune Lymphoproliferative Syndrome. Two patients (2%) received IVIG post-transplantation for the management of either adenovirus or Epstein–Barr virus infections. Three additional patients (3%) were treated with IVIG due to severe post-transplant hypogammaglobulinemia. Only two of these seven patients (29%) remained free of infections.




3.2 Events of rejection, AIH, PTLD and infection post-transplantation

Regarding post-transplant outcomes, 6 episodes of acute cellular rejection were diagnosed (6%) along the follow-up (median time 233 [50 – 349] days). Three patients had a diagnosis of AIH before transplantation: one with type 1 AIH, one with seronegative AIH and one with suspected AIH. One patient tested positive for anti-F-actin antibodies at a titer of 1:80 at 6M, though the antibody was undetectable in subsequent tests. Other autoimmune complications included one case of autoimmune neutropenia and one of autoimmune hemolytic anemia. PTLD was diagnosed in 2 patients (2%) at 6M and 9M, respectively. The low number of rejection, AIH or PTLD events reported prevented us from doing statistical analysis.

Regarding infections, most of them occurred within the first month post-transplantation (early infections) (median time 4 [1-12] days), affecting 41 patients (43%) (Figure 2A). In subsequent months, the proportion decreased to 17%, 24%, 10% and 9% during their respective follow-up periods (Figure 2A). Early infections were predominantly bacterial, accounting for 51% of cases (Figure 2B). In contrast, late infections (median time 100 [30-150] days) were primarily viral, comprising 68%, 67%, 47% and 75% of infections during the corresponding follow-up periods (Figure 2B). Pathogens causing early and late infections are detailed in Supplementary Table S2.
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Figure 2 | Percentage of (A) infected pediatric liver recipients and (B) distribution of infection types (viral, bacterial, or fungal) across each follow-up period: from transplantation (Tx) to 1 month post-transplantation (1M), 1M to 3M, 3M to 6M, 6M to 9M and 9M to 12M.




3.3 Evolution of immunoglobulins and lymphocyte populations during the first year post-transplantation

IgA hypogammaglobulinemia was detected in 2 (3%) recipients before the procedure, while the rest of patients maintained normal levels of both IgG and IgM (Supplementary Table S3). Transplantation had a negative impact on immunoglobulin levels during the first month post-transplantation, with 18 (20%), 19 (21%) and 17 (19%) recipients developing hypogammaglobulinemia for IgG, IgA, and IgM, respectively. During the subsequent months, immunoglobulin levels gradually increased (Figures 3A-C) and, by the end of the follow-up period, most patients had returned to normal levels. However, 7 (11%) patients still had IgM hypogammaglobulinemia, and 2 (3%) patients had hypogammaglobulinemia of either IgG or IgA (Supplementary Table S3).
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Figure 3 | Evolution of (A) immunoglobulin G (IgG), (B) IgA and (C) IgM serum levels in a cohort of pediatric liver recipients grouped by age ranges across each follow-up period: pre-transplantation (Pre-Tx) and 1, 3, 6, 9 and 12 months post-transplantation (1M, 3M, 6M, 9M and 12M, respectively).

Lymphopenia was frequent among recipients prior to transplantation (78%) (Supplementary Table S3), and mainly attributable to baseline CD3+ T lymphopenia (81%). In contrast, pre-transplant B and NK lymphopenia was observed in lower percentages (42% and 6%, respectively) (Supplementary Table S3). Accordingly, the baseline median score of total lymphocytes (Figure 4A) and T lymphocytes (Figure 4B) mirrored each other, both being below -0.5 prior to transplantation, including CD4+ (Figure 4C) and CD8+ (Figure 4D) T subsets. Upon transplantation, T lymphocytes already increased above -0.5 at 1M (Figure 4B), rising from -0.77 (-0.94 to -0.60) to -0.30 (-0.60 to 0.07) (p<0.001). Concomitantly, both CD4+ (PreTx -0.76 [-0.89 to -0.57] vs 1M -0.30 [-0.53 to 0.13], p<0.001) and CD8+ (PreTx -0.71 [-0.80 to -0.51] vs 1M -0.34 [-0.58 to 0.02], p<0.001) T-cell scores also exceeded -0.5 at 1M (Figures 4C, D, respectively).
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Figure 4 | Evolution of each lymphocyte subpopulation score in a cohort of pediatric liver recipients across each follow-up period: pre-transplantation (Pre-Tx) and 1, 3, 6, 9 and 12 months post-transplantation (1M, 3M, 6M, 9M and 12M, respectively). Studied subsets included (A) total lymphocytes, (B) CD3+ T lymphocytes, (C) CD3+CD4+ T lymphocytes, (D) CD3+CD8+ T lymphocytes, (E) CD19+ B lymphocytes and (F) CD3-CD16+CD56+ NK lymphocytes. Scores were calculated by substracting the median of the age-specific normal range from the absolute number of lymphocytes in the subpopulation. Dashed lines mark the normal range, defined as scores between -0.5 and 0.5. Horizontal lines represent statistically significant differences between the median scores of two distinct follow-up periods.

CD3+ T lymphocytes at 1M and 3M were significantly lower compared to 12M values (1M -0.30 [-0.60 to 0.07] and 3M -0.30 [-0.54 to 0.04] vs 12M -0.01 [-0.24 to 0.20], p=0.005 and p=0.008, respectively), with the CD3+ T-cell score remaining comparable from 6M onwards. Regarding CD4+ T-cell score, it normalized at 1M and remained stable throughout the follow-up (Figure 4C), with no significant differences observed. Kinetics of the CD8+ T-cell score paralleled those described for CD3+ T lymphocytes (Figure 4D). CD8+ T lymphocytes at 1M and 3M were significantly lower compared to 12M values (1M -0.34 [-0.58 to 0.02] and 3M -0.24 [-0.49 to 0.05] vs 12M 0.11 [-0.18 to 0.30], p<0.001 and p=0.003, respectively). Normalization was observed at 6M, after which the CD8+ T-cell score remained stable.

Regarding B lymphocytes, a significant expansion at 1M was observed (PreTx -0.46 [-0.59 to -0.21] vs 1M -0.04 [-0.36 to 0.57], p<0.001) (Figure 4E), showing values over 0.5 score (lymphocytosis) in 27 (30%) patients at that timepoint. B-cell expansion observed at 1M significantly decreased by 6M (-0.25 [-0.49 to -0.14], p<0.001), when normalization was achieved. From that time onwards, B-cell score remained stable, with no significant differences observed.

The impact of transplantation on NK-cell score appeared less pronounced initially (Figure 4F). Compared to pre-transplant study, a significant increase was detected at 3M (PreTx -0.33 [-0.43 to -0.21] vs 3M -0.17 [-0.34 to -0.02], p<0.001). After 6M, NK-cell scores normalized and remained stable in the following months.




3.4 Evolution of expanded-phenotype cell populations during the first year post-transplantation

Firstly, the decrease in Treg subpopulation at 1M (Table 2) was likely an artifact of the technique, as basiliximab (anti-CD25) used in induction therapy interfered with CD25 detection by flow cytometry. Therefore, 1-month Treg frequencies were excluded from our analysis.

Table 2 | Lymphocyte frequencies along the different follow-up periods in a cohort of pediatric liver recipients segregated by age ranges.
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Infant patients aged 0–1 year (Table 2) showed a significant increase in Tγδ lymphocyte frequency, rising from 2.63% pre-transplantation and 3.22% at 1M to 5.10% at 3M (p= 0.008 and p =0.001, respectively) and 9.01% at 6M (p=0.015 and p=0.002, respectively). In recipients aged 1–2 years, Tγδ lymphocyte frequency significantly increased from 5.40% pre-transplantation to 9.72% at 9M and 10.62% at 12M (p=0.005 and p=0.003, respectively). This rise was also significant when comparing 1M (3.48%) to 6M (6.37%), 9M and 12M (p=0.008, p<0.001 and p<0.001, respectively), and when comparing 3M (4.60%) to 9M and 12M (p<0.001 for both comparisons).

Regarding NKT lymphocytes in patients aged 1–2 years (Table 2), their frequency increased from 0.25% at 1M to 0.61% at 9M (p= 0.003) and 0.62% at 12M (p=0.006). Conversely, Treg frequency decreased from 8.49% at 3M to 5.10% at 9M (p<0.001) and 5.17% at 12M (p<0.001), while the frequency of RTE declined from 67.20% at 1M to 52.07% at 6M and 52.79% at 9M (p= 0.015 and p= 0.012, respectively). In contrast, activated CD3+HLA-DR+ T lymphocytes showed an increase from 7.51% at 1M to 17.79% at 9M (p=0.023).

Similarly, patients aged 2–6 years increased their Tγδ and CD3+HLA-DR+ subsets throughout the follow-up period (Table 2). Interestingly, frequencies of Bm only showed an increase in that age group, rising from baseline 10.67% and 11.74% at 1M to 20.33% at 12M (p=0.007 and p=0.016, respectively). On the other hand, in older patients aged 6–12 years, only an increase in Tγδ lymphocytes from 6.66% at 1M and 6.62% at 3M to 17.56% at 12M (p=0.009 and p=0.008, respectively) was detected. For recipients aged 12–18 years, the frequencies remained stable throughout the entire follow-up period, with multiple comparisons yielding no significant p-values.

The distribution by age of CD4+ and CD8+ Tn, Teff, Tcm, and Tefm lymphocyte subpopulations throughout the follow-up period remained comparable (Supplementary Figures S1, S2). However, in patients aged from 2–6 years, median frequencies of CD8+ Tn significantly decreased from 1M to 12M (75.61% vs 54.20%, p=0.012). Conversely, CD8+ Teff and Tefm subsets in this age group significantly increased in the same period (CD8+ Teff 1.71% vs 11.34%, p=0.005; CD8+ Tefm 3.81% vs 10.00%, p=0.010) (Supplementary Figure S2).




3.5 Association of T-cell lymphopenia and hypogammaglobulinemia with the risk of infection

When segregated according to the time of infection (early/late), statistical analysis showed that infected patients were significantly younger at transplant and primarily received split grafts (Table 1). To better assess immunological parameters post-transplantation, we subtracted each subpopulation score from pre-transplant study to the one obtained at 1M (Δscore). The higher the Δscore, the better the normalization of lymphocyte subpopulations. Patients that remained free from late infections had higher Δscore for T CD3+ (0.524 vs 0.263, p=0.018) and T CD4+ (0.452 vs 0.287, p=0.036) than those who developed late infections (Table 3). Interestingly, T CD8+ Δscore was also higher in non-infected patients, although this increase nearly reached statistical significance (0.483 vs 0.178, p=0.054).

Table 3 | Estimation of cellular immunity recovery following pediatric liver transplantation calculated by differences between pre-transplant score and 1-month post-transplant score (Δscore).
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Subsequently, a survival analysis was performed to explore the relationship between pre-transplant immunological status and the risk of early infections (Table 4). The univariate analysis identified a significant association between the risk of post-transplant infections and both the age at transplantation and the type of graft. Patients aged 0–1 years (hazard ratio [HR] 5.23, p=0.027) or 1–2 years (HR 5.29, p=0.034) had a significantly higher risk of infection. Transplantation using a split graft was associated with a threefold risk for infection (HR 3.02, p=0.071), although this correlation was not statistically significant in the univariate analysis. None of the immunological variables analyzed were associated with the risk of early infection. Interestingly, in the multivariate analysis, only transplantation with a split graft was independently associated with an increased risk of early infection (HR 3.42, p=0.047).

Table 4 | Early infection univariate and multivariate analysis in a cohort of pediatric liver recipients categorized by their immune status of lymphopenia or hypogammaglobulinemia pre-transplantation.
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We next analyzed how immune status at 1M influenced the likelihood of remaining free from late infection (Table 5). The univariate model revealed that infants aged 0–1 years had a significantly higher risk of late infection (HR 3.49, p=0.046). Conversely, patients who received a whole graft from deceased donor had a significantly lower risk (HR 0.28, p=0.044). In terms of immunological status, CD3+ or CD8+ T lymphopenia (HR 2.48, p=0.005 and HR 2.38, p=0.008, respectively) and hypogammaglobulinemia (IgG, IgA or IgM), were associated with a higher risk of late infection (HR 2.18, p=0.036 and HR 2.40, p=0.011 and HR 2.61, p=0.006, respectively). The multivariate model showed that only lymphopenia T CD3+ was independently associated with an increased risk of late infection (HR 2.13, p=0.030). Kaplan-Meier curves for patients with or without T lymphopenia are graphed in Figure 5. Patients with CD3+ T lymphopenia showed significantly higher infection rates after the first month post-transplantation (p=0.005) (Figure 5A). While CD4+ T lymphopenia did not show a statistically significant association with infection rates (Figure 5B), the presence of CD8+ T lymphopenia was significantly associated with higher infection rates, highlighting the differential impact of T-cell subsets on infection risk (Figure 5C).

Table 5 | Late infection univariate and multivariate analysis in a cohort of pediatric liver recipients categorized by their immune status of lymphopenia or hypogammaglobulinemia at one month post-transplantation.
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Figure 5 | Effect of the presence of (A) T CD3+ T lymphopenia, (B) CD4+ T lymphopenia or (C) CD8+ T lymphopenia on late infection risk. Global p-values were obtained at 1 month post-transplantation by Kaplan-Meier analysis.

Furthermore, we stratified patients into four groups based on IgG levels and CD3+ T-cell counts at 1M: normal IgG/normal CD3+ (n=50), normal IgG/CD3+ T lymphopenia (n=22), IgG hypogammaglobulinemia/normal CD3+ (n=6) and IgG hypogammaglobulinemia/CD3+ T lymphopenia (n=11). The risk of late infection was significantly higher in patients with normal IgG/CD3+ T lymphopenia (HR 3.03, 95% CI 1.46–6.30, p=0.003), IgG hypogammaglobulinemia/normal CD3+ (HR 4.16, 95% CI 1.36–12.74, p=0.013) and IgG hypogammaglobulinemia/CD3+ T lymphopenia (HR 2.86, 95% CI 1.10–7.44, p=0.031), compared to the normal IgG/normal CD3+ group.





4 Discussion

This study aimed to define the immune changes in pediatric LT and identify markers related to post-transplant complications. Our findings revealed that baseline T lymphopenia and first-month post-transplant IgG hypogammaglobulinemia mostly recover early in the follow-up. Additionally, patients with T CD3+ lymphopenia at 1M have a twofold increased risk of late infections.

In our cohort, end-stage liver disease negatively impacted the cellular compartment. Although the detrimental effect of biliary atresia on cellular immunity has been previously described (24), we found no association when comparing baseline immune scores of patients grouped by their underlying diagnosis (Supplementary Table S4). However, in line with previous results published by Möhring et al. (25), patients with liver tumors had the highest numbers of lymphocytes when adjusted for age (median score -0.63 [-0.89 to -0.37]). In a cohort of 60 adult patients with cirrhosis T CD4+ lymphopenia was observed (26), attributing it to defective lymphocyte production, splenic pooling and apoptosis from bacterial translocation. This may help understanding the variations in immune pre-transplant status within our cohort.

LT differently affected humoral and cellular immunity. Humoral immunity was negatively affected by LT, since patients who did not have hypogammaglobulinemia prior to the transplant developed it after receiving the graft. Our results are consistent with previous findings in pediatric liver recipients (14, 27), and are likely due to the excessive loss of immunoglobulin-rich ascitic serum during surgery. However, the effect of the immunosuppressive treatment should also be considered.

Conversely, cellular immunity immediately benefits from LT, as the frequency of patients with total lymphopenia decreased from 78% PreTx to 36% at 1M. In a cohort of 304 adult kidney recipients, lymphocyte subpopulations were analyzed at PreTx, 1M and 6M. Consistent with our results, those without anti-thymocyte globulin induction showed increased T-cell counts at 1M (28).

Our approach focuses on simultaneously monitoring humoral and cellular immunity after LT, allowing us to determine the timepoint at which normalization occurs for each Ig and lymphocyte subpopulation. The number of patients with hypogammaglobulinemia of any isotype began to decrease immediately after 1M. By 12M, only two patients showed IgG hypogammaglobulinemia, both of whom had received rituximab treatment for either PTLD or autoimmune hemolytic anemia. While CD3+ and CD8+ T-cell score normalization occurred at 6M, CD4+ T-cell score normalized at 1M; on the other hand, B-cell and NK-cell scores normalized at 6M. Interestingly, we noticed a remarkable expansion of B cells at 1M, likely compensating for the hypogammaglobulinemia present at that time.

Regarding expanded-phenotype subpopulations, transplantation had a less pronounced impact, since differences with PreTx values were only found for Tγδ lymphocytes in patients aged 0–2 years and Bm lymphocytes in patients 2–6 years old. Further differences appeared at 9M and 12M, likely reflecting age-related changes occurring throughout the follow-up period. This is supported by the absence of significant differences in patients over 12 years, suggesting diminished age-related fluctuations as patients mature. However, stratifying patients by age resulted in a reduced sample size in each subgroup, which may have limited the statistical power to detect additional differences.

Similarly, slight differences appeared in frequencies of Tn, Teff, Tcm and Tefm subsets. As children age, the frequency of Tn cells decreases, while the percentage of Teff, Tefm, and Tcm subpopulations increase, as anticipated (29). However, in patients aged 2–6 years, there was a significant decrease in CD8+ Tn cells and a significant increase in CD8+ Teff and Tefm subsets from 1M onwards, which might be related with cytotoxic immune response to viral late infections at that period.

