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INTRODUCTION
This editorial introduces the special issue dedicated to the ESOT London Congress 2025, providing a conceptual and scientific synthesis framed around the “transplantation journey” and the emerging paradigm of sustainable and robust transplantation.
By curating 17 key contributions from the congress, it highlights how recent advances across the entire transplant pathway (from access to long-term graft stewardship) are collectively reshaping contemporary transplant practice.
A central contribution of this congress was the introduction of “robustness” as a solution to improve the sustainability of transplant systems that need not only to be efficient and innovative but also resilient to demographic shifts, biological complexity, and organizational constraints.
Overall, this special issue outlines a forward-looking roadmap for transplantation, bridging technological innovation with responsible implementation and offering a coherent vision for the next era of transplant research and patient care.
FROM INNOVATION TO RESPONSIBILITY: A NEW VISION FOR TRANSPLANTATION
The ESOT Congress 2025, held in London from June 29 to July 2, brought together the global transplantation community around a shared vision for the future of the field. The remarkable success of the meeting reflected the enthusiasm of the international community for this ambition. The congress welcomed 3,192 delegates from 91 countries, received 1,655 abstract submissions, generated 989 social media posts using #ESOTCongress, and attracted coverage in more than 1,300 press articles. These figures testify not only to the vitality of transplantation research but also to the growing recognition that transplantation has an important role to play in addressing some of the broader challenges facing modern healthcare systems.
The London congress was organized around a theme that was both timely and transformative: “Nurturing the Sustainable Transplantation Journey.” More than a slogan, this theme embodied a collective commitment to reimagining transplantation through the lens of environmental responsibility, and long-term societal impact. The striking animated cover artwork of this special issue captures this vision with remarkable clarity, illustrating the congress philosophy that progress in transplantation should be measured not only by scientific advances but also by our ability to deliver those advances responsibly. However, as highlighted by the Congress Presidents in their welcome address, sustainable transplantation extends far beyond reducing the ecological footprint of healthcare. It encompasses every stage of the transplant pathway—from donor identification and organ procurement to recipient care and lifelong graft stewardship. Central to this vision was the concept of robustness, introduced at the congress as the operational counterpart of sustainability. European healthcare systems now prioritize efficiency and productivity-directly eroding human robustness and resilience. A truly sustainable transplantation system must also be a robust one: capable of withstanding disruption, adapting to demographic and epidemiological changes, and delivering reliable outcomes across diverse clinical contexts and healthcare settings. In this perspective, robustness must be a systemic attribute embedded throughout the entire transplantation journey.
This special issue brings together seventeen outstanding contributions selected from the congress. Organized according to the “Transplantation Journey” framework that structured the scientific programme, these articles illustrate how the field continues to evolve—from expanding access to transplantation and optimizing organ preservation to advancing immunological monitoring and addressing the long-term challenges faced by transplant recipients (Figure 1). Together, they provide a compelling snapshot of a discipline committed not only to innovation, but also to building a more sustainable and robust future for transplantation.
[image: Infographic titled "Nurturing a Sustainable Transplantation Journey" displays five color-coded columns summarizing key research areas: access to transplantation, organ optimization, challenges in transplant procedures, transplant immunology, and graft-related threats, each with brief references to specific studies and their main findings.]FIGURE 1 | The 17 best abstracts selected from the ESOT Congress 2025 (London, 29 June – 2 July), distributed across the five scientific tracks of the Transplantation Journey. The overarching congress theme—Nurturing a Sustainable Transplantation Journey—Numbers correspond to references cited in the editorial text. References 10–11 (Charmetant et al.) are contextual citations, not congress abstracts. Abbreviations: HMP: hypothermic machine perfusion; NRP: normothermic regional perfusion; DCD: donation after circulatory death; IS: immunosuppression; CMV: cytomegalovirus; DSA: donor-specific antibodies; dd-cfDNA: donor-derived cell-free DNA; CKD: chronickidney disease; Tx: transplantation.EXPANDING ACCESS TO TRANSPLANTATION
The transplantation journey begins long before surgery. Ensuring equitable access to transplantation remains one of the most important challenges facing the field.
Hakeem et al [1] provide a compelling evaluation of the United Kingdom National Appeals Panel for liver transplantation. Their analysis demonstrates that carefully governed exception pathways can safely extend transplantation to patients who fall outside conventional listing criteria. Despite the complexity and severity of many approved cases, long-term outcomes remained excellent, illustrating how expert review mechanisms can reconcile equity with responsible stewardship of scarce organs.
Similarly, Klaassen et al [2] address another persistent barrier to access: the limited opportunities available to highly sensitized and blood group O patients within kidney exchange programs. Through sophisticated Monte Carlo simulations, they show how innovative allocation algorithms incorporating ABO-incompatible and low-level HLA-incompatible matching can substantially increase transplantation rates for difficult-to-match candidates. Their findings illustrate how intelligent redesign of allocation systems can unlock opportunities without requiring additional donor organs.
Together, these studies remind us that sustainability begins with fairness. Maximizing the benefit derived from every donated organ requires allocation systems capable of adapting to increasingly complex patient populations while maintaining transparency and public trust.
OPTIMIZING ORGANS: PRESERVATION, ASSESSMENT, AND REGENERATION
The second stage of the transplantation journey focuses on ensuring that every potentially transplantable organ reaches a recipient in optimal condition.
Perhaps no article embodies this philosophy more directly than the report by Jaynes and colleagues [3] describing the first centralized kidney Assessment and Repair Center in the United States. By combining subnormothermic acellular perfusion with centralized viability assessment, the program successfully rescued 142 of 158 kidneys initially considered unsuitable for transplantation. This remarkable achievement demonstrates how novel organizational models may dramatically reduce organ discard while simultaneously improving logistics and organ sharing.
The nationwide Belgian experience reported by Darius and collaborators [4] further illustrates the transformative potential of machine perfusion technologies. Following implementation of a nationally reimbursed hypothermic machine perfusion service, Belgium observed excellent clinical outcomes, increased utilization of DCD kidneys, and substantial healthcare savings. Importantly, the study demonstrates how preservation technologies can generate benefits extending beyond graft outcomes to healthcare system sustainability.
Expanding the donor pool also requires innovation in organ procurement. In their comprehensive review, Niroomand et al [5] examine thoracoabdominal normothermic regional perfusion in donation after circulatory death. By restoring circulation after death determination, this approach mitigates ischemic injury while enabling functional organ assessment. The growing experience with this technique suggests it may become a key component of future strategies aimed at increasing organ availability without compromising quality.
These contributions collectively highlight a major trend emerging across transplantation: the transition from passive preservation toward active organ management. Organs are increasingly viewed not as static biological products but as dynamic systems that can be assessed, optimized, repaired, and even regenerated before transplantation.
REFINING TRANSPLANTATION PROCEDURES
Technical excellence remains fundamental to successful transplantation, and advances in surgical practice continue to improve outcomes.
Torroella et al [6] revisit one of the enduring challenges in pancreas transplantation: the optimal method for exocrine drainage. Their large single-center experience with duodenoduodenostomy demonstrates excellent graft and patient survival with acceptable complication rates. Beyond the technical details, this work illustrates how continuous refinement of surgical techniques can incrementally improve outcomes and better reproduce physiological conditions.
Such studies remind us that innovation in transplantation is not limited to breakthrough technologies. Careful reassessment of established practices remains an essential driver of progress.
UNDERSTANDING AND CONTROLLING ALLOIMMUNITY
The largest group of contributions in this special issue focuses on transplant immunology, reflecting the central role of immune-mediated injury in determining long-term graft survival.
Lorant and colleagues [7] provide encouraging five-year follow-up data on imlifidase-enabled kidney transplantation in highly sensitized recipients. Patients traditionally considered among the most difficult to transplant achieved excellent patient and graft survival despite their extreme immunological risk. These results demonstrate how targeted desensitization strategies can expand access while maintaining favorable long-term outcomes.
At the other end of the spectrum, Siracusano et al [8] offer a glimpse into the future of regenerative transplantation. Using a humanized mouse model, they show that dual blockade of CD155 and CD276 promotes tolerance and facilitates engraftment of iPSC-derived pancreatic islets. As cell therapies move closer to clinical application, such targeted immunomodulatory approaches may become essential for achieving durable graft acceptance without broad immunosuppression.
The complexity of alloimmune responses is further explored through several complementary studies. Vorstandlechner and colleagues [9] demonstrate that early intravenous immunoglobulin therapy may facilitate clearance of donor-specific antibodies after lung transplantation. If these findings are confirmed and are not merely the consequence of the spontaneous disappearance of the dnDSA induced by the inverted direct pathway [10, 11], they would support a proactive intervention before clinical manifestations emerge. Agbor-Enoh and collaborators [12] review the growing role of donor-derived cell-free DNA as a non-invasive biomarker capable of transforming rejection surveillance in thoracic transplantation.
Meanwhile, Wellekens et al [13] revisit one of the most debated lesions in transplant pathology: intimal arteritis. Their historical and contemporary analysis challenges simplistic interpretations of the v-lesion and advocates a more nuanced understanding that incorporates evolving molecular and clinical insights.
Jin et al [14] provide intriguing experimental evidence that donor-specific blood transfusion may transiently reshape the early inflammatory environment after lung transplantation. Although insufficient alone to prevent chronic rejection, this strategy may create a therapeutic window for additional immunomodulatory interventions.
Finally, Lioulios et al [15] remind us that transplantation occurs against a backdrop of profound immune dysregulation associated with chronic kidney disease [16]. Their analysis reveals persistent alterations in regulatory and senescent immune populations even after successful transplantation, highlighting the complexity of immune recovery and adaptation.
Taken together, these studies demonstrate that modern transplant immunology is moving beyond the traditional dichotomy of rejection versus tolerance. Increasingly sophisticated tools are allowing clinicians to characterize, monitor, and manipulate immune responses with unprecedented precision.
LONG-TERM CHALLENGES: INFECTION, MONITORING, AND AGING RECIPIENTS
The transplantation journey does not end with graft implantation. Long-term success depends on maintaining a delicate balance between immune suppression and immune competence.
Several contributions address cytomegalovirus, one of the most important infectious complications in transplantation. Milo-Bellier et al [17] provide a timely review of the complex interactions between immunosuppressive agents and CMV-specific immunity. Their work emphasizes that infectious risk reflects the cumulative impact of immunosuppression rather than the effects of individual drugs.
Kamar et al [18] extend this discussion through a post hoc analysis of the SOLSTICE trial. Their findings demonstrate a striking association between CMV clearance and survival, with no deaths observed among patients achieving viral eradication. These results reinforce the importance of effective antiviral management as a determinant of long-term outcomes.
Doberer et al [19] explore another promising avenue for individualized care through the use of Torque Teno virus as a putative “immunometer” (i.e., biomarker of net immunosuppression [20]). Although challenges remain before widespread implementation, this approach exemplifies the broader movement toward precision immunosuppression guided by objective biological markers.
Finally, Prosperi et al [21] address an increasingly relevant demographic challenge: transplantation in older recipients. Their propensity-matched analysis demonstrates that carefully selected patients over 70 years of age can achieve outcomes comparable to younger recipients. As populations age worldwide, such findings will become increasingly important for ensuring equitable access while maximizing the societal benefits of transplantation.
LOOKING FORWARD
The articles collected in this special issue collectively illustrate a field in transition. Across every stage of the transplantation journey, researchers and clinicians are seeking ways to deliver better outcomes while using resources more efficiently, reducing waste, expanding access, and personalizing care.
The concept of sustainable transplantation that defined ESOT 2025 extends far beyond environmental considerations. It encompasses sustainable allocation systems that improve equity, sustainable preservation strategies that reduce organ discard, sustainable immunological monitoring that minimizes unnecessary interventions, and sustainable long-term care that preserves both graft function and patient wellbeing.
The studies highlighted here demonstrate that these goals are no longer aspirational. They are already shaping clinical practice and research priorities across the transplantation community.
As transplantation enters a new era characterized by machine perfusion, regenerative medicine, precision immunology, and data-driven decision making, the challenge will be to ensure that innovation remains aligned with responsibility. The success of ESOT 2025 suggests that the community is ready to embrace this challenge.
The future of transplantation will not be defined solely by what we can achieve scientifically, but by how wisely, equitably, and sustainably we apply those achievements for the benefit of patients worldwide. This special issue offers a glimpse of that future—and it is an inspiring one.
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In the face of a growing mismatch between candidates awaiting transplantation and the supply of conventional donor organs, attention has shifted toward novel methods to increase the donor pool, including the use of donation after circulatory death (DCD) and the refinement of procurement techniques that safeguard graft quality. Thoracoabdominal normothermic regional perfusion (TA-NRP) has emerged as a new strategy, leveraging extracorporeal support to curtail warm-ischemic injury while permitting in situ functional assessment. This review covers the rationale behind the use of TA-NRP, while outlining its use during procurement and the current body of evidence gathered on it implementation in lung transplantation specifically.
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INTRODUCTION AND OVERVIEW OF TA-NRP METHODS AND IMPLEMENTATION
In an era in which the need for transplant heavily outweighs the availability of suitable donors, the field of transplantation has turned to novel methods to increase the donor pool. Tactics to do so focus on increasing the quantity of donors and broadening the range of organs considered suitable, such as the utilization of extended criteria lungs. Aside from improving donor management and liberalizing donor criteria such as age or smoking history, the inclusion of donation after circulatory death (DCD) has gained considerable traction in recent years. While historically cadaveric lungs have come from donation after brain death (DBD), the use of DCD lungs has started to rise. These lungs were previously excluded due to concern over quality, however numerous studies have shown no significant difference in survival with DCD lungs. For donors where direct implant of the DCD allograft may be concerning for the transplant team, methods like normothermic regional perfusion (NRP) and ex vivo lung perfusion (EVLP) have enabled the safe evaluation and effective use of DCD lungs. Also known as non-heart-beating donors or as donation after circulatory determination of death, DCD is classified by the Maastricht classification system which differentiates between “uncontrolled” donors for whom cardiac arrest was unexpected and in which resuscitation was unsuccessful and “controlled” donors where care is withdrawn resulting in cardiac arrest [1, 2]. There are differences in the geographic distribution of DCD vs. DBD cases globally, with a higher prevalence of DCD use in Australia and Europe compared to the United States, though rates of utilization in the US are steadily increasing [3]. In controlled DCD, from which most organs are procured, life-sustaining support is withdrawn leading to a period of warm ischemia during which organs are not perfused but not yet cooled. The implementation of supportive systems following procurement, i.e., NRP, may mitigate the effects of warm ischemia, which is thought to be particularly damaging to the organs. This review will focus on thoracoabdominal NRP (TA-NRP) and its use in donor organ procurement, with a highlight on how its implementation has impacted lung transplantation.
Procurement With TA-NRP
When procuring organs from the donor, organs can be recovered via the traditional direct procurement with cold flush and storage or alternatively by NRP whereby an extracorporeal membrane oxygenation (ECMO) circuit or another extracorporeal circuit like cardiopulmonary bypass (CPB) perfuses the organs. The use of a controlled reperfusion strategy both limits warm ischemic time and simultaneously allows for in situ evaluation of graft function [4–6]. The primary motivation behind the development of TA-NRP was the desire to expand heart transplantation to DCD donors, a population previously excluded due to irreversible myocardial warm ischemia. Conventional abdominal NRP maintained perfusion to abdominal organs but excluded the thoracic cavity, precluding safe cardiac recovery. By extending regional perfusion to include both thoracic and abdominal organs while isolating cerebral circulation, TA-NRP allowed for physiologic reperfusion, assessment, and recovery of the DCD heart.
Early use of NRP dates back to the 1980s and 1990s when Spanish groups performed high numbers of uncontrolled DCD procurement in liver transplantation. Unlike in other regions, the majority of DCD livers grew to be recovered with NRP and showed benefits in post-transplant outcomes such as biliary complications and graft loss compared to standard rapid recovery [7]. The use of abdominal NRP became routine in Spain and the UK, and early experiences at the Royal Papworth Hospital and within other UK centers pushed forward the development of TA-NRP [8, 9]. Adoption across the US has followed, with early experiences documented at Colorado, NYU and Vanderbilt accompanied by a growing popularity across centers in recent years [10].
From a technical standpoint, TA-NRP can be initiated via central or peripheral cannulation (Figure 1). The femoral artery and vein are most commonly accessed for peripheral cannulation. This approach has the primary advantage of being able to cannulate prior to the procurement sternotomy. Central cannulation is most commonly initiated via the ascending aorta and through the right atrium, which is considered the standard cannula placement [11]. While there is no one codified technical approach to TA-NRP, a consensus statement on technical standards was published in August of 2024 drafted by a working group made of members from several surgical societies [11]. Standard of care as prescribed by that group stipulates that cerebral blood flow should be prevented before systemic perfusion starts. Cerebral reperfusion is typically impeded by the placement of clamps or ligation of all brachiocephalic vessels. Perfusion can be established with either an ECMO or CPB circuit, with preference depending on experience and availability. At its core, any circuit that is used will need to have a reservoir, oxygenator, pump, tubing and cannulas. It has however been noted that a CPB circuit does have some advantages including being able to unload the heart through venting, improving myocardial reperfusion, and the ability to correct derangements like hyperkalemia and metabolic acidosis which can occur with circulatory death [12]. Cardiac venting can be accomplished with a pulmonary artery vent which also facilitates lung procurement or with a left ventricular or a left atrial vent [11]. Many centers using ECMO for TA-NRP have modified the ECMO circuit to include a reservoir to allow for cardiac venting. Weaning off bypass/ECMO can be done with assessment of the graft’s function under a more normal physiologic setting to come to a better idea of if the heart can be accepted for transplant [12]. Regardless of whether CPB or ECMO is used, there are several critical factors that should be considered for every TA-NRP case. Importantly for the lung, the ventilatory parameters should be protective and include recruitment maneuvers to prevent perioperative lung injury. The length of time on TA-NRP is not yet standardized and there is no established ideal duration. If only thoracic organs are being procured, the duration of NRP should be limited to less than 60 min [11]. Organs can and should be assessed while off TA-NRP, particularly to evaluate the native cardiac function and can include pulmonary vein gas samples for donor lung evaluation. TA-NRP concludes with placement of the aortic cross-clamp, and start of the cold preservation time.