In our cohort, acute cellular rejection occurred in 6% of patients, lower than previously reported. A 2004 study of 1,092 pediatric LT found a 48.4% incidence, with biopsies confirming 92% of cases (30), while a recent study in 50 pediatric cases reported a 68% incidence, with biopsies conducted at the physician’s discretion (31). The absence of serial biopsies in our cohort may have led to an underestimation of the true incidence, as subacute rejections could have been missed.

Autoimmune and PTLD complications were rare in our cohort. None of the recipients developed either de novo or recurrent AIH, despite reported incidences in pediatric LT of 1-11% (onset at 2–12 years post-LT) (32) and 38-89% (onset at 11–43 months) (33), respectively. Similarly, PTLD was diagnosed in 2% of our recipients, lower than reported incidences of 7.8-9.7% (4, 12). This may be attributed to our relatively short 1-year follow-up period compared to the 4–12 years of follow-up in other studies (4, 12).

Consistent with previous reports, early infections in our cohort were associated with surgery, while late infections resulted from heightened immunosuppression (34, 35). Thus, bacterial infections dominated the first month, whereas opportunistic viral infections become more frequent thereafter, due to prolonged immunosuppressive therapy (34–37). Since most of the studies have focused on adult liver recipient (14–16, 38–40), we specifically monitored the immune status in pediatric recipients to better assess their risk of infections.

Previous research had established that pre-transplant lymphopenia increases infection risk in adult LT (39, 40). Furthermore, Lei et al. found an association between the number of pre-transplant double-negative CD3+CD4-CD8- T-cells and infection risk in a cohort of 19 adult LT (38). However, we did not identify pre-transplant immunological predictors for early infections in pediatric patients. Instead, split graft recipients were at a higher risk of early infections, likely due to increased biliary leakage leading to severe infections (41).

In contrast, we found that T CD3+ lymphopenia at 1M was associated with increased risk of late infections. This is consistent with Fernandez-Ruiz et al., who observed that adult kidney-transplant recipients with T CD8+ lymphopenia had a threefold increased risk of late infections (28). Interestingly, although in our multivariate analysis we did not find an association with hypogammaglobulinemia, other prospective studies have reported that infected adult liver recipients had lower IgG levels at days 3 (15) or 7 (16) post-transplantation. In line with these findings, our stratified analysis revealed that both isolated and combined alterations in IgG levels and CD3+ T-cell counts at 1M were associated with a significantly increased risk of late infections.

Previous studies have shown that lymphopenia is associated with an increased risk of both opportunistic and community-acquired infections. A large Danish cohort study in the general population demonstrated that individuals with lymphopenia had a significantly higher risk of hospital admission with an infection, as well as infection-related mortality (42). Similarly, in patients with solid tumors, radiation-induced lymphopenia has been linked to an elevated risk of bacterial infections (43). These findings support the relevance of peripheral T-cell counts as general markers of immune competence and infection susceptibility.

Beyond the markers explored in this research, assessing immune function could provide additional insights. A prospective study by Sood et al. (n=75) demonstrated that low interferon-gamma production after non-pathogen specific stimulation at week 1 post-transplant was associated with a higher risk of early infections, whereas elevated levels correlated with an increased risk of rejection (44). Incorporating such functional assays alongside markers like CD64 monocyte counts (15) or PD1 exhaustion marker (38) may enhance our ability to predict infection risk.

To our knowledge, this is the first prospective study monitoring the immune response of pediatric liver recipients. The ChilSFree cohort study proposed a similar approach (8), but results are yet to be reported. Based on our findings, we propose that measuring serum Ig levels, T (including CD4+ and CD8+ subsets), B and NK lymphocytes at PreTx, 1M, 6M and 12M provides a comprehensive assessment of immune recovery and identifies late infections risks. To validate these results, future multicenter studies should adopt a standardized protocol across all participating centers. Sample collection timepoints and technical procedures must be harmonized, and inclusion criteria and clinical endpoints unified. Such collaborative efforts would not only confirm the utility of these biomarkers but also support the development of personalized immunosuppression strategies in pediatric liver transplantation.

A key limitation of our study is the low incidence of autoimmune complications, PTLD and rejection, which restricted our ability to identify additional markers. Moreover, the lack of a more detailed classification of infections based on anatomical site and clinical severity limits our ability to accurately differentiate community-acquired infections from those opportunistic infections. Another limitation is the lack of immune function analysis. Thus, further studies with larger cohorts and immune function assessment are necessary to better understand the immunological landscape of post-transplant complications.

In conclusion, we showed that pediatric liver recipients have baseline immune dysregulation that is resolved during the first months after transplantation. While early infections in our cohort did not show significant immunological predictors, late infections appeared to be influenced by T-cell lymphopenia and hypogammaglobulinemia. Our findings highlight potential factors that could guide strategies for managing post-transplant infections. These insights could contribute to more personalized approaches in immunosuppressive therapy.
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Supplementary Figure 1 | Distribution of CD4+ T naïve (Tn), effector (Teff), central memory (Tcm) and effector memory (Tefm) subsets in a cohort of pediatric liver recipients grouped by age ranges across each follow-up period: pre-transplantation (PreTx) and 1, 3, 6, 9 and 12 months post-transplantation (1M, 3M, 6M, 9M and 12M, respectively).

Supplementary Figure 2 | Distribution of CD8+ T naïve (Tn), effector (Teff), central memory (Tcm) and effector memory (Tefm) subsets in a cohort of pediatric liver recipients grouped by age ranges across each follow-up period: pre-transplantation (PreTx) and 1, 3, 6, 9 and 12 months post-transplantation (1M, 3M, 6M, 9M and 12M, respectively).
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Introduction


Accurate human leukocyte antigen (HLA) genotyping is critical for organ transplantation to ensure donor-recipient compatibility. Conventional methods, such as sequence-based typing (SBT), often face challenges in resolving allelic ambiguities, particularly in highly polymorphic regions of HLA loci. Therefore, this study aimed to develop 6 locus multiplex primers combined with Next-generation sequencing NGS for high-resolution of long sequenceshigh-resolution sequencing, focusing on improving sequencing depth and reducing costs.







Methods


Multiplex PCR primers targeting HLA-A, -B, -C, -DPB1, -DQB1, -DRB1 loci were designed using high-frequency alleles from public databases. PThe primers were optimized using as reference the sequencing depth across loci. The method was validated using SBT and probe capture‑based targeted next‑generation sequencing to evaluate its approach accuracy. Moreover, 770 samples from Chinese population were further studied to verify the allele frequency adding information about HLA types of this population.







Results


The optimized multiplex PCR-NGS sequencing showed depths within athe target range of 100-1000 with high accuracy determined in the 2ndtwo-digit ,and 4thfour-digit and six-digit HLA typing, with a reliability of ≥ 98%, ≥ 95% and ≥ 95% respectively in both methods.







Discussion


Allele digits in the HLA-class I and II loci. However, in the 6th digit of HLA-C, -DQB1, and -DRB1 the accuracy was 94.74%. The developed multiplex PCR-NGS method offers a reliable, cost-effective approach for high-resolution HLA genotyping, and may be particularly suitable for clinical studies, especially in donor-recipient matching during organ transplantation.






Keywords: HLA matching, deep sequencing, next-generation sequencing, multilocus sequence typing, HLA alleles







1 Introduction


Human leukocyte antigen (HLA) genes exhibit high polymorphism across populations (1), making HLA genotyping critical for clinical research especially in organ transplantation (2, 3). Accurate HLA matching between donors and recipients is crucial to ensure optimal conditions for the recipient (4). Currently, techniques such as Sanger sequencing-based typing (SBT) (5), probe capture-based targeted next-generation sequencing (PCT-NGS) (6), and multiplex PCR-based next generation sequencing (MP-NGS) of HLA loci (7) are used for determining HLA alleles.


In HLA typing, the SBT method was considered the gold standard for HLA genotyping from 1996 until 2016 for the incorporation of next-generation sequencing (NGS) (8, 9); it was widely recognized for accurate matching. SBT has certain limitations, including ambiguity resulting from the combination of two or more different alleles (10); moreover, SBT is designed to amplify short targets of the genome, primarily focusing on exons (11, 12), excluding intron and non-coding regions both important in HLA classification. Additionally, HLA has different polymorphic regions that SBT cannot determine and could be identical in cis or trans sequencing (13). Thus, accurate HLA typing cannot be achieved in these cases. Prior to the development of more advanced techniques, other methods were designed to identify alleles for HLA loci such as PCR-based HLA typing using sequence-specific primers (SSP) and sequence-specific oligonucleotide probes (SSOP); nonetheless, SSP and SSOP are less detailed compared to SBT (14–16).


In 2011, NGS was considered a novel method for advancing immunogenetics (17); however, it was not until 2016 that researchers demonstrated the functionality and reliability of high-resolution sequencing, heralding the beginning of a new gold standard for HLA typing (8, 18). In recent years, however, PCT-NGS (19) and MP-NGS for HLA genotyping have become the focus of investigations due to their high resolution in HLA typing (20) and their ability to resolve the allelic ambiguity in polymorphic HLA regions. MP-NGS may study large genomic regions of HLA genes including exons, introns, and non-coding regions with high depth, reducing errors in the assignment of alleles conferring high precision and resolving ambiguous calls (21, 22), compared to SBT, SSP, and SSOP, which may ignore important information due to its reliance on short-range PCR. Current multiplex PCR kits designed to study HLA loci are tailored to cover each allele independently. Therefore, their primers cannot be mixed to amplify different loci in the same PCR mixture; in contrast, PCT-NGS has the advantage of probe coverage; moreover, it has been demonstrated to exhibit relatively low standards for DNA quality (19). Nevertheless, PCT-NGS needs a longer experimental process and furthermore requires higher DNA concentrations.


This study is valuable because it describes a stable PCR approach, capable of simultaneously amplifying HLA-A, -B, -C, -DQB1, -DRB1, and -DPB1 loci using a one-tube multiplex PCR setup. Therefore, we developed a high-resolution HLA genotyping assay integrating multiplex PCR and high-fidelity NGS, which markedly enhanced sequencing library efficiency. In addition, this process was initially carried out to optimize the sequencing time and the operation of the PCT-NGS method on the Illumina platform since it is costly and time-consuming. Consequently, MP-NGS has adopted this approach based on the available techniques to develop a better methodology and ensure a reliable amplification of HLA-A, -B, -C, -DQB1, -DRB1, and -DPB1 alleles for individual genotypes in Chinese samples.






2 Materials and method





2.1 Design of multiplex PCR primers


The aim of this experimental study was to design and apply specific primers in a multiplex PCR to amplify the HLA-A, -B, -C, -DRB1, -DQB1, and -DPB1 loci (
Figure 1
), which are important subtypes in the Chinese population (23). Therefore, the primers were designed to amplify samples with high stability, thus avoiding dimers. GenBank, EMBL, and DDBJ, as well as the genome sequence data published on the website (https://www.ebi.ac.uk/ipd/imgt/hla/), were employed to identify high-frequency HLA loci (
Supplementary Table A
). Subsequently, MEGA 11.0 was employed to align the loci and select primer cohorts that can match in high percentage the HLA loci reported for the Chinese population with a frequency of at least 98.5%. In addition, the resulting length designed for the target products was in the range of 2,000–6,000 bp.



[image: Diagram showing the gene structures of HLA-A, HLA-B, HLA-C, HLA-DRB1, HLA-DPB1, and HLA-DQB1. Each gene displays exons labeled from one to eight, with primer regions indicated by shaded boxes. The structures include 5' and 3' untranslated regions (UTRs).]
Figure 1 | 
Multiplex PCR primer design principle in HLA loci.








2.2 Multiplex PCR and sequencing library creation





2.2.1 First step: amplification of HLA loci


The multiplex PCR amplification of target amplicons was performed using gDNA, and it was extracted using the QIAamp kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instruction (
Figure 2A
); Qubit 4.0 (Thermo Fisher Scientific, Waltham, Massachusetts, USA) was used to measure the sample DNA concentration. During the preparation of the DNA library (
Figure 2B
), 50 ng of DNA was employed in a 25-μL reaction system and was used to amplify the HLA regions adding 4 μL of the primer mix and 12.5 μL of NUHI® Pro NGS PCR Mix (Xinhai Biotechnology Co., Ltd, Suzhou, China). Primer sets covering HLA type I and HLA type II were mixed into a multiplex PCR primer pool with the following concentrations: HLA-A (0.04 μM), HLA-B (0.1 μM), HLA-C (0.15 μM), HLA-DQB1 (0.18 μM), HLA-DRB1 (0.07 μM), and HLA-DPB1 2-35 (0.04 μM), in accordance with a suitable depth ratio. Multiplex PCR parameters for the first round of target gene amplification were as follows: first step, 95°C for 10.5 min; second step, 98°C for 0.17 min at denaturation, 63°C for 1 min at hybridization, 72°C for 5 min for 30 cycles; third step, 72°C for 5 min at elongation; finally, the sample was maintained at 4°C for storage (
Figure 2B1
).


[image: Illustration detailing a DNA sequencing workflow, including steps for DNA extraction, library design, and genotyping. Section A shows DNA extraction from samples. Section B involves library design using PCR and sequencing equipment. Subsequent steps B1 to B5 outline processes: PCR amplification of HLA loci, DNA fragmentation, adapter ligation, DNA library preparation, and DNA library sequencing. Each step includes detailed protocols and components like primer mixes, PCR cycles, and DNA ligation, represented with diagrams, test tubes, DNA strands, and equipment images. Timelines and measurements are annotated throughout the process.]
Figure 2 | 
DNA library construction method for six loci in 770 samples.








2.2.2 Second step: DNA fragmentation of HLA loci


After PCR, in a total volume of 30 μL, 40 ng of the PCR product was used in optimal concentration, and 5 μL of Hieff Smearase (YEASEN Biotech Co., Ltd, Shanghai, China) was employed to cleave and fragment the DNA (
Figure 2B2
). Moreover, the PCR conditions for this reaction were 4°C for 1 min, 30°C for 20 min, and 72°C for 20 min.






2.2.3 Third step: adapter ligation in DNA library preparation


The fragmented DNA product with a size of 250–350 bp was obtained, and it was linked with a specific adapter to identify the sample in the mixture during sequencing. Therefore, 15 μL of Rapid Ligation buffer, 2.5 μL of Rapid DNA Ligase, and 2.5 μL of adapter (all from YEASEN Biotech Co., Ltd, Shanghai, China) were added to the product of the second step. Moreover, the adapters were ligated using a temperature of 20°C for 20 min using the thermal cycler (
Figure 2B3
). After the ligation product, the DNA was purified using Hieff NGS® DNA Selection Beads, and thus, another PCR was performed in a total volume of 25 μL; 10 μL of the purified DNA was added to the 12.5 μL of 2× Canace Pro Amplification Mix from Hieff NGS DNA Library Prep Kit 2.0 (YEASEN Biotech Co., Ltd, Shanghai, China) and 2.5 μL of the PCR primer mix from the MGIEasy Universal DNA Library Conversion Kit (App-A) (MGI Tech Co., Ltd, Shenzhen, China) (
Figure 2B4
). After PCR, it was necessary to purify the product again using magnetic beads, and then the concentration of the purified DNA was quantified to confirm the existence of DNA and thus mix the samples to produce the DNA library, considering a range of 6–10 ng/μL as the final concentration to sequence via NGS using the MGI sequencing platform (
Figure 2B5
) and finishing with genotyping (
Figure 2C
).







2.3 Evaluation of MP-NGS results


After sample sequencing, the result was filtered of low-quality and contaminated samples; moreover, sequencing junctions were removed using Cutadapt (https://cutadapt.readthedocs.io/en/stable/#cutadapt). These filtered reads were compared to an integrated genome (containing the human genome reference GRCh38, eight MHC 
haplotypes, and the human genome reference GRCh38) using BWA (http://bio-bwa.sourceforge.net) to order the fragmented amplicons to recover the original sequence amplified. The HLA-LA tool (24) was used for HLA genotyping using the database of HLA-alleles from IPD-IMGT/HLA (https://www.ebi.ac.uk/ipd/imgt/hla/) (24) for allele identification.






2.4 Optimization of multiplex PCR conditions and deep homogenization of NGS sequencing


For the purpose of obtaining sufficient information, each primer concentration was quantified automatically using the software HLA-LA by depth count (Equation 1), by genotyping the samples to establish a range of 100–1000× for an accurate assay. Therefore, prior to optimization, the concentration of each primer was 0.2 μM, and this was adjusted until an optimal depth count is achieved; the primer concentration was in the range of 0.04–0.5 μM based on the suggestions of Henegariu et al. (25) when performing a stable multiplex PCR. Therefore, higher depth was corrected by decreasing primer concentration, considering that using an identical primer concentration for amplicons of different lengths may introduce imbalances in the reaction.
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Number of reads: HLA-LA reads the BAM file and counts how many aligned records are in the target region.


	
Average read length: HLA-LA adds up each read in the target region measured in bp and then it is divided by the total number of aligned reads.


	
Length of the target region: HLA-LA determines the beginning and end of the region and subtracts: Length = end − start + 1.