[image: Medical illustration showing two types of thoracoabdominal normothermic regional perfusion (TA-NRP) circuits: central access with cannulation to the heart and great vessels, and peripheral access via femoral vessels, both connected to an external circuit.]FIGURE 1 | Configuration of thoracoabdominal normothermic regional perfusion (TA-NRP). Central (left) TA-NRP is accomplished with arterial inflow (red) via cannulation of the ascending aorta after ligation or clamping of the head vessels and venous drainage (blue) along with a pulmonary artery or left ventricular vent (green). Alternatively, peripheral TA-NRP (right) can also be performed through cannulation of the femoral vessels.The risks of initiating TA-NRP are tied to the speed with which the chest should be entered, which could increase the likelihood of injury to major vessels like the inferior vena cava. Injury to the aorta could lead to a hematoma or dissection during cannulation, and the speed at which TA-NRP is initiated could lead to laceration of the right ventricle or lungs during the sternotomy and pericardiotomy [13]. There is also a risk of coronary air embolism with rapid cannulation which could lead to predonation arrhythmia [13]. These risks are mitigated by experience, which remains perhaps the biggest barrier to the use of TA-NRP along with the extent of resources it requires. As Moazami et al noted, the combined efforts of experienced cardiac anesthesiologists, transplant cardiologists, perfusionists, operating room personnel, and transplant surgeons are all needed to ensure the best chance at successful resuscitation of organs on bypass and for final acceptance [12]. As the recent consensus document notes, the surgeon performing TA-NRP should be experienced given the rapidity of cannulation and the need to initiate regional perfusion in a timely fashion. They suggest a credentialing process that includes an operative log of at least five cases for those with previous formal training or proctored recoveries for those without formal training. As the utilization of DCD organs becomes more commonplace, there are greater opportunities for providers and hospital systems to become familiar with the requirements and implementation of TA-NRP, which will eventually reduce impediments to its initiation.
USE OF TA-NRP IN LUNG TRANSPLANTATION
TA-NRP can facilitate the procurement of several organs, with a prominent focus on cardiac and pulmonary harvest. For the lungs, the benefit is to quickly and efficiently re-initiate perfusion, which should mitigate effects of warm ischemia [14]. In the Colorado experience, the right atrium and distal innominate artery are cannulated, with a pulmonary artery vent placed at the level of arterial transection to allow for heart and lung splitting [15]. Through their technique, they report in a retrospective review that the median time from asystole to reperfusion was 9.5 min (IQR 8.75–12.5 min) with a total perfusion time of 86.5 min (IQR 79.75–92.5 min) [13]. From this cohort, they experienced only one instance of primary graft dysfunction (PGD) grade 2 in a single transplant recipient compared to 7 of 8 patients who had PGD grade 1 or less. Additionally, the median post-operative PaO2/FiO2 (PF) ratio increased over the course of post-operative days 0–2 from a starting point of 280.5 (236–255.5) to a peak of 370 (316.0–436.0). In another case study series out of the Leuven group in Belgium, five TA-NRP and one abdominal-NRP (A-NRP) cases were performed over the course of a year [16]. From this, two resulted in double lung transplants, though in contrast five hearts were accepted and transplanted. Of these two, one developed PGD grade 3 on post-operative day 2 and the other PGD grade 2 on post-operative day 3. Lungs which were not accepted after TA-NRP were rejected due to medical reasons.
In the NYU protocol, following cannulation and reperfusion, the patient is reintubated, bronchoscopy is performed, a left atrial vent is placed and after 30 minutes, the donor is weaned off support with an arterial blood gas drawn. NRP is then resumed until the aortic cross-clamp is ready to be applied and was run using either CPB or an ECMO circuit with a reservoir. With this, after a series of 8 lung transplants and 3 heart-lung procurements on TA-NRP, 100% of organs were utilized and there were no instances of grade 3 PGD at 72 h [17]. Compared to DBD donors, there were no significant differences in the PF ratios or short or long-term outcomes. From the Spanish experience which combined the results from several centers in the country, TA-NRP was performed in 28 lung cases and directly compared to 255 abdominal NRP (A-NRP) [18]. The TA-NRP group had no cases of PGD grade 3 at 72 h and had overall significantly lower rates of any grade of PGD compared to A-NRP. There were no differences in the rates or duration of mechanical ventilation, intensive care unit and hospital stays or in survival or readmission. In another retrospective analysis of transplanted lungs after TA-NRP from Vienna, there were no differences in rates of PGD or post-operative mortality when comparing concomitant heart-lung transplant to lung transplant alone [19]. Similarly, an analysis of the Scientific Registry of Transplant Recipients showed that among cardiac DCD donors, lung usage was similar between TA-NRP and direct procurement cases [20]. These case studies highlight the importance of monitoring post-operative PGD as well as organ utilization rates when trying to understand the impact of initiating TA-NRP as routine practice. The process of TA-NRP does not immediately appear to be correlated with high rates of severe PGD, however, the published papers are case series with limited numbers of implanted grafts. As experience with TA-NRP grows, any apparent relationship should become more evident. Experience will only grow if TA-NRP is deemed a useful tool in recovering organs, which appears to be the case given the utilization rates recorded across these case series. While utilization rate ranges from 64% in the 41 lungs transplanted from 70 lungs in the Spanish experience to the use of 100% in the NYU case series, TA-NRP appears to be a viable method of procurement to increase the donor pool.
Larger registry analyses have tried to find overarching relationships across comparison groups in multicenter data, finding suitable results within cases of TA-NRP pointing to no significant differences when compared to other forms of procurement. Across a query of the United Network for Organ Sharing (UNOS) database, of 627 DCD cases aimed at heart procurement, there were utilization rates of 14.9% of lungs in NRP cases compared to 13.8% in direct procurement [21]. Furthermore, there were no differences amongst in-hospital outcomes or short-term survival amongst the recipients in either group. Another UNOS registry data review from the same year looked at 434 DCD transplants, 17 of which were recovered by this classification with TA-NRP and demonstrated a lower likelihood of ventilation greater than 48 h and a non-statistically significant trend towards shorter hospital stays. Of 146 total TA-NRP donors in the pool the low number of 17 transplants equates to an 11.6% utilization rate, which is far lower than the 75.3% for cardiac transplant or 9.8% for kidney transplants [22]. In the STAR-OPTN dataset, 987 DCD lungs were analyzed, of which 92 underwent NRP without distinguishing between TA-NRP or A-NRP with no changes in short-term survival, PGD grade 3 or length of stay either. An important caveat to all three studies is that the TA-NRP groups consist of donors who are inferred to have gone through this type of procurement [23]. Each study relied on the time from asystole to cross clamp falling above a certain threshold of minutes to infer which were TA-NRP cases, which confers a degree of uncertainty as to the true status of each donor.
Use of TA-NRP has been criticized by some who cite concerns that its use can lead to pulmonary edema. Recommendations to minimize this complication including both donor management and technique. The Colorado experience notes that suitable donors are those with adequate urine output or on diuresis (with a suggestion of furosemide 20–40 mg every 8 h) to combat resulting pulmonary edema from both TA-NRP and cold storage [13]. They also for this reason limit their TA-NRP runs to 45–60 min in length, while considering extensions to 90–120 min if abdominal procurement requires more time. Other considerations in surgical technique include the placement of early pulmonary arterial venting and as the consensus document notes, drainage of donor blood after placing the venous cannula to reduce intracardiac pressures and combat venous congestion before TA-NRP perfusion starts [11]. The placement of the vent, while considered optional in the circuit for some, is noted by others to play an important role in reducing hydrostatic pressure [13]. One preclinical study has so far attempted to investigate the effects of TA-NRP on procurement through a porcine model by comparing TA-NRP to direct procurement via a post-procurement run on EVLP [24]. While the mean PA pressure increased during TA-NRP, the edema evaluated during EVLP and the lung injury scoring of the histopathology were comparable between TA-NRP and direct procurement groups.
EVALUATION OF TA-NRP WITH EVLP
EVLP on its own has been discussed as a post-procurement method of evaluating and potentially rehabilitating donor organs both in DBD and DCD cases [25, 26]. Within the context of TA-NRP, EVLP has been proposed as an adjunctive method to further facilitate the evaluation of donor allografts and as a platform to deliver therapies [27]. In an abstract and subsequent article from Vanderbilt, a series of DCD lungs were put on EVLP at centralized centers and then categorized based on whether they were procured with TA-NRP, A-NRP or directly [28, 29]. The conversion rate following EVLP was found to be higher in TA-NRP compared to A-NRP but comparable to direct procurement. Across all of these groups, the need for post-operative ECMO was low at either 0 or 2 cases, however the length of hospital stay was significantly higher in both NRP groups. Other uses of EVLP with TA-NRP has been from case reports, including a study of a DCD recovery with TA-NRP run on EVLP for transport instead of cold storage. There was no finding of PGD following transplant and the authors concluded that the combination of TA-NRP with mobile EVLP served to reduce logistic challenges given the distance between the donor and the recipient [30]. These publications serve as limited proof that EVLP after TA-NRP can be both feasible and clinically useful, however, highlight a need for greater study of any synergistic effects.
CONCLUSION
The current literature regarding TA-NRP suggests that it is a useful tool before the procurement of DCD organs. TA-NRP allows for transplant groups to leverage an intraoperative opportunity to mitigate the effects of warm ischemia while also evaluating organs in situ. Several case series from various groups internationally have both demonstrated the feasibility of TA-NRP as well as set the stage for standardization of the technique. Registry level analyses have also shown the use of TA-NRP leads to results equivalent to those of DBD donors in experienced centers. As Van Raemdonck et al have noted, however, a key tenet to maintaining good outcomes is good communication between teams involved in organ retrieval [31]. Additionally, presently, there is only a limited amount of data about TA-NRP and the controversial ethics surrounding TA-NRP demands the collection and analysis of more in-depth evidence to support its implementation. Registries should be modified to note when a donor case has proceeded with TA-NRP so that future studies do not infer the status from time intervals. As experience grows, single and multicenter retrospective analyses can create a clearer picture of clinical outcomes. These data sets will create the ability for centers to also further refine donor management, which has already demonstrated the need for certain practices like diuresis, venting during perfusion, and creating guidelines around the duration of TA-NRP. There may be opportunities to pair TA-NRP with other interventions such as EVLP to help facilitate logistic and clinical concerns. Prospective and adequately powered trials will always be necessary to validate long-term outcomes and understand the impact that these interventions have on rejection and survival metrics. Nevertheless, TA-NRP presents as a rapidly growing technique that certainly has its merits in organ procurement, with growing evidence demonstrating its utility in lung transplantation.
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Transplantation improves survival and quality of life, but rejection remains a major threat to allograft longevity. Current surveillance relies heavily on protocols with clinically indicated biopsies, which are invasive, carry procedure-related risks, and have variable sensitivity due to sampling and interpretation limitations. Percent donor-derived cell-free DNA (%dd-cfDNA) has emerged as a noninvasive blood-based biomarker for allograft injury and a potential rule-out test for rejection. Centralized commercial assays are increasingly used in clinical practice; however, published studies report heterogeneous performance and reveal important blind spots and confounders. This review synthesizes the evidence for %dd-cfDNA in thoracic transplantation, delineates its limitations, and outlines emerging cfDNA methodologies that may reduce reliance on invasive biopsies and enable more individualized monitoring strategies.
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INTRODUCTION
Acute rejection (AR) remains a critical vulnerability in thoracic transplantation. Clinicians rely on traditional biopsies of the allograft to detect AR and two classic phenotypes: acute cellular rejection (ACR) and antibody-mediated rejection (AMR). The traditional one-size-fits-all monitoring protocol performs repeated surveillance biopsies to detect and treat early forms of AR before irreversible allograft injury, chronic rejection, and allograft failure develop. Testing often necessitates intricate coordination among various specialties, procedural services, and advanced care planners [1, 2]. This complex model places a substantial burden on healthcare systems and patients alike, ultimately imposing significant socioeconomic across a wide spectrum of care [1, 3, 4]. Moreover, the low sensitivity and high inter-rater variability of biopsy further compromise transplant outcomes [5, 6].
In light of these challenges, donor-derived cell-free DNA (dd-cfDNA) has emerged as a highly sensitive and non-invasive alternative to biopsy. Cell-free nucleic acids are circulating DNA and RNA fragments (cfDNA and cfRNA, respectively) that are released from nuclear, mitochondrial, or microbial genomes into the peripheral bloodstream at the time of cell injury and/or death. In transplant patients, both the recipient and donor contribute to the circulating cell-free nucleic acid pool (rd-cfDNA and dd-cfDNA, respectively).
Cohort studies among transplant patients demonstrate excellent diagnostic performance of dd-cfDNA, with high negative predictive values when used to screen for acute rejection, primary graft dysfunction, and chronic rejection in clinically stable patients [7]. With the availability of commercial testing, %dd-cfDNA has been increasingly adopted in routine clinical care at US and European Centers, particularly large academic institutions [8–10]. Clinical experiences, however, have been mixed: some centers report consistent performance aligning with early cohort findings, while others exhibit less favorable results alongside challenges with interpretation [7, 11, 12]. To optimize integration into routine clinical care, it is paramount to address the blind spots of %dd-cfDNA and move beyond the one-size-fits-all monitoring paradigm in thoracic transplant populations.
This review aims to highlight the strengths, blind spots, and novel approaches using cfDNA to address these dd-cfDNA gaps.
HISTORICAL BASIS: THE ADVENT OF CELL-FREE DNA TECHNOLOGY
Transplantation restores organ function and creates a donor–recipient genomic admixture wherein measurement of cell-free DNA (cfDNA) provides a noninvasive window into allograft health. Half a century after the discovery of cfDNA in human plasma, Denis Lo first reported on the presence of fetal DNA in maternal plasma in 1997 [13]. Despite these initial findings, cfDNA adoption in transplantation was initially slow. In 2010, Dr. Stephen Quake published a SNP-based approach that leveraged the unique transplant genomic admixture [14]. This 1st generation assay genotyped transplant donors and recipients to identify informative donor-recipient single nucleotide polymorphisms (SNPs). Post-transplant plasma was then subjected to cfDNA isolation and whole genome sequencing and reads were analyzed using SNPs to assign donor and recipient cfDNA fragments. Percent dd-cfDNA (%dd-cfDNA) was then computed as the donor-to-total (donor plus recipient) cfDNA percentage, which has become the standard reported value in transplant populations. Since then, commercial %dd-cfDNA tests are increasingly available for routine clinical care. These SNP-based assays used a targeted approach and imputed donor and recipient SNPs without the need for genotype data. Figure 1 summarizes the modern evolution of cfDNA technologies.
[image: Timeline graphic illustrating key milestones in circulating nucleic acids research from 1948 to 2024, including the discovery, fetal cfDNA detection, sequencing advances, methylation and transcriptome atlases, and multi-omics profiling with machine learning.]FIGURE 1 | Evolution of cfDNA technologies.Novel cfDNA approaches (3rd generation) have emerged in the last decade and while they do not fix the listed weaknesses, they offer mechanisms that utilize epigenetic fingerprints on cfDNA to better characterize tissue-specific contributions and highlight molecular mechanisms of action [15]. In theory, these approaches could unveil known and unknown pathobiological information of AMR and ACR using a single vial of blood. We summarize these different epigenetic technologies at the end of this review.
CURRENT KNOWLEDGE
Cell-Free DNA to Detect Acute Rejection
Table 1 summarizes seminal studies on the use of cfDNA in thoracic transplant, highlighting the wide range of %dd-cfDNA cutoffs used in initial validation studies and the ongoing work that must be done before %dd-cfDNA is widely adopted. The Stanford Genome Transplant Dynamics (GTD) team launched the initial transformative studies in both heart and lung transplants. The NHLBI-funded Genomic Research Alliance for Transplantation (GRAfT) consortium has since built on these initial studies.