2.5 Evaluation of SBT


SBT analysis was performed for the purpose of evaluating the reliability of NGS for the genotyped samples. The analysis employs a PCR of HLA class I (A, B, and C) in exons 2 and 3, and of HLA class II (DR, DQ, and DP) in exon 2 (26, 27) of 70 samples. Moreover, Biopython was employed to align the database of IPD-IMGT/HLA with the correspondent sample analyzed. Furthermore, the SNP profile was also determined between the samples and the sequences of the database reference with fewer variations. However, it is necessary to use high-quality sequences to generate this procedure, since Sanger sequencing results with peaks at low levels of fluorescence can produce wrong results (28).






2.6 Evaluation of PCT-NGS


Hybridization capture was performed using the ProbeCap® system (Homgen Biotechnology, China), based on DNA probes developed for Illumina and MGI platforms. The same set of 70 samples previously used for the SBT study were applied to this PCT-NGS approach. Therefore, it was necessary for the capture to employ 500 ng of each library, 5 µL of human cot-1 DNA, and 2 µL of MGI blocker; thereafter, this mix was evaporated at 55–60°C; each sample was resuspended in 10 µL of hybridization buffer (HYB-Buffer), 2 µL of enhancer, and 2 µL of probes thereafter; and water was added until a total volume of 16 µL was reached. The hybridization protocol was as follows: 95°C for denaturation for 5 min and then 65°C for 3 h for the respective hybridization.


When the hybridization protocol ended, it was necessary to add 16 µL of hybridization beads; thereafter, each sample was incubated at 65°C for 30 min with mixing every 10 min to capture the biotinylated probes hybridized to the target DNA. subsequently  washing protocol was necessary to pre hot the Wl and S-W at 65°C,  following 120 µL of WI was added for 10 s, later 150 µL of S-W for 5 min, thereafter 150 µL of WI , WII, WIII were added for 10 s, considering take each wash before adding the next respectively, and then resuspend the beads in 23 µL of ddwater. The product was amplified (POST-PCR) using 25 µL of 2× HIFI enzyme, 2 µL of adapters, and 23 µL of the microbeads suspended in dd water; thereafter, this mix was amplified using the PCR protocol of 98°C for 45 s, 98°C for 15 s, 50°C for 30 s, 72°C for 30 s for 12 cycles, and 72°C for 1 min, considering a 4°C hold. After PCR, it was necessary to perform a new purification using DNA clean beads by adding 25 µL of water to elute the sample from microbeads.






2.7 Statistics


R-statistics 4.4.3 was employed for statistical analysis using the depth count of the sequence to compare pre- and post-optimization, with each value obtained by the HLA-LA genotyping of MP-NGS; the Wilcoxon signed-rank test (p < 0.05) was used to study the significant differences of each locus of 40 random samples. Furthermore, ggplot2 version 3.5.1 was selected for illustrating a box-and-whisker plot to visualize their distribution. Moreover, the HLA class I and II loci frequencies were determined by counting via the same program using 770 patients requiring organ transplantation; in addition, samples were provided from the databank of AlloDx (Shanghai) Biotech Co., Ltd., and rare alleles were determined using the web site http://www.allelefrequencies.net, which includes HLA frequency data. Furthermore, homozygosity and heterozygosity assessment was rigorously performed for all samples included in the frequency analysis. This was ensured by maintaining sufficient sequencing depth and high-quality thresholds to decrease allelic dropout and sequencing errors (29); in addition, Integrative Genomics Viewer (IGV) was used to validate the results of the invalidation set. Additionally, the accuracy of six-locus NGS genotyping was determined using Equation 2 with SBT and PCT-NGS results, and the reliability of the methodology has been verified using 70 randomly selected samples in parallel with MP-NGS.
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3 Results





3.1 Multiplex PCR primers and experimental optimization


Prior to formal sample validation, we performed normalization adjustments to the sequencing depth through the primer concentrations in the multiplex PCR primer pool and the initial DNA input. The analysis of Wilcoxon signed‐rank test demonstrated the influence of altering primer concentration on the measured values for HLA-A (2,444.04 vs. 1,215.59, p-value = 1.179e−05) and HLA-DPB1 (1,032.43 vs. 794.41, p-value = 0.00244). However, no significant differences were observed in the HLA-B (447.56 vs. 427.10, p-value = 0.4227), HLA-C (310.35 vs. 330.09, p-value = 0.83), HLA-DQB1 (198.12 vs. 196.12, p-value = 0.86), and HLA-DRB1 (332.17 vs. 334.171, p-value = 0.83) loci. Moreover, our result showed a depth range within 100–1,000 for the multiplex PCR (
Figure 3
). Therefore, post-optimization, a significant decrease in depth was observed in both HLA-A and HLA-DPB1 loci, although HLA-A was out of the established limit. On the other hand, the loci HLA-B, HLA-C, HLA-DQB1, and HLA-DRB1 remained similar before and after modification, and despite variations in primer concentration at loci B, C, DQB1, and DRB1, the sequencing depth remained within the optimal range for robust data analysis.


[image: Box plot comparing sequencing depth for different loci with optimized (green) and non-optimized (blue) conditions. Depth on the y-axis ranges up to 4000. Significant differences at HLA-A and HLA-DPB1 loci are marked with asterisks. Red dashed line indicates depth threshold.]
Figure 3 | 
Depth distribution analysis of HLA primer optimization within the defined interval permissible of 100–1,000×, considering that each red point inside the box is the respective average study of loci; moreover, asterisks represent highly significant p-values (p < 0.01).




For the time employed to perform the HLA genotyping results, it was determined that for the library preparation, the time required was 5.67–6 h, while sequencing and bioinformatic analysis were generated at ~28 h. Consequently, the total time used to finish the experiment was 33.67–40 h (
Table 1
), considering that the requisite time depended on the sample size analyzed. Thus, this time lapse may faithfully explain a group of ~5 samples.



Table 1 | 
Timing information for post-PCR to sequencing.




	Processing time

	Step

	Time






	Library Preparation
	Multiplex PCR
	3.5 h



	DNA fragmentation
	0.75 h



	Native barcode ligation
	0.42 h



	DNA purification
	1 h



	Total library prep time
	5.67 h



	Sequencing and Analysis
	Sequencing
	24 h



	Base calling, demultiplexing, consensus, and genotyping
	4 h



	Total sequencing and analysis time
	28 h



	Total Time
	 
	33.67 h













3.2 Comparison of MP-NGS results on PCT-NGS and SBT results


The comparison of 70 samples mapping using NGS vs. SBT and NGS vs. PCT-NGS determined the accuracy of HLA loci genotyped for MP-NGS methodology. HLA-A showed a concordance rate of 99.29% in both MP-NGS vs PTC-NGS and MP-PCR vs SBT comparisons, across two-digit, four-digit, and six-digit typing resolutions. HLA-B presented different accuracies in different methods; for PCT-NGS, the two-digit typing resolution showed 98.57% confidence. However, SBT reached 97.14%; moreover, at the four-digit HLA typing, both methods showed 95% accuracy, and the six-digit reliability remained at 95% for both methods. For HLA-C, two-digit accuracy was 99.29% for both methods, at the four-digit, PCT-NGS describes 97.14% of confidence, whereas SBT slightly outperformed it with 97.86%; in the six-digit, PCT-NGS showed 95% concordance and SBT showed 95.71%. In class II HLA loci, specifically HLA-DQB1, PCT-NGS showed 100% confidence in the two-digit, four-digit, and six-digit. Using the SBT method, the two-digit had 100% confidence, the four-digit had 98.57% confidence, and the six-digit had 97.86% confidence. For HLA-DRB1, the two-digit showed 100% matching using the PCT-NGS method; however, SBT results described 99.26% accuracy for the same digit; at the four-digit, accuracy was 97.86% using PCT-NGS and 97.14% using SBT, while the six-digit had an accuracy of 97.86% with PCT-NGS and 96.43% with SBT. For HLA-DPB1, 99.29% precision was found in two-digit, four-digit, and six-digit using PCT-NGS; moreover, the reliability of SBT for two-digit, four-digit, and six-digit showed 98.57% (
Figure 4
). These results confirm a high overall reliability of MP-NGS genotyping, with small variations between traditional SBT and PCT-NGS methods across loci and resolution levels.



[image: Bar chart comparing six genotyping methods for five loci: HLA-A, HLA-B, HLA-C, HLA-DQB1, and HLA-DPB1. Methods include PCT-NGS two-digit, four-digit, and six-digit, and SBT two-digit, four-digit, and six-digit. Accuracy is shown in percentages, with values generally ranging from 95 to 100 percent. PCT-NGS six-digit shows slightly lower accuracies, especially for HLA-C and HLA-DRB1.]
Figure 4 | 
HLA class I and II accuracy for MP-NGS genotyping for two-digit, four-digit, and six-digit.




Consequently, allele frequencies for PCT-NGS, SBT, and MP-NGS alleles were compared (
Table 2
), with few exceptions; NGS provided unambiguous allele assignments at the three-field level at high accuracy within the permitted limits. Ambiguities observed were among the highly polymorphic loci. At HLA-A, a single allele mismatch was observed. For HLA-B, six alleles differed using different methods; however, one allele observed was matched using PCT-NGS, but SBT showed an ambiguous result, with other alleles, analyzed by SBT, showing concordant alleles, but the alleles diverged using PCT-NGS. For HLA-C, six alleles had ambiguous NGS assignments; moreover, sample number 10 differed from SBT. However, its result matched with that of PCT-NGS, and sample number 12 typed with SBT and MP-NGS described a perfect match, but showed mismatch using PCT-NGS.



Table 2 | 
Alleles with differences between SBT, PCT-NGS, and MP-NGS analysis.




	#

	MP-NGS

	SBT

	PCT-NGS




	Allele 1

	Allele 2

	Allele 3

	Allele 4

	Allele 5

	Allele 6






	1
	A*33:03:01
	A*30:13
	A*33:03:01
	A*68:18N
	A*33:03:01
	A*31:01:02



	2
	B*46:01:01
	B*14:02:01
	B*46:01:01
	B*46:01:01
	B*46:01:01
	B*14:02:01



	3
	B*13:02:01
	B*15:34
	B*13:02:01
	B*15:400N
	B*13:02:01
	B*15:01:01



	4
	B*18:01:01
	B*40:83
	B*18:01:01
	B*07:02:01
	B*18:01:01
	B*40:06:01



	5
	B*35:01:01
	B*35:01:01
	B*35:01:01
	B*40:256N
	B*35:01:01
	B*40:06:01



	6
	B*40:01:01
	B*40:130:02
	B*40:01:01
	B*40:506N
	B*40:01:01
	B*40:06:01



	7
	B*13:01:01
	B*13:01:01
	B*13:01:01
	B*40:506N
	B*13:01:01
	B*40:06:01



	8
	B*40:20
	B*46:01:01
	B*40:20
	B*46:01:01
	B*40:06:01
	B*46:01:01



	9
	B*07:05:01
	B*40:120
	B*07:05:01
	B*40:506N
	B*07:05:01
	B*40:06:01



	10
	C*01:02:01
	C*01:02:01
	C*01:02:01
	C*01:02:02
	C*01:02:01
	C*01:02:01



	11
	C*02:02:03
	C*03:04:01
	C*02:02:02
	C*03:04:01
	C*02:02:02
	C*03:04:01



	12
	C*03:04:26
	C*14:02:01
	C*03:04:26
	C*14:02:01
	C*03:04:01
	C*14:02:01



	13
	C*03:02:01
	C*03:151
	C*03:02:01
	C*03:316N
	C*03:02:01
	C*03:03:01



	14
	C*12:02:01
	C*14:02:02
	C*12:02:01
	C*14:02:01
	C*12:02:01
	C*14:02:01



	15
	C*04:140
	C*06:02:01
	C*04:09N
	C*06:02:01
	C*06:02:01
	C*06:02:01



	16
	C*01:67
	C*03:04:01
	C*07:02:01
	C*03:04:01
	C*01:02:01
	C*03:04:01



	17
	C*01:67
	C*08:03:01
	C*01:67
	C*08:03:01
	C*01:02:01
	C*08:03:01



	18
	DQB1*06:01:01
	DQB1*06:02:01
	DQB1*06:02:01
	DQB1*06:02:01
	DQB1*06:01:01
	DQB1*06:02:01



	19
	DQB1*03:01:01
	DQB1*03:03:02
	DQB1*03:03:02
	DQB1*03:03:02
	DQB1*03:01:01
	DQB1*03:03:02



	20
	DQB1*05:01:01
	DQB1*05:03:01
	DQB1*05:01:45
	DQB1*05:03:01
	DQB1*05:01:01
	DQB1*05:03:01



	21
	DRB1*08:03:02
	DRB1*12:02:01
	DRB1*08:03:02
	DRB1*12:02:02
	DRB1*08:03:02
	DRB1*12:02:01



	22
	DRB1*12:01:01
	DRB1*12:02:01
	DRB1*12:01:01
	DRB1*12:01:01
	DRB1*12:01:01
	DRB1*12:02:01



	23
	DRB1*03:01:01
	DRB1*04:09
	DRB1*03:01:01
	DRB1*04:20
	DRB1*03:01:01
	DRB1*04:05:01



	24
	DRB1*15:01:01
	DRB1*15:02:01
	DRB1*15:01:01
	DRB1*04:20
	DRB1*15:01:01
	DRB1*15:01:01



	25
	DRB1*04:24
	DRB1*09:01:02
	DRB1*04:20
	DRB1*09:01:02
	DRB1*04:05:01
	DRB1*09:01:02



	26
	DPB1*02:01:02
	DPB1*05:01:01
	DPB1*02:01:02
	DPB1*02:01:02
	DPB1*02:01:02
	DPB1*05:01:01



	27
	DPB1*100:01
	DPB1*02:01:02
	DPB1*02:01:02
	DPB1*02:01:02
	DPB1*05:01:01
	DPB1*02:01:02









In the HLA-DQB1 locus, three ambiguous alleles were found, and although those ambiguous NGS assignments were confirmed in parallel with SBT, using the PCT-NGS method, the MP-NGS results matched. For HLA-DRB1, which is the most polymorphic of the class II group, there were five ambiguous NGS results; four alleles presented mismatches using SBT as reference; moreover, the allele at position 25 was different using both methods. For HLA-DPB1, two ambiguous mismatches were determined; the allele comparison at position 26 showed a mismatch using SBT; however, using PCT, it was possible to observe a respective match.


Upon analysis of the results, the observed ambiguities were attributed to the causes detailed in 
Table 3
. For the HLA-A locus, ambiguities were associated with PCR-induced artifacts. In the case of HLA-B, the ambiguities resulted from inserted sequences detected in the SBT analysis, PCR-induced artifacts due to amplification cycles, allele-specific amplification bias, and erroneous allele calls. For the HLA-C locus, regions not covered by primers, particularly at the UTR boundaries, as well as PCR-induced artifacts and incorrect allele assignments were identified as contributing factors. At the HLA-DQB1 locus, discrepancies in SBT were attributed to SNPs likely introduced by PCR artifacts. For HLA-DRB1, both regions not covered by SBT and PCR-induced artifacts were observed. In the case of HLA-DPB1, ambiguities were also linked to coverage gaps and PCR-induced artifacts.



Table 3 | 
Differences analyzed in the ambiguous alleles of the 70 HLA samples.