TABLE 1 | Seminal Studies in the Validation of dd-cfDNA as a marker for thoracic organ rejection.	Transplant type	Author	Study design	Sample size (n)	Biomarker threshold	Data Collection methodology	AUROC	Specificity (%)	Sensitivity (%)	PPV (%)	NPV (%)
	Heart transplantation	De Vlaminck et al. [16]	Single-center prospective cohort study	65	Dd-cfDNA ≥0.25% to detect acute cellular rejection (ISHLT ≥2R/3A) or AMR	SNP-based shotgun sequencing	0.83	58	93	-	-
	Khush et al. [17]	Multicenter prospective cohort study + single center cohort study	773	ddcfDNA ≥0.2% to detect acute rejection	Allosure	0.64	80	44	8.9	97.1
	Agbor-Enoh et al. [18]	Multicenter prospective cohort study	171	Day 28 ddcfDNA ≥0.25% to detect biopsy-positive acute rejection	SNP-based shotgun sequencing	0.92	81	85	19.6	99.2
	Knuttgen et al. [19]	Single-center prospective cohort study	87	ddcfDNA ≥0.35% to detect severe rejection (ISHLT 1R/2R)	Therasure transplant monitor	0.81	83	76	31	97
	Kim et al. [20]	Observational single-center cohort study	223	ddcfDNA ≥0.15% to detect acute rejection	Prospera	0.86	76.9	78.5	25.1	97.3
	Absolute quantity ddcfDNA ≥13 cp/mL to detect acute rejection	0.88	82.5	84	32.2	98.1
	Bohmer et al. [21]	Multicenter observational prospective cohort study	94 (24 children/70 adults)	Absolute quantity ddcfDNA ≥25 cp/mL to detect biopsy-confirmed rejection	SNP-based shotgun sequencing approach	0.87	80.7	94.1	8.6	99.9
	ddcfDNA ≥0.09% to detect biopsy-confirmed rejection	0.75	49.3	88.2	3.1	99.6
	Lung transplantation	De Vlaminck et al. [22]	Single-center prospective cohort study	51	ddcfDNA ≥1.0% to detect moderate-to-severe acute rejection	SNP-based shotgun sequencing	0.9	100	73	-	-
	Jang et al. [23]	Multicenter prospective cohort study	148	Day 45 ddcfDNA ≥0.5% to detect acute rejection	SNP-based shotgun sequencing	0.89	65	95	51	96
	Day 45 ddcfDNA ≥1.0% to detect acute rejection	-	84	77	64	90
	Keller et al. [24]	Multicenter retrospective cohort study	175	ddcfDNA ≥1.0% to detect acute lung allograft dysfunction	SNP-based shotgun sequencing	0.79	70	76.2	66.7	79.2
	Rosenheck et al. [25]	Single-center prospective cohort study	104	Day 45 ddcfDNA ≥1.0% to detect acute rejection	Prospera	0.91	89.1	82.9	51.9	97.3
	Day 45 ddcfDNA ≥1.0% to detect combined allograft injury (ACR + AMR + CLAD/NRAD + INFXN)	0.76	59.9	83.9	-	-
	Ju et al. [26]	Single-center retrospective cohort study	188	Prediction score based upon ddcfDNA and mNGS ≥0.2781 to detect rejection	Allodx (NGS ddcfDNA system based upon analysis of 6200 SNPs)	0.986	94.7	98.2	88.7	99.2


Lung Transplant
In 2015, using the 1st generation SNP-based assay to measure %dd-cfDNA, De Vlaminck et al. reported excellent diagnostic performance with a ≥1% dd-cfDNA threshold used as indicator of AR when compared to traditional metrics of AR detection [22]. Lower grade ACR and AMR (A1 and A2) were not included.
Building on this initial data, GRAfT replicated and validated the cfDNA detection methods established by the Stanford GTD, enhancing the reliability and clinical applicability of %dd-cfDNA in assessing AR, which now included AMR and lower grades of ACR [27]. This early work resulted in a seminal publication by Jang et al. who proposed two %dd-cfDNA rejection detection thresholds of 1% and 0.5% dd-cfDNA indicative of a high and low risk patients, respectively [23]. This work set the stage for further clinical testing and validation studies, many of which have proposed different diagnostic thresholds to maximize the sensitivity and specificity of dd-cfDNA [25, 28–31].
In 2022, Keller et al. from the GRAfT consortium reported %dd-cfDNA performance as part of routine clinical care using a home-based surveillance program and thresholds from Jang et al. %dd-cfDNA demonstrated excellent diagnostic performance for detection of acute lung allograft dysfunction (ALAD–defined in this study as a composite endpoint of either acute rejection or infection) and its use successfully avoided 80% of bronchoscopies, which aligned with the GRAfT and other cohort study experiences [24, 31].
However, in 2024, Sindu et al. used the same commercial testing platforms and %dd-cfDNA thresholds but observed unsatisfactory sensitivity for detecting ACR or respiratory infection [11]. These diverging experiences are potentially valid and highlight the need to better understand the performance of the test in different patient populations. Future studies should also address multiple reported confounders that limit the assay performance [32–34].
Comparing the fidelity of %dd-cfDNA to more established rejection markers, %dd-cfDNA has a significantly higher sensitivity to detect rejection compared to FEV1 changes, 95% vs. 60%, while offering a more detailed injury map than traditional inflammatory markers such as ESR/CRP [23, 35]. Future studies would benefit from comparing the distinguishing performance of dd-cfDNA compared to ESR/CRP as studied within kidney transplantation [36].
Heart Transplant
The Stanford GTD published initial proof of concept for use of %dd-cfDNA in heart populations and the first seminal studies in their single center cohort [16]. In 2019, Khush et al. studied 740 heart transplant patients across 26 centers, pairing them with events of biopsy-proven rejection [17]. Using a 0.2% dd-cfDNA threshold, they reported a 97% NPV for detecting AR. Their findings indicated that %dd-cfDNA detected AR across a broad heart transplant population, not just in lung transplants.
Following those seminal studies, Agbor-Enoh et al. ran a prospective cohort study of 171 subjects through the GRAfT cohort [18]. Notably, AR showed higher %dd-cfDNA compared to controls, with elevations detectable 0.5–3.2 months before histopathologic diagnosis of both ACR and AMR via endomyocardial biopsy. A 0.25% threshold yielded a 99% NPV and could have avoided 81% of endomyocardial biopsies over the study period. Since these initial studies, multiple additional cohorts have emerged to validate diagnostic testing thresholds in AR [19, 20, 37]. We summarize seminal studies in Table 1 and the differing diagnostic thresholds for detecting AR in these cohorts across both heart and lung transplantation.
While most heart transplantation societies do not recommend routine AR screening with troponin/BNP/ESR given their low sensitivity, further studies are needed to directly compare these easily available biomarkers with %dd-cfDNA [2]. When compared directly with endomyocardial biopsy and cardiac MRI, %dd-cfDNA shows sensitivity to detect AR as high as 88% which is higher than MRI alone (85% sensitivity) and EMBx (as low as 58% sensitivity depending on technique) [6, 12, 38]. In the GRAfT cohort, EMB was positive in less than 20% of instances with positive %dd-cfDNA. Of note, %dd-cfDNA was shown to notably not distinguish between patients with angiographic cardiac allograft vasculopathy (CAV) post-transplant and those without, highlighting a particular weakness given the high frequency of and mortality associated with CAV [39].
Like with lung transplantation, experiences have been mixed across centers with–highlighting the challenges that still remain with using %dd-cfDNA routinely in heart transplantation. Institutions have reported inconsistent sensitivities for AR across a range of % cutoffs, high rates of non-rejection causes of elevated dd-cfDNA, and even that patients with elevated dd-cfDNA and negative biopsies had worse outcomes, highlighting areas for future studies [19, 40, 41].
Cell-Free DNA for Risk Stratification
Studies involving the long-term risk stratification ability of cfDNA have primarily focused on lung transplant populations within the GRAfT consortium, with cfDNA demonstrating consistent predictive performance throughout the transplant journey. In the pre-transplant period, Balasubramanian et al. evaluated 186 lung transplant candidates and reported variable n-cfDNA levels that were two-fold higher than those for healthy controls and were correlated with a patient’s Lung Allocation Score as well as other markers of disease severity [42]. Patients with high levels pre-transplant had higher risks of primary graft dysfunction and death post-transplant. The risk was highest in patients with elevated neutrophil-derived n-cfDNA, suggesting a role for pre-transplant n-cfDNA monitoring for risk evaluation and assessment.
High Early Injury after Transplantation (HEIT) also demonstrates predictive value, particularly injury in the early post-transplant period. In 2016, Agbor-Enoh et al. analyzed a cohort of 108 patients and reported variable %dd-cfDNA in the early post-transplant period. Patients with elevated %dd-cfDNA levels (upper tertile) showed higher rates of AMR, CLAD, and death when compared to those in the lower two tertiles [43]. Alnababteh et al. published a follow up study of rd-cfDNA in 215 patients and found that patients in the upper tertile had lower lung function post-transplant and an increased risk of death and AR when compared to the lower two tertiles [44]. Along a similar vein, Keller et al. evaluated the prognostic role of extreme molecular injury (EMI - measured as %dd-cfDNA above 5%) and found that all episodes of EMI were associated with an increased risk of severe CLAD or death [45]. Put together, there appears to be a close interplay between the allograft and the host which sets the stage for subsequent allograft function, rejection, and other poor outcomes.
Beyond the early post-transplant period, %dd-cfDNA drawn at the diagnosis of multiple acute post-transplant complications has predictive utility. In patients with respiratory pathogens, Bazemore K et al. showed that patients with %dd-cfDNA levels of 1% or higher showed increased risk of CLAD and death [32]. Keller et al. reported that patients with values above 1% at diagnosis of ACR demonstrated increased risk of CLAD and death [46, 47]. %dd-cfDNA levels at the diagnosis of organizing pneumonia and other acute complications are also predictive of CLAD and early death [48].
Cell-Free DNA to Monitor Infection
Microbial cfDNA (mcfDNA) is found alongside human cfDNA in peripheral blood at lower concentrations and metagenomic sequencing of mcfDNA is an emerging tool that enables unbiased pathogen detection. Currently, there is a commercial clinical-grade mcfDNA sequencing test called the Karius Test that identifies over 1,250 clinically relevant bacteria, DNA viruses, fungi, and parasites non-invasively [49]. Studies have leveraged microbial cfDNA to detect new pathogens in transplant populations and assess a patient’s immunosuppression status [50, 51]. Although this approach has a limitation in identifying colonization versus active infection, it has the potential to detect unculturable and emerging microbes as well as help to distinguish AR from active infection–a known limitation of %dd-cfDNA.
Monitoring Immunosuppression
De Vlaminck et al. demonstrated a close association between plasma cfDNA and a patient’s degree of immunosuppression post-transplant using plasma anellovirus abundance as a surrogate marker of immunosuppression [50]. Adequate immunosuppression is poised to reduce allograft injury and the risk of AR. Thus, %dd-cfDNA could theoretically assist clinicians in understanding the relative degree of immunosuppression when interpreted alongside traditional laboratory markers. Charya et al. recently tested this hypothesis in the GRAfT cohort. They showed a significant inverse correlation of %dd-cfDNA with both tacrolimus trough concentrations and anellovirus abundance, a recognized surrogate marker of global immunosuppression over time [52]. Percent dd-cfDNA identified episodes of inadequate immunosuppression with higher performance compared to both tacrolimus troughs and anellovirus abundance.
ADOPTION OF %DD-CFDNA IN ROUTINE CLINICAL PRACTICE
Three CLIA-approved centralized commercial dd-cfDNA tests are available in the US and Europe: AlloSure (CareDx), Prospera (Natera), and TRAC (Eurofins Viracor) [20, 41]. These tests perform %dd-cfDNA testing without the need for prior genotyping. While these assays show considerable agreement in detecting rejection, the cutoff values are different [53]. CareDx also markets a more decentralized testing kit (CE-IVDD) that utilizes custom SNP panels and PCR. Direct comparison of CE-IVDD with a a centralized assay assay demonstrated positive correlation and reproducibility [10]. However, CE-IVDD has a higher assay detection limit, which could reduce its sensitivity, particularly for heart transplants where lower threshold values are needed for diagnosis of AR.
Clinical adopters of %dd-cfDNA often follow variable monitoring protocols given the lack of consensus standards. A recent editorial summarizes common monitoring protocols used in recent years including the ALARM study, which used %dd-cfDNA thresholds of 0.5% and 1% [24, 54]. They found that %dd-cfDNA values above 1% were highly suggestive of AR and served as an “alarm signal”, or a trigger to biopsy and perform additional testing to identify a cause of the derangement. On the other hand, values below 0.5% provide reassurance as an “all clear” signal. Values between 0.5% and 1% represent a gray zone and could serve as an indication for careful monitoring to detect early or impending forms of complications. In light of these results, a recent meta-analysis showed consistency upon review, giving users more guidance on application of %dd-cfDNA although further studies to describe optimal testing windows are still needed [55].
GAPS IN KNOWLEDGE
Despite the robust performance of %dd-cfDNA in cohort studies, reports from routine clinical practice show conflicting %dd-cfDNA results, which suggest unaddressed gaps [20, 41, 56]. For example, while replicate analysis demonstrates reproducibility across laboratories, technicians, and platforms, %dd-cfDNA unfortunately presumes stable rd-cfDNA levels post-transplant, which is its first blind spot [57]. This blind spot is particularly problematic, as rd-cfDNA levels can surge and show variable levels after transplantation [21, 58–60]. Any variability therefore results in false-negative or false-positive %dd-cfDNA values independent of the state of allograft injury. Some centers have included absolute dd-cfDNA levels in addition to % to minimize this concern. However, there are significant interindividual differences in dd-cfDNA levels, which can limit its utility [18, 29, 31, 61, 62].
Commercial assays use different %dd-cfDNA thresholds for AR detection, making it challenging to compare results across commercial assays - a 2nd blind spot [10, 63]. There are also no internal control standards to enable comparison between commercial tests. These limitations, plus the paucity of consensus clinical guidelines limit uniform %dd-cfDNA adoption across centers, a 3rd blind spot [20, 41]. Therefore, clinicians and scientists are left to determine their own significant %dd-cfDNA cutoffs for research and clinical purposes. Despite a growing body of evidence for use of %dd-cfDNA, there still remains no uniformly accepted decision-making process published to guide clinician use [2, 8, 64]. Clearly, a standardized approach to research methodology and data validation is required to implement dd-cfDNA beyond its current state, highlighting a key next step towards widespread adoption for transplant care.
%dd-cfDNA testing also lacks specificity for AMR and ACR or between AR and infection–a 4th blind spot. This is a critical shortcoming, as the therapeutic approach to manage ACR, AMR, and various infectious processes differs substantially, with delays or misclassification leading to irreversible allograft injury [23]. A future-ready cfDNA platform could overcome this limitation by coupling quantitative measures from multiple cfDNA compartments - including donor-derived, recipient-derived, and the novel cfDNA testing outlined below - with molecular fingerprints of etiology to produce separate probability scores for AMR and ACR compared to active infection.
Given the limitations outlined above, the emerging field of recipient-derived cfDNA offers a particularly promising avenue for a more holistic approach to post-transplant monitoring. This process may elucidate differences of %dd-cfDNA performance between cohorts and provide inferences to personalize test performance. Only a handful of studies have examined this dimension including our own recent work demonstrating that elevated recipient-derived cfDNA in the early post-transplant period is strongly associated with mortality, AR, and impaired lung function–likely reflecting a systemic injury phenotype that influences the host immune response [44, 65]. In the future, integrating donor and recipient-derived cfDNA into a unified graft–host injury map could quantify both local immune assault and broader physiologic stress, identifying patients at the highest risk for complications such as primary graft dysfunction, secondary infections, or chronic allograft dysfunction long before overt clinical decline.
Do we need randomized control trials (RCTs) in the cfDNA space? There is fear that RCTs, given their high cost, difficulty in achieving enrollment and study benchmarks, could divert resources away from other important discoveries. Well-designed cohort studies have often produced reliable clinical data, particularly in rare diseases as transplantation, without the need for RCTs. However, in the case of %dd-cfDNA, mixed clinical experience compels the need for randomized trials to provide guidelines. A proposed study design for such a trial has been proposed but not yet clinically validated [66]. Any future RCT should ideally address the well-characterized blind spots of %dd-cfDNA to guide proper implementation and adoption into routine clinical practice.
NEXT GENERATION CFDNA APPROACHES COMING TO TRANSPLANT MEDICINE
Cell-free Nucleic Acids
The human body is complex and composed of various cells, tissues, and organ types, each with specialized functions. Single-cell genetic, transcriptomic, and epigenetic profiling have enabled the comprehensive characterization of cell populations in multiple tissue types–including rare cell types–during both physiologic and diseased states. Advances in next-generation sequencing technologies and computational tools have revolutionized the characterization of the genome, epigenome, and transcriptomic profiles of circulating nucleic acids. This allows researchers to better understand different diseases and pathways related to the disease, and aid in establishing diagnostic methods and therapeutic targets. Cell-free DNA carries genetic, epigenetic, and fragmentomic information related to tissues-of-origin and disease biology.
Cell-Free RNA
Plasma cfRNA opens a window to capture systemic response, systemic injury, and molecular mechanisms [67]. In addition to traditional RNAs, circulating cfRNA consists of a variety of cfRNA molecules such as microRNAs (miRNAs), short noncoding RNAs (sncRNAs), long non-coding RNAs (lncRNAs) and others that regulate gene expression. Recent studies used circulating messenger RNA to identify risk of preeclampsia in pregnant women and phenotype cancer subtypes [68–70]. There are limited studies on the use of cfRNA in transplantation. Previous studies focused on miRNAs and the results are conflicting [71, 72]. Nonetheless, we believe plasma cfRNA characterization may reveal pathological processes in previously inaccessible organs [73, 74].
DNA Methylation
Cells show unique epi-methylation markers that play vital roles in genetic regulation with patterns that are unique and stable to each cell type [75]. Recent studies have leveraged cell or tissue specific DNA methylomic markers to identify the tissue origin of cfDNA [76–78]. Microarray- or whole-genome bisulfite sequencing (WGBS) based methods have also successfully been used [79, 80]. While microarrays require high sample input and cover a small percentage of the total methylation site of interest, WGBS, after bisulfite conversion, surveys the methylation state of all cytosines residues and is considered the gold standard. Reference-based deconvolution libraries have continued to grow from an atlas of 25 human cells or tissues to more than 39 cell or tissue types in a recent study [79, 80]. Despite these advances, studies exploring differential methylation regions from cfDNA in transplant settings are scarce. Furthermore, transplant patients are exposed to combinations of immunosuppressive drugs daily, which may cause epigenetic changes that may lead to undesirable outcomes. Therefore, cfDNA methylome analysis may be an additional tool to identify genes and pathways related to AR.