	#

	MP-NGS

	SBT

	PCT-NGS

	Affected region

	Cause






	1
	A*30:13
	A*68:18N
	A*31:01:02
	Exon 2
	PCR-induced artifacts



	2
	B*14:02:01
	B*46:01:01
	B*14:02:01
	Exon 2
	Sequence insertion



	3
	B*15:34
	B*15:400N
	B*15:01:01
	Exon 3
	PCR-induced artifacts



	4
	B*40:83
	B*07:02:01
	B*40:06:01
	Exons 2 and 3
	PCR-induced artifacts



	5
	B*35:01:01
	B*40:256N
	B*40:06:01
	Exons 2 and 3
	Quantitative imbalance in multiplex PCR amplification



	6
	B*40:130:02
	B*40:506N
	B*40:06:01
	Exon 3
	PCR-induced artifacts



	7
	B*13:01:01
	B*40:506N
	B*40:06:01
	Exon 2
	PCR-induced artifacts



	8
	B*40:20
	B*40:20
	B*40:06:01
	—————–
	Erroneous allele call



	9
	B*40:120
	B*40:506N
	B*40:06:01
	Exon 3
	PCR-induced artifacts



	10
	C*01:02:01
	C*01:02:02
	C*01:02:01
	Introns
	Region not covered



	11
	C*02:02:03
	C*02:02:02
	C*02:02:02
	Exon 3
	PCR-induced artifacts



	12
	C*03:04:26
	C*03:04:26
	C*03:04:01
	Intron 2
	PCR-induced artifacts



	13
	C*03:151
	C*03:316N
	C*03:03:01
	Exons 2 and 3
	PCR-induced artifacts



	14
	C*14:02:02
	C*14:02:01
	C*14:02:01
	Exon 3
	PCR-induced artifacts



	15
	C*04:140
	C*04:09N
	C*06:02:01
	Exon 2
	PCR-induced artifacts



	16
	C*01:67
	C*07:02:01
	C*01:02:01
	Exon 2
	Erroneous allele call and PCR-induced artifacts



	17
	C*01:67
	C*01:67
	C*01:02:01
	UTR
	Region not covered



	18
	DQB1*06:01:01
	DQB1*06:02:01
	DQB1*06:01:01
	Exon 2
	PCR-induced artifacts



	19
	DQB1*03:01:01
	DQB1*03:03:02
	DQB1*03:01:01
	Exon 2
	PCR-induced artifacts



	20
	DQB1*05:01:01
	DQB1*05:01:45
	DQB1*05:01:01
	Exon 2
	PCR-induced artifacts



	21
	DRB1*12:02:01
	DRB1*12:02:02
	DRB1*12:02:01
	Out Exon 2
	Region not covered



	22
	DRB1*12:02:01
	DRB1*12:01:01
	DRB1*12:02:01
	Out Exon 2
	Region not covered



	23
	DRB1*04:09
	DRB1*04:20
	DRB1*04:05:01
	Exon 2
	PCR-induced artifacts



	24
	DRB1*15:02:01
	DRB1*04:20
	DRB1*15:01:01
	Exon 2
	PCR-induced artifacts



	25
	DRB1*04:24
	DRB1*04:20
	DRB1*04:05:01
	Exon 2
	PCR-induced artifacts



	26
	DPB1*05:01:01
	DPB1*02:01:02
	DPB1*05:01:01
	Exon 2
	PCR-induced artifacts



	27
	DPB1*100:01
	DPB1*02:01:02
	DPB1*05:01:01
	Exon 2
	PCR-induced artifacts and region not covered













3.3 Frequencies in the Chinese population





3.3.1 Allelic frequency of HLA class I and II


Regarding the frequency analysis of 770 genotyped patients (
Figure 5
), a total of 13 alleles showed high frequency: 5 were identified for HLA class I and 8 for HLA class II. HLA-A presented three alleles with a frequency above 10%: A*24:02:01 at 16.36%, A*11:01:01 at 14.35%, and A*02:01:01 at 13.90%. Additionally, for HLA-C, two alleles were identified with a frequency above 10%: C*01:02:01 at 14.87% and C*07:02:01 at 12.34%; HLA-B was observed as the most polymorphic with 97 different allelic specificities, and the allele B*13:02:01 was the most frequent at 9.29%.



[image: Bar graph showing allele frequency percentages for various human leukocyte antigen (HLA) loci: HLA-A, HLA-B, HLA-C, HLA-DQB1, HLA-DRB1, and HLA-DPB1. Frequencies range from 8.571% to 37.597%, with HLA-DPB1 having the highest frequency for allele DPB1*05:01:01 at 37.597%. Different colors represent different loci.]
Figure 5 | 
Frequency determination of alleles from HLA class I and class II most presented in 770 samples.




In class II, the locus HLA-DPB1 showed two alleles with a frequency above 10%: DPB1*05:01:01 at 37.60% and DPB1*02:01:02 at 21.36%; notably, the allele DPB1*05:01:01 was the most frequent with 579 repetitions, and HLA-DQB1 showed three alleles with a frequency above 10%: DQB1*03:01:01 at 20.91%, DQB1*03:03:02 at 14.03%, and DQB1*02:01:01 at 13.90%. Additionally, HLA-DRB1 presented three alleles with a frequency above 10%: DRB1*09:01:02 at 13.70%, DRB1*12:02:01 at 10.78%, and DRB1*07:01:01 at 10.71%. Furthermore, there was evidence that 18 patient alleles for A*24:02:01, 14 patient alleles for C*01:02:01, 113 patient alleles for DPB1*05:01:01, 40 patient alleles for DQB1*03:01:01, and 28 patient alleles for DRB1*09:01:02 were homozygous carriers. A complete table with all of the HLA class I and II frequencies is given in the 
Supplementary Materials
 (
Table B
).


A rare allele study presented alleles A*24:260, C*03:151, C*03:231, C*04:140, C*06:143, and C*12:55, which were the most observed (
Table 4
); moreover, the HLA-C locus presented a more rare polymorphism with 26 different alleles, higher than that of HLA-B with 16 and HLA-A with 9, assuming that locus C includes a larger number of rare alleles.



Table 4 | 
Rare allele frequency determined in HLA class I.




	#

	HLA-A

	%

	HLA-B

	%

	HLA-C

	%






	1
	A*24:260
	0.1786
	B*15:188
	0.0893
	C*03:151
	0.1786



	2
	A*02:255
	0.0893
	B*27:05:14
	0.0893
	C*03:231
	0.1786



	3
	A*02:543
	0.0893
	B*35:09:02
	0.0893
	C*04:140
	0.1786



	4
	A*11:147
	0.0893
	B*35:197
	0.0893
	C*06:143
	0.1786



	5
	A*11:88
	0.0893
	B*37:50
	0.0893
	C*12:55
	0.1786



	6
	A*31:01:07
	0.0893
	B*46:12
	0.0893
	C*01:02:32
	0.0893



	7
	A*02:112
	0.0893
	B*40:219
	0.0893
	C*01:102
	0.0893



	8
	A*25:30
	0.0893
	B*51:157
	0.0893
	C*03:04:03
	0.0893



	9
	A*30:11:02
	0.0893
	B*54:04
	0.0893
	C*03:04:38
	0.0893



	10
	 
	 
	B*54:16
	0.0893
	C*03:116:01
	0.0893



	11
	 
	 
	B*58:16:02
	0.0893
	C*03:99
	0.0893



	12
	 
	 
	B*58:34
	0.0893
	C*03:132
	0.0893



	13
	 
	 
	B*40:53
	0.0893
	C*04:178
	0.0893



	14
	 
	 
	B*46:03
	0.0893
	C*06:02:43
	0.0893



	15
	 
	 
	B*46:13:03
	0.0893
	C*06:132:01
	0.0893



	16
	 
	 
	B*54:30
	0.0893
	C*06:147
	0.0893



	17
	 
	 
	 
	 
	C*08:08:02
	0.0893



	18
	 
	 
	 
	 
	C*08:16:01
	0.0893



	19
	 
	 
	 
	 
	C*08:72:01
	0.0893



	20
	 
	 
	 
	 
	C*12:49
	0.0893



	21
	 
	 
	 
	 
	C*14:02:05
	0.0893



	22
	 
	 
	 
	 
	C*14:09
	0.0893



	23
	 
	 
	 
	 
	C*14:17
	0.0893



	24
	 
	 
	 
	 
	C*14:18
	0.0893



	25
	 
	 
	 
	 
	C*14:58
	0.0893



	26
	 
	 
	 
	 
	C*14:69
	0.8929









The rare analysis described that the alleles DRB1*09:05 and DQB1*03:69 were the most frequent at 0.268% and 0.179%, respectively, considering that the DRB1 locus was the most polymorphic locus of HLA class II with 16 rare alleles, and DQB1 presented 10 different rare alleles (
Table 5
).



Table 5 | 
Rare allele frequency determined in HLA class II.




	#

	HLA-DPB1

	%

	HLA-DQB1

	%

	HLA-DRB1

	%






	1
	DPB1*05:01:02
	0.0893
	DQB1*03:69
	0.1786
	DRB1*09:05
	0.2679



	2
	DPB1*394:01
	0.0893
	DQB1*02:47
	0.0893
	DRB1*04:107
	0.0893



	3
	 
	 
	DQB1*02:50
	0.0893
	DRB1*04:116
	0.0893



	4
	 
	 
	DQB1*02:54
	0.0893
	DRB1*04:152
	0.0893



	5
	 
	 
	DQB1*03:10:02
	0.0893
	DRB1*04:77
	0.0893



	6
	 
	 
	DQB1*03:112
	0.0893
	DRB1*04:86
	0.0893



	7
	 
	 
	DQB1*03:57
	0.0893
	DRB1*07:25
	0.0893



	8
	 
	 
	DQB1*02:38
	0.0893
	DRB1*07:50
	0.0893



	9
	 
	 
	DQB1*06:19:01
	0.0893
	DRB1*03:105
	0.0893



	10
	 
	 
	DQB1*06:67
	0.0893
	DRB1*11:01:13
	0.0893



	11
	 
	 
	 
	 
	DRB1*11:130
	0.0893



	12
	 
	 
	 
	 
	DRB1*11:157
	0.0893



	13
	 
	 
	

	

	DRB1*11:159
	0.0893



	14
	 
	 
	 
	 
	DRB1*12:21
	0.0893



	15
	 
	 
	

	

	DRB1*14:142
	0.0893



	16
	 
	 
	

	

	DRB1*15:66:02
	0.0893















4 Discussion


NGS has been essential in the development of HLA genotyping in clinical histocompatibility due to its capacity to provide high-throughput and high-resolution genotypes, making it possible to reduce the time required to analyze a large number of samples and facilitate accurate studies. The multiplex long primer resolution can give determinant information to identify multiple existing alleles at low cost, compared to SBT, where screening different alleles requires preprograming multiplex PCR mixtures for only one locus. In addition, traditional methods such as SBT, SSP, and SSOP are often ambiguous in allele assignment, especially in heterozygotic samples, in contrast to NGS that can carry out precise allele assignment. Smith et al. described 21 novel sequences using NGS that were not detected by SSOP (30). Furthermore, long PCR amplification can cover significant targets of HLA loci; moreover, multiplex PCR permits the simultaneous amplification of multiple HLA loci in one mixture with a substantial reduction in production costs and processing times; this is particularly advantageous in clinical contexts, where meticulous and precise typing skills are paramount (31). 
Table 6
 presents the advantages and limitations of MP-NGS, PCT-NGS, SBT, SSP, and SSOP. Compared to other studies, this approach validated MP-NGS using two different methods: one typically used in clinical settings as SBT (which was considered the gold standard), and PTC-NGS, which is used to avoid artifacts caused by PCR amplifications at high resolution (19). Moreover, this is the first large-scale study to perform MP-NGS covering HLA-A, -B, -C, -DPB1, -DRB1, and -DQB1, which are important for transplantation proceedings. It also provides additional information on HLA allele frequencies in the Chinese population, including rare alleles. On the other hand, Chinese HLA frequency studies using NGS have focused on screening either class I (32) or class II (33), but not both.



Table 6 | 
Advantages and limitations of MP-NGS, PCT-NGS, SBT, SSP, and SSOP.




	Method

	Advantage

	Limitation






	MP-NGS
	• High resolution: it may identify alleles using exons and introns
• Scalability: It may analyze multiple samples and genes simultaneously
• New alleles detection: its high precision may describe new alleles not 
documented
• Ambiguity reduction: it may determine complex haplotypes
	• High initial cost of equipment
• Experience in bioinformatic for the data analysis



	PCT-NGS
	• Low-quality DNA: Probe capture system can capture low-quality DNA targets
• Long coverage: the system is designed to cover the most important regions of 
HLA loci
	• Long time processing
• High concentration of DNA
• Pricessing costly per sample
• High number of steps



	SBT
	• Precision: it may identify known alleles with high accuracy
• It is high adopted in clinical laboratories
	• Limited to specific regions (generally exons 2 and 3 in HLA class I)
• Less capability identifying new alleles



	SSP
	• Rapid and easy: ideal for routine clinical applications
• Low operating cost
	• Low resolution: does not distinguish minimal differences between alleles
• Limited to predefined alleles



	SSOP
	• High throughput: can analyze multiple samples simultaneously.
	• Lower resolution: it cannot detect variations outside the designed probes
• Cannot fully resolve phase ambiguities









Based on our findings, optimizing HLA genotyping by adjusting primer concentrations in multiplex pools and verifying the read depth count of this modification using NGS sequencing can improve the accuracy of genotyping organ transplantation. Therefore, determining that 100–1,000× is suitable for accurate MP-NGS genotyping, read depth values below 100× in our study showed inconsistences due to low coverage. However, the 40 samples analyzed with the optimized primer concentration yielded consistent and reliable results, thereby ensuring suitability and compatibility between donor and recipient. Statistical analysis of the Wilcoxon test determined that HLA-A and HLA-DPB1 are sensitive to primer concentration variations. However, it was relatively tedious to handle the locus HLA-A since its reads were higher in the multiplex PCR. HLA genotyping findings have determined 100–500× as an accurate range for performing this genetic analysis (34, 35), though other research has suggested depth counts of above 53× (36), considering that exceeding this threshold may generate redundant information and increase analysis time. Furthermore, it is common to have difficulties in depth control when a long amplification multiplex PCR is ongoing since it may be affected by the respective structures of these loci. It is, however, widely recognized that HLA-A is often easy to amplify because this target is more exposed compared to other loci, in contrast to loci HLA-C and DRB1, which have been reported with lower read depth (31, 37). Therefore, this outcome is encouraging since their sequencing depth was within the limit suggested, thus determining reliable results and avoiding possible complications for less donor compatibility. Moreover, this experiment showed that the time required to perform this procedure was similar to other HLA genotyping reports (38) with the advantage of analyzing a large number of samples in multiple loci at high confidence; however, there are other NGS platforms that can decrease processing time.


The accuracy of NGS results showed that our method is reliable to identify clinical histocompatibility samples, since the percentage of matches at the two- and four-digit demonstrates high reliability. It is well known that the four-digit is important for transplantation compatibility, and it is usually employed in this procedure (39); therefore, this methodology meets the minimum standard for providing sufficient information in transplant procedures. A rigorous quality control pipeline for NGS genotyped was established; however, ambiguous results were observed across all three HLA typing methodologies. For instance, the sole ambiguous HLA-A result involved an insertion detected exclusively by Sanger-based sequencing (SBT). This insertion was not identified by either multiplex PCR (MP-PCR) or probe capture-based NGS (PCT-NGS). It is plausible that PCT-NGS lacked specific probes targeting this region. However, MP-PCR yielded the same result in exon 2, suggesting that the insertion might be an artifact introduced during SBT sequencing. Furthermore, the highest variability in genotyping was observed in SBT, which typically relies on exonic regions, and it is therefore more prone to incorrect allele assignments compared to MP-NGS and PCT-NGS that amplify long amplicons. PCT-NGS results are used in parallel with MP-NGS, exposing fewer mismatches than SBT. The few ambiguities identified by MP-PCR and PCT-NGS were attributed to software-related errors. Reanalysis using an alternative bioinformatics tool, HLA-HD, produced consistent results for both MP-PCR and PCT-NGS. Furthermore, in-depth examination using IGV confirmed the presence of these sequences, indicating that the discrepancies were likely due to initial software misassignments. A total of 15 ambiguous results were identified, 5 of which involved mismatches in the two-digit. Although our MP-NGS approach employs long amplicon for its genotyping, it is possible that these discrepancies come from DNA library processing, since it is well known that enzymatic fragmentation can exhibit sequence preference, potentially cleaving near important SNPs, inducing GC-containing bias, typically observed in MHC (40); another possibility is the presence of artifacts induced by the PCR reaction, which may introduce biases into the target sequence and lead to poor assignment in allele calls (41). However, the match percentage presented for the two-digit is acceptable since it is above 98%, which is considered reliable for HLA mapping. Moreover, reports described four-digit values ≥ 95% in unambiguous calls (42). Moreover, although six-digit resolution is not commonly determined through imputation; however, the values observed using this approach were ≥95%, which indicates robustness.


This methodology may be employed in HLA populations because of its versatility in the type of allele being studied; consequently, the study with 770 patients determined an important information about the Chinese population for HLA-A, -B, -C, -DPB1, -DQB1, and -DRB1. This finding can corroborate the existing frequency information, that is, the locus HLA-A frequency of allele A*24:02:01 at 0.164, which was similarly described in the Han population by Wang et al. (43). Alleles A*11:01:01 and A*02:01:01 are commonly found in China (43, 44) in the HLA-C locus; the allele C*01:02:01 is highly identified in the Chinese population, and is reported worldwide in HLA databases. The HLA-B locus was determined as the most polymorphic locus, considering its crucial role in immune system function through the presentation of diverse peptide antigens on the cell surface of CD8+ T cells (45), providing genetic variability in the control of diseases. However, its variability makes transplantation search difficult for recipients and donors.


HLA class II showed a smaller number of polymorphisms where DPB1*05:01 was identified as more frequent in China (46); furthermore, studies confirm that this locus has a less polymorphic variation (47); additionally, the alleles DQB1*03:01:01 and DRB1*09:01:02 are highly reported in the Chinese population (48). Moreover, investigations on HLA-C polymorphisms across the entire gene and its flanking regions in the Chinese population have uncovered issues of significance for both clinical and evolutionary perspectives, making this allele the most polymorphic among rare alleles (49). However, further investigations are necessary to generate conclusions about HLA in the Chinese population; nevertheless, this methodology could be useful in this kind of research to provide additional information to the HLA database.


Standardization of depth of coverage is important to reduce analysis costs while still obtaining the necessary information for accurate HLA compatibility assessment. Moreover, minimizing the number of reaction mixtures per sample significantly decreases both time and cost, while the results demonstrated consistency despite the limited sample size in standardization and reliability analysis, and increasing the number of samples could yield additional insights. These six loci are the most useful when determining donor compatibility in kidney transplantation. While the initial validation was performed on a set of 70 random samples, which included both common and rare variants, the method was subsequently applied to a larger cohort of 770 individuals. Although no samples in this larger set were Sanger-sequenced due to logistical constraints, no novel alleles outside our primer coverage were observed. These results suggest that the method generalizes well to larger populations without introducing unanticipated issues. This MP-NGS opens the way for future 
experiments to include other loci such as DQA and DPA to provide a better comprehensive donor–recipient HLA framework; moreover, this MP-NGS approach may provide information to identify new HLA alleles in the Chinese population and support broader validation across additional ethnic groups, providing sufficient read depth with lower cost, offering a reliable method in HLA genotyping experiments.






5 Conclusion


This study presents an optimized NGS-based multiplexing approach for HLA genotyping. Our HLA genotyping describes depths in the range of 100–1000× and, combined with strong agreement between MP-NGS, SBT, and PCT-NGS results, proves to be a reliable method in clinical, population, and evolutionary studies. Thus, our six-site multiplex PCR method is highly valuable in simplifying and reducing methodological costs. This six-site method offers phase-unambiguous genotyping data, even with a limited sample size, and has the potential to replace conventional methods for polymorphism discovery, paving the way for future studies in various HLA populations.
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1 Introduction

Allogeneic hematopoietic stem cell transplantation (HSCT) has significantly advanced the treatment of numerous hematological disorders. Advances in haploidentical transplantation have broadened access to this life-saving therapy, even for patients lacking fully matched donors (1–4). In this context, the role of donor-specific anti-HLA antibodies (DSA) in graft failure and delayed engraftment is well established, to the extent that pre-transplant screening for DSA has become standard practice in many centers (5–7). Conversely, considerably less attention has been devoted to another humoral immune factor: recipient-specific antibodies (RSA). Screening for DSA prior to transplantation—particularly those capable of complement fixation—is now standard practice and often guides interventions such as plasma exchange, administration of rituximab, and intensified immunosuppressive therapy in patients deemed at high immunological risk (8, 9). These practices underscore the clinical relevance of antibody-mediated complications in HSCT and offer a conceptual framework for evaluating the potential impact of RSA as well.




2 Clinical impact of Recipient-Specific Antibodies (RSAs)



2.1 Mechanisms of RSA-mediated damage

Recipient-specific antibodies (RSA) are antibodies present in the donor that recognize the recipient’s HLA antigens. Their development is often associated with previous allo-sensitization events, such as pregnancy in multiparous female donors, blood transfusions, or previous transplants (10). Once transferred during HSCT, RSAs can bind to recipient tissues, activate complement, and contribute to endothelial injury and inflammatory responses. Mechanistically, RSAs could act similarly to DSAs by triggering antibody-dependent cellular cytotoxicity (ADCC) or complement-dependent cytotoxicity (CDC), resulting in endothelial cell activation, loss of vascular integrity, and the creation of a pro-inflammatory microenvironment (11–13).




2.2 Clinical evidence and potential implications

Although the clinical relevance of RSAs is not as well established as that of DSAs, emerging evidence suggests they may play a non-negligible role in immune modulation after transplantation. Delbos et al. (14) reported an increased incidence of acute and chronic GVHD in recipients of transplants from donors harboring class II anti-HLA antibodies. Sadowska-Klasa et al. (15) hypothesized that RSAs may mediate endothelial activation via complement pathways, contributing to complications such as veno-occlusive disease (VOD) and transplant-associated thrombotic microangiopathy (TA-TMA). Post-transplant complications, such as engraftment syndrome (ES), cytokine release syndrome (CRS) in haploidentical transplantation with cyclophosphamide-based GVHD prophylaxis, cardiotoxicity, TA-TMA, and veno-occlusive disease/sinusoidal obstruction syndrome (VOD/SOS), share a common pathogenic mechanism centered on endothelial injury. This injury originates from a subclinical baseline condition, which is exacerbated by pro-inflammatory and pro-thrombotic events, including cytokine release (e.g., TNF-α, IL-6), complement cascade activation, reduced nitric oxide (NO) bioavailability, and elevated levels of angiopoietin-2, von Willebrand factor (vWF), and high mobility group box 1, potentially resulting in multiorgan failure (16–18). To date, TA-TMA remains the only syndrome with a clearly demonstrated association with recipient-specific antibodies (RSA) (15), as RSA may activate complement and directly damage the endothelium. Although direct evidence linking RSA to other endothelial complications is currently lacking, their shared endothelial pathophysiology supports the hypothesis that RSA could similarly contribute to these syndromes, warranting further targeted research. Additionally, Ciurea et al. described a haploidentical transplantation case in which RSA transfer was associated with early endothelial injury and adverse outcomes (19).

This relative omission in clinical practice may stem from various factors: the perception of low RSA levels, the lack of routine testing on donor samples, or the hypothesis that their impact might be less significant compared to that of DSAs. Recent reviews (20) have mainly emphasized the need to start considering the potential clinical role of RSAs and to investigate possible management parallels with DSAs, as current evidence is still too limited to draw definitive conclusions.




2.3 Immunologic modulation and RSA pathogenicity

One possibility is that RSAs contribute to the creation of a pro-inflammatory environment in the period immediately following transplantation, amplifying tissue damage triggered by conditioning regimens or subclinical allogeneic reactivity. In particular, RSAs capable of binding complement may have greater pathogenic potential, suggesting the use of functional assays, such as the C1q binding test, to identify clinically relevant cases. RSAs could thus act more as immunological “modulators” rather than direct barriers to engraftment, influencing the threshold for the development of GVHD, endothelial dysfunction, or chronic graft failure.




2.4 NIMA tolerance and maternal alloimmunization: a dual immunological legacy in haploidentical transplantation

In haploidentical transplantation, the mismatched donor haplotypes are referred to as non-inherited maternal antigens (NIMA) or non-inherited paternal antigens (NIPA). Due to fetal exposure to maternal HLA antigens during pregnancy, which may induce partial immunological tolerance, grafts from NIMA-mismatched donors are generally considered less immunogenic than those from NIPA-mismatched donors. Accordingly, several studies have demonstrated that NIMA-mismatched haplo-HSCT is associated with a significantly lower incidence of acute graft-versus-host disease (aGVHD) compared to NIPA-mismatched transplants. Although this evidence supports a tolerogenic effect induced during gestation, it is important to note that a substantial proportion of pregnant women develop HLA antibodies against paternal antigens. The mother encounters inherited paternal antigens (IPA) during adulthood, when her immune system is fully mature and immunocompetent. During pregnancy, she has approximately a 50% probability of mounting both humoral and cellular immune responses against the IPA haplotype.

In this context, the development of recipient-specific antibodies (RSAs) in multiparous mothers against the child’s IPA haplotype may adversely affect transplant outcomes, potentially negating the immunological advantage often attributed to maternal donors (21–23) (Figure 1). Future studies could be useful to clarify the interplay between NIMA-induced tolerance and maternal RSA formation against paternal antigens, and how these mechanisms impact donor selection and post-transplant outcomes (Figure 1).

[image: Flowchart depicting the immune interactions in haploidentical stem cell transplantation from mother to child. The mother contributes IMA/NIMA, while the father contributes IPA/NIPA. The fetal exposure to NIMA results in tolerance, while maternal exposure to IPA leads to RSA formation. For haploidentical HSCT, if no RSA exists, acute GVHD decreases; if RSA is present, acute GVHD increases. An illustration at the bottom shows a pregnant woman.]
Figure 1 | Schematic representation of dual immunological mechanisms occurring during pregnancy. (A) The fetus is exposed to non-inherited maternal antigens (NIMA), which may induce immune tolerance. (B) Conversely, the mother develops B e T cell immunity becoming sensitized to inherited paternal antigens (IPA) expressed by the fetus, this potentially leads to the formation of recipient-specific antibodies (RSAs).




2.5 Gender and reproductive history as risk factors

Gender-related and reproductive history–related immunologic sensitization is therefore a critical area that warrants further investigation. Should the clinical relevance of RSAs be confirmed, integrating targeted clinical strategies to mitigate the effects of prior sensitization could prove useful and might lead to modifications in current donor screening protocols and risk management approaches.




2.6 Technological advances in RSA detection

Defining clinically significant thresholds for RSAs would be crucial to standardizing diagnostic and therapeutic protocols at an international level, potentially promoting greater uniformity in the management of patients undergoing HSCT from haploidentical or partially matched donors (24).

Luminex technology has represented a significant methodological advance, enabling precise identification and quantification of RSAs thanks to its high sensitivity and specificity (25, 26). It has greatly facilitated the investigation of correlations between the presence and intensity of RSAs (measured by MFI) and post-transplant clinical outcomes. Although no validated thresholds currently exist for RSA interpretation, mean fluorescence intensity (MFI) values commonly used for DSA, typically >1,000 to indicate low-level sensitization and >5,000 for antibodies with clinical relevance, could serve as a preliminary reference. These values are supported by EBMT consensus guidelines (6). Aligning RSA interpretation with established DSA criteria may support more consistent risk assessment and guide future standardization efforts. Complement-binding functional assays, such as the C1q binding test, provide additional valuable information on the pathogenic potential of these antibodies.




2.7 Future perspectives on RSA screening and management

From a clinical perspective, the selective integration of RSA screening could represent a rational strategy. It could be especially considered for donors with a history of multiple pregnancies, and possibly for those with prior transfusion events, in whom the identification of significant RSAs might guide targeted therapeutic choices or influence donor selection.

However, the lack of large prospective studies makes it difficult to draw definitive conclusions about the clinical need for RSA screening. Prospective multicenter studies with harmonized methodologies and functional characterization of RSAs would be useful to assess whether integrating RSA screening into clinical practice is appropriate. In parallel, the development of therapeutic strategies to mitigate the effects of pathogenic RSAs—such as plasmapheresis, immunoadsorption, or complement inhibition—could offer new therapeutic options.





3 Discussion

In conclusion, recipient-specific antibodies represent a fascinating yet still underexplored aspect of transplant immunology. Preliminary evidence suggests that they may contribute to shaping the immune environment after HSCT, influencing the risk of GVHD, endothelial injury, and long-term transplant success. In contrast to donor-specific antibodies (DSAs), which are more clearly associated with graft rejection and engraftment failure, RSAs may play a distinct pathogenic role, particularly in the context of GVHD and immune modulation. Recognizing these differences could help to refine risk stratification and to outline new strategies for donor evaluation. RSAs should be considered as a potential piece of the complex mosaic of immune reactivity in HSCT. As research in this field progresses, integrating RSAs into a broader vision of transplant immunology could, in our opinion, broaden horizons for improving clinical outcomes.
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UNIVARIATE MULTIVARIATE
One month post-transplantation characteristics

HR (95% CI) p-value HR (95% CI) p-value

Age (years)
0-1 28 3.49 (1.02 - 11.92) 0.046
1-2 19 3.28 (0.92 - 11.65) 0.066
26 17 1.47 (0.37 - 5.87) 0589
6-12 12 032 (0.03 - 3.10) 0327
12-18 13 Reference
Type of donor
Deceased donor - reduced graft 22 0.39 (0.13 - 1.16) 0.090 0.50 (0.16 - 1.20) 0.220
Deceased donor - split graft 39 1.09 (0.46 - 2.55) 0.852 1.17 (0.48 - 2.82) 0.730
Deceased donor - whole graft 17 0.28 (0.08 - 0.97) 0.044 0.30 (0.09 - 1.05) 0.060
Living donor 11 Reference Reference
Lymphopenia
Yes 32 1.88 (0.99 - 3.55) 0.053
No 57 Reference
Lymphopenia T CD3*
Yes 33 248 (1.32 - 4.67) 0.005 2.13 (108 - 4.21) 0.030
No 56 Reference Reference
Lymphopenia T CD3*CD4*
Yes 23 1.64 (0.84 - 3.17) 0.145
No 66 Reference
[ Lymphopenia T CD3*CD8"
| Yes 28 238 (1.26 - 4.50) 0.008
No 61 Reference
Lymphopenia B CD19*
Yes 10 0.77 (0.24 - 2.50) 0.664
No 79 Reference

Lymphopenia NK CD3°CD16"CD56"

Yes 0 NA NA

No 89 Reference
Hypogammaglobulinemia IgG

Yes 17 218 (1.05 - 4.51) 0.036

No 72 Reference
Hypogammaglobulinemia IgA

Yes 19 240 (1.22 - 4.72) 0.011

No 70 Reference
Hypogammaglobulinemia IgM

Yes 17 261 (1.31 - 5.19) 0.006 1.90 (0.91 - 3.95) 0.087

No 78 Reference Reference

CI, confidence interval; HR, hazard ratio; Ig, immunoglobulin; NA, not applicable; NK, natural killer.
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IVARIATE MULTIVARIATE

Baseline characteristics

HR (95% CI) p-value (95% ClI) p-value
Age (years)
0-1 31 523 (121 - 2258) 0027 3.09 (0.58 - 16.30) 0.185
12 16 5.29 (.14 - 24.57) 0034 3.78 (0.70 - 20.43) 0.122
2:6 18 3.82 (0.82 - 17.84) 0.089 215 (0.41 - 11.36) 0.370
6-12 15 2.13 (0.39 - 11.61) 0384 133 (0.23 - 7.61) 0.750
12-18 15 Reference Reference

Type of donor

Deceased donor - reduced graft 23 2.14 (0.60 - 7.60) 0.242 3.75 (0.96 - 14.73) 0.058
Deceased donor - split graft 39 3.02 (0.91 - 10.04) 0.071 342 (1.02 - 11.50) 0.047
Deceased donor - whole graft 22 0.48 (0.10 - 2.39) 0.371 1.00 (0.18 - 5.67) 0.997
Living donor 11 Reference Reference
Lymphopenia
Yes 63 2.38 (0.84 - 6.74) 0.102
No 16 Reference
Lymphopenia T CD3*
Yes 64 2.16 (0.77 - 6.13) 0.145
No 15 Reference
Lymphopenia T CD3*CD4*
Yes 64 1.60 (0.62 - 4.12) 0.330
No 15 Reference
Lymphopenia T CD3*CD8*
Yes 60 1.93 (0.75 - 4.97) 0173
No 19 Reference

Lymphopenia B CD19*
Yes 63 1.19 (0.62 - 2.29) 0.603
No 16 Reference
Lymphopenia NK CD3 CD16*CD56*
Yes 5 0.82 (0.20 - 3.41) 0.783
No 74 Reference
Hypogammaglobulinemia IgG
Yes 0 NA NA
No 76 Reference
Hypogammaglobulinemia IgA
Yes 2 1.58 (0.23 - 11.56) 0.652
No 74 Reference
Hypogammaglobulinemia IgM
Yes 0 NA NA

No 76 Reference

CI, confidence interval; Ig, immunoglobulin; NA, not applicable; NK, natural killer; OR, odds ratio.
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Lymphocytes

T cell CD3"

T cell CD3'CD4"
T cell CD3"CD8"
B cell CD19*

NK cell CD3'CD16" CD56"

Infection

(n=35)

0342 (0.017 to 0.960)
0263 (-0.071 to 0.680)
0287 (0.001 to 0.695)
0.178 (-0.058 to 0.666)
0.280 (0.070 to 1.065)

0.049 (-0.168 to 0.253)

No infection
=41)
0532 (0.172 to 0.961)
0.524 (0.227 to 0.906)
0452 (0.244 to 0.882)
0483 (0.207 to 0.753)
0392 (0.130 to 1.025)

0.088 (-0.053 to 0.208)

0.155

0.018

0.036

0.054

0.679

0.767
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1M, 1 month post-transplantation; 3M, 3 months post-transplantation; 6M, 6 months post-transplantation; 9M, 9 months post-transplantation; 12M, 12 months post-transplantation; Bm, memory B lymphocytes; CD3+HLA-DR+, activated T lymphocytes; IQR,
interquartile range; PreTx, pre-transplantation; NA, not applicable; RTE, recent thymic emigrants lymphocytes; Treg, regulatory T lymphocytes; Ty3, gamma-delta T lymphocytes.

“SSignificant differences (p<0.05).