Cell-Free Histone Modifications
Plasma cfDNA from cell nuclei is wrapped around histone proteins H2A, H2B, H3, and H4 to form an octamer protein called nucleosome, a basic unit of chromatin. Epigenetic profiles of histones, such as mono-methylation of lysine 4 at histone H3 (H3K4me1; enhancer region), carry information related to tissues-of-origin and disease biology. Sadeh et al. recently performed cell-free chromatin immunoprecipitation sequencing (cfChIP-seq) targeting H3K4me3 to delineate gene expression patterns and subsequently enabled the identification of unique biological pathways linked to common disease conditions [81]. Similar studies in cancer biology report similar performance [82, 83]. In heart transplantation, cfChIP-seq demonstrated reliable gene expression signals for immunosuppression therapy including those in the calcineurin and mTOR signaling pathway [52]. This technique may hold significant potential to distinguish between ACR and AMR phenotypes and elucidate genes or molecular pathways associated with rejection for potential therapeutic targets.
Cell-Free DNA Fragmentomics
cfDNA fragmentation is non-random and regulated by chromatin structure and epigenetic modification. Fragmentation patterns also vary by the cfDNA tissue source and could infer disease biology [84]. Various cell death mechanisms–such as apoptosis, necrosis, autophagy, necroptosis, pyroptosis, ferroptosis, and NETosis–as well as active secretion, contribute distinct pools of cfDNA. Nucleosome positioning controls transcription by restricting access to the target DNA region [85]. Recent studies have leveraged nucleosome positioning to identify tissue origin of cfDNA and decipher gene expression profiles in cells contributing to cfDNA pools [86, 87]. Use of similar techniques in transplant patients could offer further insight into the unique transplant genetic environment and gene expression pathways.
Cell-Free Mitochondrial DNA
Mitochondria are found in varying numbers and shapes within human cells and differ among cell and tissue type, reflecting metabolic and bioenergetic demands. Mitochondrial DNA (mtDNA) is highly susceptible to oxidative damage due to its poor ability to repair its own DNA [88]. Therefore, during cellular injury, mtDNA is released into the extracellular environment as circulating mt-cfDNA and contribute to the circulating cfDNA pool [89]. A number of studies have reported that increased plasma levels of mtcfDNA in transplant settings can serve as markers of mitochondrial or cell damage, as well as predict allograft dysfunction or episodes of rejection [90–93]. Additionally Ma et al.’s showed that both linear and circular mtDNA coexist in the plasma of liver transplant patients, and as such, both may provide different biological information [94]. Studies characterizing the mt-cfDNA fragment size distribution released from the allograft and recipient tissues may provide new disease-related information.
Future Directions
Figure 2 summarizes the diagnostic potential of %dd-cfDNA and novel technologies discussed. %dd-cfDNA has shown significant results in well-structured cohort studies [18, 43]. However, the mixed results from routine clinical experiences suggest the need for additional studies to address the blind spots and gaps in the dd-cfDNA test [15]. Notably, given the wide variability in host cfDNA levels between patients, it is essential to revisit the effectiveness of %dd-cfDNA across diverse populations, considering personal factors that may impact performance [44]. There is also a need to establish decentralized testing with robust internal controls to enable reproducibility between labs.
[image: Infographic illustrating a process that begins with a human torso highlighting the heart and lungs, followed by a blood sample for cfDNA and cfRNA isolation. A diagram explains cell-free nucleic acid types: genomic, epigenetic, fragmentomics, and transcriptomic, with specific features listed for each. The flow proceeds to multi-modal nucleic acid profiling using a machine learning algorithm, with outcomes such as identifying graft failure risk, rejection phenotypes, molecular disease mechanisms, endotyping, pathogen detection, and personalized immunosuppression.]FIGURE 2 | Novel cfDNA and the future diagnostic utility in transplantation.Looking ahead, the promise of cfDNA lies in integrating different modalities. Embedding the readouts of these modalities into adaptive algorithms–especially when augmented by pharmacogenomics, immune monitoring, and AI-enabled prediction–could shift practice. For example, this approach could shift immunosuppression from empiric population-based regimens to an individualized, real-time management model. The ultimate vision is a precision-guided strategy where one test informs whether to intensify, taper, or redirect therapy, thereby reducing rejection, infection, and drug toxicity while improving long-term graft survival. While this promise may be a mere dream today, we have summarized novel cfDNA approaches that offer advantages to address these gaps. We anticipate that these new technologies could move transplant monitoring away from the one-size-fits-all paradigm towards a more individualized approach.
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Intimal arteritis (v-lesion) has long been considered a hallmark of higher-grade T cell-mediated rejection (TCMR) in kidney transplantation, historically associated with poor graft survival and resistance to therapy. These associations have informed treatment strategies, often prompting intensified immunosuppression, including anti-thymocyte globulins (ATG). However, emerging evidence challenges the assumption that all v-lesions signify TCMR—particularly when they occur in isolation, without significant tubulo-interstitial inflammation. Recent observational studies and molecular analyses suggest that isolated v-lesions may instead reflect non-immune injury mechanisms, such as ischemia-reperfusion injury, particularly in the early post-transplant period. In addition, the shared nature of the v-lesion between TCMR and antibody-mediated rejection (AMR) raises concerns about overdiagnosis and potential overtreatment of “mixed rejection” phenotypes. Following advances in modern immunosuppression and improved donor-recipient matching, the clinical course of v-lesions may have evolved, with severe v3 presentations now rare—rendering historical comparisons less applicable to current practice. These insights highlight the need to revisit traditional paradigms and adopt a more nuanced, context-aware interpretation of v-lesions. This review integrates historical and contemporary perspectives, advocating for a reappraisal of the role of the v-lesion in kidney transplant biopsy evaluation.
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INTRODUCTION
Despite ongoing advances in transplant medicine, nearly 40% of kidney allografts fail within 10 years [1–3], with rejection remaining the primary cause [4, 5]. Rejection diagnosis relies on histopathological evaluation guided by the Banff classification [6], which primarily distinguishes T cell-mediated rejection (TCMR) from antibody-mediated rejection (AMR). The severity of TCMR is determined by histological findings, with moderate to severe tubular (t2-3) and interstitial inflammation (i2-3) defining grade I, while the presence of intimal arteritis upgrades the diagnosis to grade IIa (v1), IIb (v2), or III (v3), regardless of the extent of tubulo-interstitial inflammation. Intimal arteritis (“v”) is defined by the presence of inflammatory cells in the subendothelial space of one or more arteries [7]. Banff guidelines recommend evaluating at least two arteries for adequate v-lesion scoring. Treatment strategies for TCMR vary, with many U.S. centers favoring corticosteroids for TCMR grade I and a combination of steroids and anti-thymocyte globulin (ATG) for grade II or higher [8, 9], whereas ATG use is less common in Europe [10]. These strategies are largely informed by historical studies associating v-lesions with poorer graft survival and reduced treatment response [11–15].
Recent observational cohort studies [16–19] and molecular biopsy-based analyses [20, 21] have challenged the clinical significance of v-lesions. Emerging evidence suggests that isolated v-lesions—v-lesions occurring without substantial tubulo-interstitial inflammation—may not reflect the severe rejection phenotype traditionally defined by the Banff classification. This review examines the evolving understanding of TCMR and discusses how recent insights could inform and improve future strategies for diagnosing and managing rejection.
REVIEW
Historical Assumptions on Prognostic Significance of the v-Lesion
In the first Banff classification (1991) [22], the v-lesion was introduced as a defining feature of acute rejection. Mild-to-moderate intimal arteritis in at least one artery (v1) was classified as acute rejection grade II, while moderate-to-severe arteritis affecting more than one artery (v2) or severe intimal arteritis involving multiple arterial cross-sections and/or presenting with transmural arteritis, fibrinoid change, and smooth muscle necrosis (v3) was designated as grade III acute rejection. In this 1991 classification, significant interstitial inflammation (t2-3) with moderate tubulitis (t2) was designated as grade I acute rejection, while severe tubulitis (t3) also counted for grade II acute rejection (Table 1; Figure 1).
TABLE 1 | Detailed explanation of Banff updates on intimal arteritis (v-lesion).
[image: Table summarizes key changes in TCMR classification over time, including years of significant updates, supporting evidence, and underlined revised definitions or criteria, such as v-lesion significance and AMR introduction.][image: Timeline graphic illustrating the evolution of intimal arteritis (v-lesion) in Banff classification from 1991 to present, highlighting key milestones, terminology changes, and evolving diagnostic criteria in kidney transplant pathology.]FIGURE 1 | Evolution of intimal arteritis (v-lesion) within Banff classification across different updates. A detailed explanation of each update is provided in Table 1.