“Erequencies were ommited from the analysis due to the impossibility to detect CD25 by flow cytometry for some patients.
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Characteristics

Sex, n (%)
Male
Female
Age, years (IQR)
Donor sex, n (%)
Male
Female

Donor age, years (IQR)
‘Type of donor, n (%)
Living donor
Deceased donor - whole graft
Deceased donor - split graft
ABO compatibility, n (%)
Compatible
Incompatible
Indication for transplantation, n (%)
Cholestasis/biliary atresia
Metabolic diseases
Cirrhosis (other)
Severe acute liver failure
Liver tumours
Metabolic diseases and liver tumours
Time since transplantation, months (IQR)
Immunosuppressive treatment, n (%)
CE
TAC
CE+TAC
CE+TAC+MMF
TAC blood levels, ng/ml (IQR)
EVB-serology pre-transplantation, n (%)
Positive
Negative
CMV-serology pre-transplantation, n (%)
Positive
Negative
PTLD diagnosis, n (%)
‘Time since diagnosis of PTLD, days (IQR)
Lymphocyte number x10°, cells/uL (IQR)
Immune phenotype, % (IQR)
CD3+ T lymphocytes
CD4+ T lymphocytes
CD8+ T lymphocytes
B lymphocytes
NK lymphocytes

NKT lymphocytes

17 (68) 13 (41)
8(32) 19 (59)

54 (41-62) 5(-9)

8(25)
13 (41)

28(19-34)

10 31)
9(28)

13 (41)

25(78)

39

19.(59)
7(22)
2(6)
2(6)
2(6)
0(0)

40 (31-47)

5(16)
2(6)
22(69)
30

34 (27-45)

14 (56)

13 (52)

15 (47)
14 (44)
5(16)
35 (12:133)

30 (24-39)

78 (72:85)
45 (38-55)
22(17-30)
8(6-14)
10 (6-16)

07 (0.6-1.8)

4(67)
2(33)

5(3-6)

3(50)
233)

27 (15-38)

4(67)
1(7)

137)

6 (100)

0(0)

3(50)
2(33)
0(0)
0(0)
0(0)
1a7

48 (26-53)

0@
0(0)
6(100)
0

44 (3867)

0(0)

6 (100)

2(33)
4(67)
0(0)
NA

40 (29-43)

72 (65-76)
42 (37-49)
21 (12-29)
11 (8-14)
9 (10-23)

0.6 (0.5-0.9)

010

<0.001

062

025

5099

023

047

047

007

0.03

066

057

NA

024

020

055

041

055

013

020

17 (68)
8(32)

54 (41-62)

2(25)
6(75)

3024

103
5(63)

0 (26-31)

308)
103)

4(50)

7(88)

1(13)

6(75)
0(0)
103)
1(13)
0(0)
0(0)

32 (12-36)

205

0(0)
5(63)
1(13)

41(3365)

4(50)

2(25)

4(50)
3(38)
2(25)
8(6-10)

27 (22:33)

74 (69-76)
6 (34-55)
8 (14-28)
15 (7-20)
13 (8-17)

0.8 (05-2.5)

11 (46)
13 (54)

5(49)

7(29)
8(33)

7 (16-34)

79
8(33)

9 (38)

18 (75)

2(29

13 (54)
729)
14
1(4)
2(8)
0(0)

44 (35-47)

3(13)

2(8)
17 (71)
2(88)

33 (24-44)

10 (42)

11 (46)

11 (46)

11 (46)
313)

133 (84-311)

30 (24-47)

83 (75-87)
43 (39-56)
24 (20-36)
7(59)
7(5-16)

07 (0.6-18)

0.07

<0.001

034

052

0,99

031

0.002

0.70

018

0.65

5099

058

020

048

5099

020

011

033

0.80

CE, conticosteroids; CMV, Cytomegalovirus; EVB, Epstein-Barr virus; HC, healthy contrals; IQR, interquartile range; MMF, mycophenolate mofetil; NA, not applicables NK, natural killer; NKT, natural Killer T; PTLD, post-transplant lymphoproliferative disorder; TAC,

tacrolimus.
Statistcally significant p-values are indicated in bold.
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iMFI

|P-5POs |P-SPOSYLPOS | |p_gPOSy| NEG
T-cell subset Parameter L2} =) (G=22)
CD107a+ 1,060 1,813 2,588 043 1,060 2,651 1,813 035
Polyfunctional PNV 475 7o 49 0.07 475 181 179 0.13
CD4+ L cells IL2+ 122 93 237 0.69 122 95 93 0.93
TNFo+ 1,248 1,422 1,838 0.84 1248 1,705 1422 0.85
CD107a+ 17,538 42,771 373 0.002 17,538 105,001 18,628 0.03
Polyfunctional | 1PNV 3,366 7,714 36 0.002 3,366 10,042 5228 034
CDs¥Ticells L2+ 377 424 0 0.001 377 329 488 1.00
TNFo+ 7,370 8,307 0 0.001 7,370 11,509 7,391 0.86

Statistically significant p-values are indicated in bold.
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Characteristics All patients (n=65) Controllers (n=44) Non-Controllers (n p value

Age, median [IQR] 51 (46-61) 50 (45-57) 59 (47-64) 0.046

Gender, n (%):

Male 47 (72) 32(73) 15 (71) 0999

Female 18 (28) 12 (27) 6(29)

Donor Serostatus n (%)

HCMV positive (D+) 39 (60) 27 (62) 12 (57) 0.069

HCMV negative (D-) 8(12) 8 (18) 0

HCMYV unknown 18 (28) 9(20) 9 (43)

Primary Diagnosis, n (%)

Polycystic kidney 14 (22) 8(18) 6 (29) 0.352

Nephropathy 13 (20) 11 (25) 1(5) 0084

Glomerulonephritis 7(11) 5(11) 2(19) 0999

Nephroangiosclerosis 5(7) 3(7) 2(9) 0654

Other 14 (22) 9 (20) 6(29) 0535

Unknown 12 (18) 8(18) 4 (19) 0.999

Induction Therapy, n (%): ‘
 Anti-CD25 51 (78) 35 (79) 16 (76) 0.988

ATG 14 (22) 921 5 (24)

Immunosuppressive regimen, n (%): ‘

Cya, MM, Steroids 8(12) 4(9 4(19) 0420

FK-506, MME, Steroids 53 (82) 37 (84) 16 (76) 0502

FK-506, Steroids 1) 0 1(5) 0323

Everolimus, FK-506, 3(4) 0545

MMF, Steroids 3(7) 0

ATG, anti-human thymocyte globulins Cya, Cyclosporien A; FK506, tacrolimus; MME, mycophenolate mofetil.
The value in bold refers to a significant difference.
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Odds ratios Estimate 95% ClI (profile likelihood)

Bo Intercept 0,036 0,003082 to 0,2390 0,0022
B1 B: IE1 8,614 ‘ 2,194 to 42,92 0,0038
B2 C: CD8 7,254 ‘ 1,841 to 34,98 0,0071

B3 D: age 8,341 ‘ 1,916 to 46,74 0,0079
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preemptive therapy(n preemptive therapy+CMVig(n=50)

Recipient’s characteristics

Age (years, mean + SD) 37.8 (£ 9.0) 35.5 (+ 10.0) P=0.234

Male/female (n) 30/17 3119 P=0.852

BMI (kg/m?, median, IQR) 221 (19.8-24.2) 212 (18.7-23.4) P=0.175

Time on dialysis (months, median, IQR) 8.0 (5.0-12.0) 12.0 (3.0-24.0) P=0.594
Comorbidity (n)

hypertension 28 (59.6%) 30 (60.0%) P=0.966

diabetes 7 (14.9%) 15 (30.0%) P=0.076

cardiovascular disease 4 (8.5%) 5 (10.0%) P=0.801

hepatitis B 6 (12.8%) 8 (16.0%) P=0.651

Diagnosis of end stage renal disease (n) P=0.327

diabetic nephropathy 6 (12.8%) 13 (26.0%)

hypertensive nephropathy 22 (20.4%) 20 (40.0%)

glomerulonephritis 8 (17.0%) 4 (8.0%)

others and undetermined 11 (23.4%) 13 (26.0%)

Blood group (n) P=0.549

A—B 7 (14.9%) 6 (12.0%)

A—O 9 (19.1%) 9 (18.0%)

BoA 12 (25.5%) 11 (22.0%)

B—O 7 (14.9%) 11 (22.0%)

AB—A 9 (19.1%) 8 (16.0%)

AB—B 3 (6.4%) 5 (10.0%)

Donor specific antibodies (n) 2 1

Donor characteristics

Age (years, mean + SD) 53.7 (£7.1) 520 (£ 9.1) P=0.304
Male/female (n) 21/26 25/25 P=0.600
Renal GFR (ml/min, mean + SD) 42.9 (£ 5.6) 41.7 (+ 54) P=0.280

Desensitization Protocol and Immunosuppressive regimen (n)
Desensitization regimen A/B 47/0 46/4 P=0.118
Basiliximab/anti-thymocyte globulin 7/40 3147 P=0.320
Surgery-related statistics

Donor/recipient serostatus (D/R)

D+/R+ (n) 47 (100%) 50 (100%)
Peak baseline anti-A/B antibody titer (median, IQR) 1:32 (1:16-1:128) 1:32 (1:16-1:80) P=0.698
Pretransplant anti-A/B antibody titer (median, IQR) 1:4 (1:4-1:8) 1:4 (1:4-1:8) P=0.836
HLA mismatch (n, median, IQR) 2(1-3) 2 (2-3) P=0.100
‘Warm ischemia time (min, median, IQR) 3(2-3) 2(2-3) P=0.114
Cold ischemia time (min, median, IQR) 168.0 (+ 50.4) 157.4 (+ 44.1) P=0.269

CMVig = Cytomegalovirus immunoglobulin, SD = Standard deviation, BMI = Body mass index, IQR = Interquartile range, GFR = Glomerular filtration rate, HLA = human leukocyte antigen.
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Univariable Multivariable

Characteristic

95% Cl p-value 95% Cl

Group

preemptive therapy Referent — — —

preemptive therapy+CMVig 0.37 0.13,0.95 0.043 0.19 0.04, 0.68 0.016
Gender 7 |

male Referent - - -

female 0.36 0.11, 1.00 0.063 028 0.06, 1.05 0.075
Induction therapy

basiliximab Referent — —_ —_

rabbit anti-thymocyte globulin 0.74 0.19, 3.68 0.685 0.95 0.12, 10.76 0.962
Body mass index (kg/m?) 1.06 0.94, 1.21 0335
Time on dialysis (months) 0.99 0.95, 1.03 0.645
Pretransplant anti-A/B antibody titer 113 1.02, 1.25 0.014 119 1.04, 1.38 0.016
Renal glomerular filtration rate 1.04 0.95, 1.13 0.386
‘Warm ischemia time (min) 2.06 1.18, 3.69 0.012 2.67 1.24, 6.46 0.018
Cold ischemia time (min) 1.00 0.99, 1.01 0.683
HLA mismatch (n) 225 1.45,3.77 <0.001 279 1.63, 547 <0.001

OR, Odds ratio; CI, Confidence interval; CMVig, Cytomegalovirus immunoglobulin HLA, human leukocyte antigen.
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Gender Male 30 (65.2%) 39 (75%) 0.29

Female 16 (34.8%) 13 (25%)
Age at transplant (median), years 48.09 (19.9-70.9) 50.51 (18.38-72.9) 0.258
Donor age (median), years 30 (16-77) 27 (15-66) 0.441
Underling Disease AML 17 (37%) 18 (34.6%) 0.038
SecAML 8 (17.4%) 14 (36.9%)
ALL 5 (10.9%) 7 (13.5%)
MDS 5 (10.9%) 11 (21.2%)
MPN 1(22%) 1(1.9%)
LPD 7 (15.2%) 0
Others 3 (6.5%) 1(1.9%)
Disease status at Tx CR 21 (45.7) 30 (57.7%) 0.497
PR 2 (4.3%) 2 (3.8%)
AD 23 (50%) 20 (38.5)
HCT-CI Low (0) 8 (17.4%) 8 (15.4%) 0.627
Moderate (1-2) 24 (52.2%) 32 (65.1%)
High (3) 14 (30.4%) 12 (23.1%)
rDRI Low-Intermediate 28 (60.9%) 35 (67.3%) 0.533
High-Very High 18 (39.1%) 17 (32.7%)
Donor Type Sibling 9 (19.6%) 13 (25%) 0.630
Unrelated 37 (80.4%) 38 (73.1%)
Other related 0 1(1.9%)
Transplant source PBSC 41 (89.1%) 49 (94.2%) 0.469
BM 5(10.9%) 3 (5.8%)
HLA matching Match 28 (60.9%) 41 (78.8%) 0.052
Mismatch 18 (39.1%) 11 (21.2%)
ABO incompatibility Matched 16 (34.8%) 25 (49.0%) 0.438
Minor 13 (28.3%) 14 (27.5%)
Major 12 (26.1%) 9 (17.6%)
Bidirectional 5 (10.9%) 3 (5.9%)
Conditioning regimen
MA 29 (63%) 26 (50%)
RIC 17 (37%) 26 (50%)
GVHD prophylaxis CSA 14 (30.4%) 2 (3.8%) <0.01
CSA+MTX 0 2 (3.8%)
CSA+MMF 32 (69.6%) 48 (92.3%)
Gender matching D/R M/F 10 (21.7%) 8 (15.4%) 0.695
F/F 6 (13.0%) 5 (9.6%)
M/M 18 (39.1%) 26 (50.0%)
F/M 12 (26.1%) 13 (25.0%)
CMYV - D/R serology status ++ 28 (60.9%) 42 (82.4%) 0.022
+- 1(22%) 2 (3.9%)
-I+ 14 (30.4%) 7 (13.7%)
-l- 3 (6.5%) 0

AML, Acute Myeloid Leukemia; secAML, Secondary AML; ALL, Acute Lymphoid Leukemia; MDS, Myelodysplastic syndrome; MPN, myeloprolipherative Disorder; LPD, lymphroliferative
Disorder; Tx, Treatment; CR, Complete Remission; PR, Partial Remission; AD, Active Disease; HCT, CI Hematopoietic Cell Transplantation Comorbidity Index; rDRI, Refined Disease Risk
Index; PBSC, Peripheral Blood Stem Cell; BM, Bone Marrow; MA, myeloablative; RIC, reduced intensity; CSA, Cyclosporin A; MMF, Mycophenolate Mofetil; D/R, Donor/Recipient.

Bold p-values signify statistical significance.
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Variables ATG-T (n=46)

Median follow-up months (range) 7.26 (2.6-24) 14.58 (4-24) 0.276

Infectious complications

Bacteremia 20 (43.5%) 24 (46.2%) 0.790

CMV reactivation 36 (78.3%) 39 (75.0%) 0.704

CMV disease 0 v 3 (5.8%) 0.098

EBV reactivation 10 (21.7%) 4(7.7%) 0.047
Other complications

VOD 8 (17.4%) 12 (23.1%) 0.486

HC 11 (23.9%) » 8 (15.4%) 0.287
Hospitalization days (range) 32.5 (21-256) 32.5 (14-248) 0.820
Mortality Incidence (%) 23 (50%) 25 (48.1%) 0.849
Death Cause

Relapse 9 (19.5%) 9 (17.3%) ] 0.952

Infection 8 (17.3%) 8 (15.3%)

GVHD 5 (10.9%) 6 (11.53%)

Other 1(22%) 2 (3.8%)

aGVHD, Acute Graft Versus Host Disease; cGVHD, Chronic Graft Versus Host Disease; ANC, Absolute Neutrophil Count; PLT, Platelets; CMV, Cytomegalovirus; EBV, Epstein-Barr Virus;
VOD, Veno-occlusive Disease; HC, Hemorrhagic Cystitis; DFS, Disease-Free Survival; GVHD, Graft Versus Host Disease.
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Retrovirus, retronectin i
Therapy, Baylor College of respectively (N=6)
Medicine, Houston, USA.
47.9 +15.5% for HER2.CAR-VST
(N=3)
HER2-EBVST
Nucleofecti .4 + 12.6% for HER2.CAR-
HER2-EBVST.iCD19 : ucleofection 36.4 + 12.6% .or CAR: (85)
with transposons VST.iCD19
CD28 s i
Long term and stable expression in
vitro (120 days)
GD2.CAR-VST
CD19.CAR-VST Retrovirus, retronectin 52-75% CAR expression (N=7) (86)
Either CD28 or 41BB
CD30.CAR-EBVST CD30.CAR expression increased
o 3 . . from 40.59% + 15.76% on day 8, up
2" generation Retrovirus, retronectin 87)
CD28 to 87.25% + 6.9% at the end of
culture (N=3)
GD2.CAR-EBVST
. . 64 + 3% for GD2.CAR (N=5)
.4 -EBVST. 3
GD2.CAR-EBVST.IL7R Retrovirus, retronectin 34 + 9% for GD2.CARILY (88)
CD28
Center for Cell and Gene 53.1% + 7.7% of VZVSTs from
Therapy, Baylor College of GD2.CAR-VZVST Retrovirus, retronectin naturally infected donors and 44.6% 89)
Medicine, Houston, USA 3" generation ) + 14.8% of VZVSTs from
+ collaborators immunized donors (N=3)
CD123.CAR-VST (AdV, CMV .
or EBV) Retrovirus, retronectin 230% CAR expression; (dat (90)
not shown)
CD28
CD19.CAR.CD8- MPL.VST
. 96% CAR expression (N
(Influenza) Electroporation ! (91)
- not specified)
st generation
Departments of Hematology
and Hemar?lddlef)xetlc Cell CD19.CAR-CMVST From Sf% CAR expression post
Transplantation, City of Hope, CD28 transduction to 46% after 2 rounds (92)
Duarte, California Lentivirus (MOI=3), of stimulation (N=3)
protamine sulfate
CD19.CAR-CMVST 5
CD28 27.0 £ 14.2% CAR expression (N=9) (93)
GD2.CAR-EBVST Reion . " 21-28% for GD2 (N=3) o
University Children’s Hospital With or without CD28 SHOviriyretenect 26-40% For GD2.CD28
Miinster, Department of
Paediatric Haematology and GD2.CAR-VZVST
Oncology, Miinster, Germany. CD19.CAR-VZVST Retrovirus, retronectin 46 + 14% CAR expression (N=4) (95)
With or without CD28
INSERM U590/Equipe
Cytokines et Cancer, Centre CD33.CAR-EBVST . 35 + 4% CAR expression stable for
Retrovirus (96)

Léon Bérard, 69373 Lyon
Cedex 08, France.

CD28

1month (N=6)

CAR, Chimeric Antigen Receptor; CD, Cluster of differentiation; CMV, Cytomegalovirus; CMVST, Cytomegalovirus Virus Specific T cell; DC, Dendritic Cell; EBV, Epstein-barr virus; EBVST,
Epstein-barr Virus Specific T cell; GD2, disialoganglioside; HER2, Human Epidermal Growth Factor Receptor 2; IFNY, Interferon gamma; IL, Interleukin; LCL, Lymphoblastoid Cell Line; OKT3,
Orthoclone-muromonab-CD3; PBMC, Peripheral Blood Mononuclear Cell; VST, Virus Specific T cell; VZV, Varicella Zoster Virus.
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Team Cells VST s Transduction References
Anti-OKT3 anti-CD28
Three stimulations by antibodies
GD2.CAR-EBVST irradiated autologous After the third stimulation of (81)
EBV-LCL irradiated LCL
Retrovirus, retronectin
Three stimulations by
After the third stimulation of
CD30.CAR-VST irradiated autologous EBV- it 5
CD28 LCL+IL-2 Retrovi " "
ADV or CMV rovirus, retronectin
After th d stimulation of
iCas9.GD2.CAR-CMVST Stimulation with autologous er fhe second stmutation ©
CD28 DC loaded with pp65 . irradiated LCL (83)
CAGRIWIN Epte peprai Retrovirus, retronectin
Center for Cell and Gene Three stimulations by Early and late transducti
Therapy, Baylor College of GD2.CAR-EBVST irradiated autologous ];z’;:vir::r;ﬁ““;:’“ (84)
Medicine, Houston, USA. EBV-LCL )
HER2-EBVST
Stimulation with irradiated
HER2-EBVST.iCD19 e Nucleofection with transposons (85)
autologous EBV-LCL
CD28
GD2.CAR-VST S(ll;r(llul:ll;(;\zcwllhdautol‘(‘)dgous
CD19.CAR-VST 7 £ae Pepuce Retrovirus, retronectin (86)
Either CD28 or 41BB loaded K362
(VZV or EBV)
PBMCs were depleted of
CD30.CAR-EBVST CD45RA positive cells by
2™ generation magnetic column separation, Retrovirus, retronectin (87)
CD28 then stimulated with
EBV pepmixes
GD2.CAR-EBVST Stimulati ith irradiated
GD2.CAR-EBVSTIL7R mulation with rractate Retrovirus, retronectin (88)
autologous EBV-LCL
CD28
Center for Cell and Gene PBMC:s pulsed with
Therapy, Baylor College of GD2.CAR-VZVST overlapping peptide libraries ) )
Medicine, Houston, USA 3 generation spanning selected Retrovirds, Fettonecti ®9)
+ collaborators VZV antigens
CDI123.CAR-VST (AdV, CMV Stimulation with autologous
or EBV) peptide-pulsed-DC+CD3/ Retrovirus, retronectin (90)
CD28 CD28 antibodies 1 pg/ml
CD19.CAR.CD8- MP1.VST
Stimulations by irradiated :
(Influenza) Electroporation 1)
. autologous LCL
Departments of Hematology Lst generation
and Heman:mddle.meuc Cell CD19.CAR-CMVST
Transplantation, City of Hope, CD28 (92)
Duarte, California IFN-y immunomagnetic Lentivirus (MOI=3),
CD19.CAR-CMVST selection after pp65 stimulation protamine sulfate
93,
CD28 93)
GD2.CAR-EBVST Stimulation with irradiated Retiovifiis;fetsonectit (94)
University Children’s Hospital With or without CD2§ autologous EBV-LCL ovirus, retronec
Miinster, Department of
iatri GD2.CAR-VZVST
Paediatric Haematology and Stimulation with VZV lysates . .
Oncology, Miinster, Germany. CD19.CAR-VZVST et sl PEMC Retrovirus, retronectin (95)
With or without CD28 BT
INSERM U590/Equipe
Cytokines et Cancer, Centre CD33.CAR-EBVST Stimulation with irradiated -
Retrovirus (96)

Léon Berard, 69373 Lyon
Cedex 08, France.

CD28

autologous EBV-LCL

CAR, Chimeric Antigen Receptor; CD, Cluster of differentiation; CMV, Cytomegalovirus; CMVST, Cytomegalovirus Virus Specific T cell; DC, Dendritic Cell; EBV, Epstein-barr virus; EBVST,
Epstein-barr Virus Specific T cell; GD2, disialoganglioside; HER2, Human Epidermal Growth Factor Receptor 2; IENY, Interferon gamma; IL, Interleukins LCL, Lymphoblastoid Cell Line; MP-1,
influenza A Matrix Protein 1; PBMC, Peripheral Blood Mononuclear Cell; TCR, T cell receptor; VST, Virus Specific T cell; VZV, Varicella Zoster Virus.
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Target . e Additional References;
0 Vir ifici I{ £
and conditions s pecicy @ltemies treatment acronym
NCT00840853;
EBV ~ N MULTIPRAT (68)
b OV IV ARy legnce T Wi . Nem e e
L and HHV-6 ta % CARMA®
NCT unknown (97);
Allogeneic bank of 7 lines from Recruiting. NCT04288726 (98) 2020
Baylor College of cD30 - Autologous healthy donors Ongoing i NCToL192464 1
Medicine, Lymphoma Allagene!c L7 ‘Withdrawn NVCT(MQSZSXA 2024°
Houston, USA Allogeneic receptor overexpressed | Not yet recruiting NCT06176690 2024
NCT00889954;
EBV Autologous 'TGF-B resistance Completed HERCREEM (no 2009
HERZ I tumace ADV Autologous Oncolytic viruses Recruiting L resuls so far) 2020
NCT03740256; VISTA
CDp70 NCT06345027;
Becell malignancies EBV Autologous Not yet recruiting 1 P 2024
NCT01953900;
GD2 sarcoma vzv Autologous ictine Ongoing ; VEGAS 2014
Baylor College of Neuroblastoma EBV Autologous Ongoing NCTO0085930: 2003
Medicine, Houston, NESTLES CFhe1o0)
USA eccollaborstors _— NCT01109095; HERT-
- MV Autologous Completed 1 GBM 2010
Glioblastoma
(o1
Children’s Mercy
Hospital Kansas City Gp2 CMV ADV NCT01460901;
and Baylor College Neuroblastoma EBV Allogencic Completed ! STALLONe 2012
of Medicine
Memorial Sloan CD19
i .
Kettering Cancer Center Bicell maligrianicies EB Allogeneic Ongoing 1 NCT01430390 2011
City of Hope Medical cp19 CMV (vaccine) Autologous Vaccine Recruiting . NCT05432635 2023
Center, California B-cell malignancies CMV (vaccine) Autologous Vaccine Recruiting NCT03801913 2023
NCI et Fred Hutchinson o1y My Following § NCTO1475058
Cancer Research Center | Becell malignancies EBV Allogeneic allogencic HCST Completed 2 (unpublished data) 2012
University cp19 . NCTO1195480;
College, London B-cell malignancies EBY {vaccin) Allogeneic Unlnown v CDI9TPALL (102) w2
“withdrawn clinical trials; AdV, Adenovirus; BV, Bk virus or John Cunningham virus; CMYV, Cytomegalovirus; EBV, Epstein-Barr virus; HHV, human herpesvirus; HSCT, Hemamiddlcoietic stem cell transplantation; 1L, Interleukine; TGF, Transforming growth factor-

beta; VZV, Varicella Zona Virus.
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Outcome HR 95% CI P Value

Overall Survival 0.808 0.455-1.433 0.466
Relapse 0.579 0.258-1.299 0.185
NRM 0.912 0.452-1.842 0.798
AGVHD 0.729 0.398-1.338 0.308
CGVHD 1.137 0.500-2.585 ‘ 0.760
GRFS 0.887 0.458-1.719 0.723

HR is given for ATG-F with ATG-T being the comparator.

Variables included in the model, determined by their significance in the univariate analysis
(along with ATG type for each outcome), are as follows: OS, rDRI; HLA matching. Relapse,
rDRI. NRM, HLA matching; demographics. AGVHD, HLA matching; GVHD prophylaxis
type. CGVHD, Age, conditioning regimen. GRFS, rDRI, demographics.

NRM, Non-Relapse Mortality; aGVHD, Acute Graft Versus Host Disease; cGVHD, Chronic
Graft Versus Host Disease; GRFS, cGVHD-free, relapse free survival.
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Wang L
2023 (25)

Zhou L.
2020 (28)

Polverelli N.
2018 (19)

Huang W.
2016 (18)

Huang W.
2015 (26)

Paiano S.
2015 (24)

Basara N
2005 (23)

Type of paper
(retrospective vs
prospective;
single Vs.

multicenter:

phase 1,2, or 3:
randomized vs.

nonrandomized)

Single
center retrospective

Single
center retrospective

Single
center retrospective

Single
center retrospective

Single
center retrospective

Single
center retrospective

Multicenter
retrospective

PBSC

Mixed

Both

PBSC

PBSC

Both

Both

Donor
type
(MSD vs.
MUD vs.

Haplo vs.

cord
blood)

MUD
and MMUD

Haplo

MUD

MUD

MMUD

Related,
MUD,
MMUD

MUD
and MMUD

ATG
Thymo
dosage
and no.

of patients

7.5 MG/
KG N=81

7.5 MG/
KG N=31

10 MG/
KG N=56

10 mg/
kgN=23

7.5 MG/
KG N=15

15 mg/kg
(0=3), 10 mg/
kg (n=28), 7.5
mg/kg (n=6),
mg/kg (n=12)

ATG
Fresenius

dosage
And no.

of patients

20 MG/

KG N=:

5

30 MG/
KG N

20 MG/

20 mg/
kg N=28

20 MG/
KG N=15

45 mg/kg
(n=11), 60 mg/
kg (n=27)

Non-
relapse
mortality
results

Similar rates
of NRM

Similar rates
of TRM

Similar
cumulative
incidence
of TRM

No significant
differences
between the
groups in the
100-day or 3-
year

TRM rate

Similar NRM

Similar rates
of TRM

Similar rates
of TRM.

Infections

Higher rate of
CMV viremia
in ATG-T

group 64.6%
V.

29.9%,
p<0.001

Similar
incidence of
EBV
infections

Similar
infection rates

Similar
infection rates

Similar
infection rates

Similar
infection rates

Acute
GVHD
incidence

Similar rates
of aGVHD

Similar rates
of aGVHD

Similar rates
of aGVHD

similar rates

of aGVHD

Similar rates
of aGVHD

Similar rates
of aGVHD

Similar rates
of aGVHD

MUD, matched unrelated donor; MSD, matched sibling donor; NRM, non-relapse mortality; TRM, treatment-related mortality; RI, relapse incidience; GVHD, graft vs host disease.

(e}
GVHD
incidence

Lower incidence of
extensive cGVHD
with ATG-T
(p=0.01, HR=0.41)

The cumulative
incidence of any
grade and limited
GVHD was higher
in the ATG-T group
(6% vs. 56%
P=0.002 and 614 vs.
53.5%

p=0.007,
respectively)

Similar rates of
overall cGVHD but
higher incidence of
moderate- severe
CVVHD in ATG-T
(23% vs 8% p=0.03)

Tower rate of

CGVHD in the
ATG-F group (15%
VS 33% respectively:
=004

Similar rates
of cGVHD

Similar rates
of CGVHD

‘The use of ATG-F
was associated with
lower incidence of
GVHD (p=0.03)
which was not
confirmed in
multivariate
analysis.

LEELE
Incidence

Similar
cumulative
incidence
of relapse.

Similar
cumulative
incidence of
relapse mortality

Similar RI

Non-significant
lower relapse
rates in the
ATG-F group
and 5 years
follow-up (20%
Vs 35% p=0.08
and 20% vs 40%;
=007,
respectively)

Similar RI

Similar
cumulative
relapse incidence

Event
free
surviva

Similar
recurrence-
free
survival

Similar
DES

ATG- T3y
and 5y
DS were
48% and
45% ATG-
F- 67% and
67%p=
007 and p
006

Non-
significant
higher DFS

rate in the
ATGF
group,
(457% vs
61.3%,
p=008)

Similar
DES

Projected
3-year LES
was higher
in the
ATG-F
group (38%
Vs 21%,
p=0.003)

Overall
survival

Similar OS

Similar
0s

(p=0.421)

Similar

.58)

Similar 3y
and 508
58 vs 68%

3-year 05
rate was
similar,

Similar OS

0s
was not
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Excluded patients
n=11

invalid consent n=3
>18 years at transplant n=1
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Stopping rules

Development of grade III-IV acute GVHD in 2 out of the first 4 patients treated.

Development of any severe adverse event (AE) in 2 out of the first 4
patients treated.

Development of any serious adverse event (SAE) in 2 of the 4 patients of each
subsequent group of 4 patients.

Incidence of grade II-IV acute GVHD > 40% in the enrolled patient population.

Incidence of chronic GVHD (mild, moderate or severe) > 40 in the enrolled
patient population.
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Parameter = Methodology Cutoff value

Sterility Automated negative
culture method
Bacterial LAL test <0.5 EU/ml
endotoxin
content
Mycoplasma RT-PCR absent
content
Viability Trypan >80%
blue staining
Genotype Molecular analysis - molecular identity between ATMP,
identity starting material and donor
- absence of foreign genetic material
Phenotype Flow T-CD3+ = 75%,
cytometry analysis CD3-neg/CD56 + 0-25%,
CD19+/CD20+ CD14+ < 5%
Potency Cytotoxicity by % specific lysis >45%

e assay 1

Microbiologic controls of ATMP were performed under aseptic conditions, according to

European Pharmacopoeia (Eu.Ph.) guidelines. § Potency was evaluated by CD3-redirected

assay against P815 cell line.
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Patients’ exclusion criteria

Ongoing active acute GVHD or chronic GVHD due to a previous allograft

Presence of clinically active infectious disease (including positive HIV serology or
viral RNA)

Severe cardiovascular disease (arrhythmias requiring chronic treatment,
congestive heart failure or left ventricular ejection fraction <40%)

Liver dysfunction (AST/ALT > 3 times institutional upper limit normal value -
ULN- or bilirubin > 3 times ULN)

Renal dysfunction: serum creatinine > 1.5 times ULN or calculated creatinine
clearance < 60 ml/min/1.73 m®

End stage irreversible multi-system organ failure.

Other active malignancy.

Pregnant or breast feeding female patient

Lack of parents’/guardian’s written informed consent for children who are
minors or lack of written informed consent for patients aged 18 y
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TIM miRNA Effect Reference

TIM-1 miR-133a Targeted regulation of glioblastoma cell proliferation, migration, and infiltration. (1)
miR-142 Alteration of endothelial cell permeability. (23)
TIM-3 miR-330 Inhibition of NLRP3 inflammasome-mediated myocardial ischemia-reperfusion injury. (24-26)

Insulin resistance downregulated by enhancing M2 macrophage polarization.
Mediation of anti-tumor immunity in AML.

miR-1252-3p Negative effect on AML progression. 27)

miR-498 Potential approaches for the treatment of AML. (22)

miR-18b Improved pre-eclampsia by promoting trophoblast proliferation and migration. (28)

miR-34a Modulates the degree of malignancy in AML (29)

miR-155 Regulation of CD8 T cell apoptosis and improved immunotherapy efficacy in hepatocellular (30-33)
carcinoma.

Blocks macrophage transformation to prevent the development of atherosclerosis.
Predicts colorectal cancer progression by targeting macrophage polarization.
Accelerates cervical cancer progression by modifying the macrophage microenvironment.

miR-455-5p Predicts clinical regression in patients with skull base chordoma. (34)
miR-545-5p Modulates the anti-tumor activity of CD8 T cells (35)
miR-149-3p Anti-tumor immunity in breast cancer by reversing CD8 T cell depletion. (36)
miR-133a A future therapeutic target in AML. 37)
miR-146a A predictor of cellular immune failure following HIV infection. (38)
TIM-4 miR-202 Acceleration of EC cell migration and invasion by targeting the miR-202-TIM-4 axis. (39)

AML, acute myeloid leukemia; IL, interleukin; miRNA, microRNA; TIM, T cell immunoglobulin and mucin domain.
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Inhibition of interactions that modulate Th1/Th2 cytokine balance
and attenuate renal IRI.

Modulation of helper T cell activation and proliferation.
Amelioration of Behcet’s disease-like symptoms.

Suppression of interactions inhibiting DC maturation and CD4* T
cell proliferation, thereby inducing immune tolerance.

Exacerbates allergies/asthma.
Enhanced viral cell attachment and infection.

Inhibition of IL-17A production by Y8 T cells via PD-1/PD-
L1 signaling,

Binding, rolling, and accumulation of Thl and Th17 cells in the
local microenvironment during inflammatory disease.

A marker of renal injury.
Mediate fatty acid uptake; exacerbates inflammation and renal
fibrosis, and accelerates the progression of diabetic nephropathy.

Promote neutrophil recruitment to kidneys with TRI, thereby
facilitating renal injury.

Negative regulation of Th1 and CD8 T cell responses, promotion of
Treg development to rescue inflammatory injuries after
transplantation, and induction of immune tolerance.

Modifies NK function, balances the Th1/Th2 ratio, and promotes
maternal and fetal tolerance to prevent abortion.

PD-1 attenuates Gal-9/TIM-3-induced T cell apoptosis by binding
to Gal-9, providing a novel target for anti-tumor immunity.

Prevent macrophage M2 polarization by blocking Gal-9/TIM-3
signaling in PTEN-deficient gliomas, thereby attenuating
glioma progression.

Drives NK cell dysfunction and immune escape in AML.

Accelerate viral infection by limiting effector T cell activation
and amplification

Promote AML progression.

Block NF-KB activation, modulates immunosuppression, and
increases mortality in sepsis.

T cell depletion and inhibited signaling

Reduces= stress-induced tissue damage, inhibits Kupffer cell
activation, and improves outcomes in liver transplantation.

Regulation of premature restimulation-induced cell death of
effector CD8 T cells and stabilization of T cell populations.

A potential target for anti-tumor immunity/autoimmune diseases.

Influence cell toxicity and mediates immune escape from
malignant tumors.

Possible involvement in the pathogenesis of systemic
lupus erythematosus.

Promote tumor and graft rejection.
Promote Th2 proliferation and exacerbates allergic rhinitis.
Facilitate viral entry into target cells

Scavenges apoptotic cells to avoid autoimmunity.

Reference

1)
(62, 63)
(64)

(65)
(66, 67)

(68)

(69)

(70)

(71)

(72)
(73)

(74)

(75)

(76,77)

(78)

(79)

(80)

(57)

81)

(82)

(83-85)

(86, 87)

(88)

(89)
(90)
(91,92)

93)

AML, acute myeloid leukemia; AHR, airway hyperreactivity; CEACAMI, carcinoembryonic antigen cell adhesion molecule 1; CTL, cytotoxic T cell; DC, dendritic cell; HAV, hepatitis A virus;
Gal-9, galectin-9; HMGBI, high-mability group protein BI; IL, interleukin; iNKT, invariant natural killer T; IRI, ischemia-reperfusion injury; NK, natural killer; PBMC, peripheral blood
mononuclear cell; PD-1, programmed cell death protein 1; Ptdser, phosphatidylserine; TIM, T cell immunoglobulin and mucin domain.
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Early infection Late infection

Characteristics p-value
No (n=54) Yes (n=41) No (n=56) Yes (n=39)
Sex, n (%) 0540 1.000
Male 50 (53) 30 (59) 20 (49) 29 (52) 21 (54)
Female 45 (47) 24 (41) 21 (51) 27 (48) 18 (46)
Age at transplantation, months (IQR) 16 (7-88) 60 (13-151) 13 (8-36) 0.001 60 (17-120) 14 (10-24) <0.001
Type of donor, n (%) 0.001 0.004
Deceased donor - split graft 39 (41) 14 (24) 25 (61) 17 (30) 22 (56)
Deceased donor - reduced graft 23 (24) 13 (24) 10 (24) 17 (30) 6(15)
Deceased donor - whole graft 22 (23) 19 (17) 307) 18 (32) 4(10)
Living donor 11 (12) 8 (15) 3(7) 4(7) 7 (18)
ABO compatibility, n (%) 0233 0.696
Compatible 88 (93) 52 (96) 36 (88) 51 (91) 37 (95)
Incompatible 7(7) 2(4) 5(12) 5(9) 2(5)
Indication for transplantation, n (%) 0.489 0179
Cholestasis/biliary atresia 60 (63) 33 (61) 27 (66) 32 (57) 28 (71)
Metabolic diseases 12 (13) 6(11) 6 (15) 9 (16) 3(8)
Liver tumours 11 (12) 9 (17) 2(5) 9 (16) 2(5
Cirrhosis (other) 8(8) 4(7) 4 (10) 5(9) 3(8)
Severe acute liver failure 4(4) 2(4) 2(5) 102 3(8)
| Type of transplantation, n (%) 0231 1.000
| Hepatic 89 (94) 49 (81) 40 (98) 52 (93) 37 (95)
Combined 6(6) 5(9) 1(2) 4(7) 209
Transplant number, n (%) 0.727 0.733
First 86 (91) 48 (89) 38 (93) 50 (89) 36 (92)
Second 9(9) 6 (11) 3() 6 (11) 3(8)
Induction treatment, n (%) 1 | 0.504 0.066
TAC+CE+BSX 92 (97) 51 (94) 41 (100) 56 (100) 36 (92)
TAC+CE+BSX+MMF 202 2(4) 0(0) 0(0) 209
TAC+CE+BSX+QT 1(1) 1(2) 0(0) 0(0) 1(3)
Maintenance treatment at 1M, n (%) N/A 0.938
TAC+CE 76 (80) 44 (78) 32 (82)
TAC+CE+BSX+MMF 16 (17) 10 (18) 6(15)
N/A N/A
TAC+CE+BSX+CTX 2(2) 12) 1(3)
No immunosuppression 1(1) 1(2) 0(0)
Tacrolimus blood levels at 1M, ng/mL (IQR) 10 (8 - 11) N/A N/A N/A 9 (7-11) 10 (8-12) 0.264
Prophylaxis treatment at 1M, n (%) N/A 0.890
TMP-SMX+VGCV 85 (90) 50 (89) 35 (90)
TMP-SMX+VGCV+Others 7(7) 4(7) 38
TMP-SMX+ACV+Others 1(1) N/A N/A 1(2) 0(0)
TMP+VGCV 1(1) 0(0) 12
No prophylaxis 1(1) 1(2) 0(0)
EBV-serology pre-transplantation, n (%) 0559 0309
| Positive 48 (51) 25 (46) 23 (56) 26 (46) 22 (56)
Negative 40 (42) 24 (44) 16 (39) 27 (48) 13 (33)
Unknown 7(7) 5(9) 2(5) 3(5) 4(10)
CMV-serology pre-transplantation, n (%) 0300 0.980
Positive 55 (58) 35 (65) 20 (49) 31 (55) 24 (62)
Negative 35 (37) 17 (31) 18 (44) 22 (39) 13 (33)
Unknown 5(5) 2(4) 3(7) 3(5 205

1M, 1 month post-transplantation; ACV, acyclovir; BSX, Basiliximab, CE, corticosteroids; CMV, Cytomegalovirus; EBV, Epstein-Barr virus; IQR, interquartile range; MMF, mycophenolate
mofetil; N/A, not applicable; CTX, chemotherapy, SMX, sulfamethoxazole; TAC, tacrolimus; TMP, trimethoprim; VGCV, valganciclovir.
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Patients

(n=8)
Patient Survival at last follow-up 8 (100%)
Graft survival at last follow-up 8 (100%)
Delayed graft function 2 (25%)
(serum creatinine > 250 pmol/L at D5)
Hemodialysis at posttransplant 0
Serum creatinine (umol/L)
Do 331+78
D5 158 + 81
D14 136 + 35
M+1 120 + 22
M+3 131 £ 55
M+6 115+ 22
M+12 121 + 16
M+18 139 + 43
M+24 133 + 38
M+36 138 + 28
M+48 138 + 15

Acute humoral rejection

Acute cellular rejection

3 (37,5%)

1(12,5%)

Chronic humoral rejection

2 (25%)

Lymphocele (n; %)

2 (25%)

Hematoma requiring surgical revision (n; %)

1(12,5%)

Patients requiring red-blood cell transfusion between DO
and D5 (n; %)

2 (25%)

BKYV viruria (n; %)
BKV viremia (n; %)
BKV nephropathy (n; %)

3 (37,5%)
2 (25%)
1 (12,5%)

CMV viremia (n; %)
Acute pyelonephritis (n; %)

Bacterial pneumopathy (n; %)

2 (25%)
1 (12,5%)

1 (12,5%)

BKV, BK virus; CMV, cytomegalovirus.
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NCT00085930 NESTLES (Pule and al., 2008; Louis and al., 2011)

INCT000840853 MULTIPRAT (Cruz and al., 2013; Lapteva and al., 2019)
INCT00889954 HERCREEM

INCT01109095 HERT-GBM (Ahmed and al., 2017)
CT01192464; NCT01430390

NCT01460901 STALLONe; NCT01475058
NCT01195480 CD19TPALL (Rossig and al., 2017)

NCT01953900 VEGAS

NCT03740256 VISTA
NCT04288726 (Quach and al., 2022; Ramos and al., 2023)

NCT03768310 CARMA*
NCT005432635; NCT05801913

NCT06176690; NCT06345027 CASEY
NCT04952584*

Quach and al., 2024:
Off-the-shelf CAR-VST feasability

Wang and al., 2022:
Feasability of large-scale manufacturing of IFNg+ CAR-VST

Omer and al., 2018: CD28 offers better expansion and functional activity

Dutour and al., 2017: Feasability of CD30.CAR-VST
Tanaka and al., 2017: Antitumoral potentialisation by antiviral stimulation

Zhou and al., 2016: Feasability of CD123.CAR-VST

Caruana and al., 2015: K562-derived vaccine booster
Cooper and al., 2015: Feasability of electroporated-CAR-VST

Sun and al., 2015: GMP rapid manufacturing of early transduced CAR-VST
'Wang and al., 2015: Feasability of IFNg+ CAR-VST

Perna and al., 2014: |IL-7 supports CAR-VST proliferation
van Loenen and al., 2014: Feasability of streptamer-isolated CAR-VST

akazawa and al., 2011: Feasability of transposons-nucleofected CAR-VST

Savoldo and al., 2007: TCR stimulation is needed for CAR-VST expansion
Landmeier and al., 2007: CAR-VST don’t expand after CD19 stimulation

Altvater and al., 2006: CAR-VST don’t expand after GD2 stimulation; CD28 fails to induce proliferation and expansion
Rossig and al., 2002:CAR stimulation alone don’t maintain T cell proliferation and expansion; TCR is needed for expansion
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Technique

Description

Indications

Prescription

Advantages
and Disadvantages

DFPP

Specific IA

Semi-
specific IA

Plasma
Exchange

Utilizes a two-step filtration system:
- the first filter separates cellular elements
from blood plasma.
- the second filter removes plasma
substances based on membrane pore size
and molecular weight of the substance.

Utilizes adsorption columns specifically
targeting blood group antibodies (A
or B).

Utilizes adsorption columns that
remove IgG.

Broadly removes plasma components,
including isoagglutinins, by replacing the
patient’s plasma with
substitution product.

Purification role: IgG, IgM,
Fibrinogen, alpha2-
macroglobulin, LDL

cholesterol, etc.

Purification role:
Isoagglutinins of IgG

and IgM

Purification role: IgG
Addition of a Monet® filter
to remove IgM.

Purification and
Transfusion roles:
replacement with plasma
providing
coagulation factors.

PV, Plasma Volume; DEPP, Double filtration plasmapheresis; IA, Immunoadsorption.

Treated PV = 1.5 x the patient’s PV
Blood flow rate = 150 ml/min

Treated PV = 3 to 6 x the patient’s PV
Blood flow rate = 50 ml/min

Treated PV = 100 ml/kg with a maximum
of 10 liters
Blood flow rate = 80 ml/min

Treated PV = 1.5 x the patient’s PV
Blood flow rate = 80 ml/min if
centrifugation and 150 ml/min if filtration
Substitution = Plasma of the same blood
group as the recipient (except if donor A
and recipient B or vice versa) or
AB plasma.

Advantages: Semi-specific
technique
Low amount of
substitution products
Disadvantages:
Hemorrhagic risk due to
loss of coagulation factors
Variable
hemodynamic tolerance

Advantages:
Specific technique
No hemorrhagic risk
Good hemodynamic
tolerance
No substitution products
Disadvantages: None noted

Advantages:
Semi-specific technique
No hemorrhagic risk
Good hemodynamic
tolerance
No substitution products
Disadvantages: None noted

Advantages:
Good hemodynamic
tolerance
Disadvantages:
Non-specific
Hemorrhagic risk unless
plasma substitution
prevents loss of
coagulation factors
Requires a
substitution product
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Patients (n=8)

Donor Age (years) 60 + 13

Donor measured GFR (mL/min) 79 + 15
Etiology of ESKD

Vascular nephropathy (%) 4 (50%)

ADPKD (n) 3 (37%)

Diabetes nephropathy (n) 1 (13%)

ABO incompatibility
A—O 7 (87%)
AB — O 1 (13%)

Isoagglutinin titers (medians)

Before Rituximab

Anti-A IgM 64 [32;512]
Anti-A IgG 1024 [256;2048]
Anti-B IgM 128
Anti-B IgG 1024

Before apheresis

Anti-A IgM 64 [16;128]
Anti-A IgG 512 [32;1024]
Anti-B IgM 128
Anti-B IgG 256
After kidney transplantation
Anti-A IgM
M+1 8 [2:32]
M+3 8 [2:64]
M+6 4 [2:8]
M+12 4 [1:8]
Anti-A IgG
M+1 32 [4;512]
M+3 32 [4:2048]
M+6 16 [4;128]
M+12 32 [2;64]
Anti-B IgM
M+1 2
M+6 2
Anti-B IgG
M+1 4
M+6 4
HLA mismatches
Class I (A/B/C) 37+138
Class II (DR/DQ/DP) 4+2
Anti-HLA antibodies (n ;%) 4 (50%)
Blood transfusion 2 (25%)
Pregnancy 2 (25%)
DSA (%) 2 (25%)
MFI DQ2 at 800 and A32 at 4600
Cold ischemia time (min) 78 + 20
Induction Therapy (n; %)
ATG 2 (25%)
Basiliximab 6 (75%)
Preemptive kidney transplantation 1 (13%)

ESKD, end-stage kidney disease; CGN, chronic glomerulonephritis, HLA, human leukocyte
antigen; GFR, glomerular-filtration rate; ATG, antithymocyte globulins; ADPKD, Autosomal
dominant polycystic kidney disease; MFI, mean fluorescent intensity; DSA, Donor-
specific antibodies.
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Patient Donor/Recipi Isoagglutinin titers (anti-A IgG; anti-A IgM; anti-B IgG; anti-B IgM) Number of Acute  Serum creatinine and  Follow-up

ent . . apheresis rejection eGFR at the last duration
ABO Before Before The day After Kidney transplantation sessions follow-up (umol/L; in months
incompatibility = fituximab  apheresis  of kidney ml/min/1,73m?
< Y transplan M1 M3 M6 M12 )
tation
1 A0 2048; 512 2048; 128 %1 51232 2048 64 NA NA 15 (11 1Ass, 3 No 130, 59 3
1As,1 PE)
2 A0 2048; 256 51264 644 1288 1288 15 (13 DFPP, 1 1As, No 770 12
1 PE)
3 AB/O 25632 3216 % 338,42 NA 32842 NA 14 (8 TAss, 5 IAss + No 100; 53 30
1024; 128 256; 128 42 Monet®, 1 PE)
4 A0 1024; 32 512,16 81 3216 322 16:4 24 9 (6 DFPP, 2 IAs, Yes 134,35 48
1PE)
5 A0 1024 256 256; 128 82 16:8 648 38 12 (11 DFPP, 1 PE) Yes 147; 41 60
6 A0 1024; 64 10245 128 82 42 84 44 42 10 (9 DEPP, 1 PE) No 122,42 7
7 A0 512,64 256,32 %1 42 84 42 21 10 (7 DEPP, 2 1As, No 150; 30 7
1 PE)
8 A0 1024; 64 1024; 64 21 164 84 16:4 14 (10 DEPP, 3 IAs, Yes u3 71 12
1PE)

GER, glomerlar-filtration rate; IAss, semi-specific immunoadsorption; IAs, specific immunoadsorption; DEPP, Double filtration plasmapheresis; PE, plasma exchange; NA, Not available.





OPS/images/fimmu.2024.1504495/fimmu-15-1504495-g004.jpg
500
450
400
350
300
250
200
150
100

50

035

03

025

02

015

01

0.05

Serum Creatinine (umol/L)

100
%0
80
70
60
50
2
30
20
DO D5 D14 Ml M3 W46 M2 M8 M4 Me30 M35 MedE M0 Me72
Serum creatinine (umol/L) *
= Patient 1 == Patient 2 = Patient 3 == Patient 4 0 00 D05 D14
s Pati@Nt 5 s Patient 6 e Patient 7 em—Patient 8
Albuminuria (g/g)
3
30
b
20
15
10
5
0
DO D5 DA M+l M3 Ms6 Mi12 Me18 Mi24 Mi30 Me36 M8 Me6O MiT2 0 05 b
e PatiENt ] s—Patient 2 s Patient 3 === Patient 4
s Pati@Nt 5 s Patient 6 e Patient 7 em—Patient 8
Hemoglobin (g/dL)
200
180
160
140
120
100
80
60
40
20
o
Before Session 4 Session 8 Before M+l M+3
apheresis wansplantation
s Patient | se—Patient 2 s Patient 3 === Patient 4

e Patient 5 = Patient 6 = Patient 7 = Patient 8

eGFR (ml/min/1,73m?)
Mel Ms3 Ms6 M2 MHI8 Mi2d Mi30 M35 M#d Ms60 Me72
——Patient 1 = Patient 2 = Patient 3 == Patient 4
——Patient 5= Paticnt b mmmPaticnt 7 == Patient §
Tacrolimus through levels (ng/mL)
MiL Ms3 M6 M2 M8 Mi24 M0 Mi36 Mid8 Mi60 Me72
——Patient 1 === Patient 2 = Patient 3 == Patient 4

e Patient § == Patient 6 e Patient 7 == Patient 8

M6 M2