At the Banff 1995 meeting [32], it was proposed to differentiate grade II acute rejection based on tubulitis versus arteritis, as these forms were suggested to have distinct pathogenesis and prognostic implications. It was demonstrated [12, 13] that intimal arteritis was associated with poorer graft survival and reduced response to therapy. This refinement was formally implemented in the 1997 classification [33], where grade II and higher were reserved for cases with intimal arteritis.
Since then, the v-lesion was considered a key marker of severe rejection, with studies from the 1990s and early 2000s consistently demonstrating its negative prognostic impact on kidney allograft survival. Higher v grades were associated with increased rejection severity and worse graft outcomes (Table 2). Kooijmans et al. [11] compared 42 biopsies with acute tubulointerstitial rejection, 18 with acute vascular rejection, and 7 with diffuse thrombosis, reporting that vascular rejection was associated with more frequent rejection episodes and higher allograft loss rates. Colvin et al. [12] found that vascular rejection (N = 24) resulted in worse clinical outcomes than rejection characterized by tubulitis with interstitial infiltration (N = 94). Nickeleit et al. [13] observed that patients with vascular rejection (N = 35) had a significantly lower response to steroid treatment compared to those with tubulitis and interstitial inflammation (N = 20), though both groups responded similarly to ATG and had comparable one-year graft failure rates.
TABLE 2 | Key studies on intimal arteritis (1996–2025).
[image: Table summarizes multiple kidney transplant immunology studies, listing authors, phenotypic study definitions for rejection or arteritis, study type, sample sizes, and key findings about immune-mediated rejection, transcriptomic profiling, diagnostic criteria, and implications for clinical outcomes and pathology in transplant rejection research.]Further supporting these findings, Mueller et al. [14] analyzed 35 biopsies (7 borderline, 11 TCMR grade I, 10 TCMR grade II, 7 TCMR grade III), demonstrating that TCMR grade I-III correlated with treatment unresponsiveness and increased graft failure risk. Minervini et al. (2000) [15] compared 36 cases each of t1, t2, and t3 tubulitis, as well as 36 v1, 18 v2, and 11 v3 cases, irrespective of t scores. These findings confirmed that v2/v3 intimal arteritis had the poorest prognosis, surpassing v1 and all tubulitis grades without concurrent intimal arteritis, while severe tubulitis (t3) had outcomes comparable to v1.
Several limitations of earlier studies warrant consideration. Many did not account for concomitant tubulointerstitial or microvascular inflammation—both of which can independently affect outcomes—and often failed to assess donor-specific antibodies (DSA). Inclusion criteria for acute rejection subtypes were inconsistent, with some studies not adhering to Banff-defined thresholds. Most lacked multivariable analyses to adjust for confounding clinical factors, were limited by small sample sizes, and frequently included repeat biopsies, complicating survival analysis by counting some patients multiple times. Additionally, follow-up durations were often insufficient to capture the long-term impact of rejection phenotypes.
The Concept of “Isolated v” as a Distinct Phenotype
At the Banff 2009 conference [43], a working group on isolated v was established to assess its significance in renal allograft biopsies. This initiative stemmed from growing uncertainty regarding the clinical relevance of isolated arteritis in biopsies that lacked significant tubulointerstitial inflammation and, therefore did not meet the Banff criteria for grade I TCMR. A study by Sellarès et al. [26] found no correlation between v-lesions and graft failure risk, whether analyzed as v0 (N = 88) versus v > 0 (N = 19) or stratified by intimal arteritis severity (v1-2-3). Additionally, microarray analyses [27] revealed minimal inflammatory gene expression, including low levels of T cell activation, IFN-γ, and chemokines, in isolated v biopsies.
These findings led to the initiation of a multicenter retrospective case-control study to further investigate the clinical implications of isolated v. Presented at the 2013 Banff conference [44], the study defined isolated v as intimal arteritis with minimal interstitial inflammation (i ≤ 1) and tubulitis (t ≤ 1) [28]. The results demonstrated that isolated v (N = 103) had comparable treatment response rates and graft survival to v-lesions with significant tubulo-interstitial inflammation (N = 101, v1 with t2-3, i2-3). The Banff 2013 meeting report suggested that “most isolated v-lesions should be reported as type 2 (or 3) acute TCMR.” [44]
However, several limitations should be acknowledged. Some patients had concurrent AMR or microvascular inflammation (MVI), likely confounding the findings. As a case-control study, it was also inherently prone to selection bias. Importantly, the study did not address cases with v1 in combination with either t2–3/i0–1 or t0–1/i2–3, leaving uncertainty about how to classify and manage such presentations. Moreover, the conclusion that “most” isolated v-lesions represent severe TCMR remains vague, as no practical guidance was offered to support its implementation in clinical decision-making.
Recent Data on the Clinical Relevance of Isolated v-Lesions
Over the past decade, accumulating evidence suggests that isolated v may represent a benign phenotype, with multiple studies reporting favorable outcomes. Isolated v has been associated with treatment responses and graft survival rates comparable to—or even better than—those observed in TCMR with significant tubulo-interstitial inflammation (Table 2). Salazar et al. [20] found that the presence of v-lesions (N = 49) did not increase the risk of graft failure compared to v-negative biopsies (N = 654). Novotny et al. [17] concluded that isolated v cases (N = 25) responded well to steroid treatment, showed no persistence of arteritis in follow-up biopsies, and had favorable graft outcomes. Similarly, Nankivell et al. [29] demonstrated that isolated v (N = 34) was associated with better graft survival than vascular rejection cases with concomitant tubulo-interstitial inflammation (N = 66). Also, Lefaucheur et al. [30] found no significant difference in outcomes up to 72 months post-transplant when comparing TCMR with v-lesions (N = 26) to TCMR without v-lesions (N = 139). In a multicenter observational cohort study [19] (707 v-lesion positive biopsies out of a total of 16,774 biopsies, corresponding to 534 transplants) we reported that isolated v-lesions were linked to superior 10-year graft survival compared to biopsies with t and i scores meeting or exceeding the borderline threshold, as well as biopsies fulfilling (probable) AMR/MVI criteria in the absence of significant tubulo-interstitial inflammation. Furthermore, when matching the 534 v-positive cases to v-negative controls, no significant impact of v-lesions on outcomes was observed.
A 2015 study [39] comparing 80 v1 cases to 51 v2 and 17 v3 cases concluded that higher-grade v-lesions (v2 and v3) were associated with significantly poorer response to rejection treatment and lower 8-year death-censored graft survival, with outcomes being more favorable in v1 cases. The study included patients who received kidney transplants between 1996 and 2012. It should be noted that the prevalence of v-lesions in recent observational cohort studies was relatively low, reported at, 2.7% [29], 4% [19, 30], 7% [20] and 9.7% [17], with the majority classified as mild (v1). The rarity of v3 lesions has generally limited the ability to perform meaningful analyses of this severe phenotype in recent studies.
Several factors likely contribute to the low detection rate of v-lesions in kidney allograft biopsies. Most biopsies contain only one to five arterial cross-sections, as arteries represent a small fraction of the total biopsy area compared to tubules and glomeruli. Moreover, rejection-related inflammation is often focal, and arteritis may affect only a segment of the arterial circumference, reflecting a patchy distribution. Together, these factors increase the risk of sampling bias. In addition, reproducibility may also be limited by interobserver variability, as some pathologists rely solely on morphology, while others incorporate immunohistochemical staining.
Nonetheless, the vascular rejection phenotype described in earlier studies may not reflect what is commonly observed today. Historically, vascular rejection was often hyperacute, characterized by severe arteritis, thrombosis, and frequent graft loss. Advances in immunosuppressive therapies [45, 46] and improved donor-recipient matching—particularly the avoidance of recipients with pre-transplant donor-specific HLA antibodies [47]—have significantly reduced the incidence of such severe presentations. Moreover, the current Banff definition of intimal arteritis has a notably low diagnostic threshold, requiring only a single inflammatory cell in the subendothelial space to classify a biopsy as v1 (TCMR grade IIA) [7] This raises the question of whether the v-lesions reported in older studies represent the same pathological process examined in more recent research.
Clinical Factors Related to Isolated v-Lesions
Timing post-transplantation is a key factor in the interpretation of isolated v-lesions. Rabant et al. [16] (N = 33) reported a median of 27 days post-transplantation for biopsies demonstrating isolated v-lesions. Nankivell et al. [29] found that early intimal arteritis (≤1 month, N = 51) was associated with delayed graft function (DGF) and transient elevations in serum creatinine, but generally responded well to therapy. In contrast, late-onset arteritis (>1 month, N = 49) was more frequently associated with chronic fibrosis and graft loss. Buxeda et al. [21] reported that early (≤1 month) isolated v-lesions (N = 10) were associated with the poorest 1-year death-censored graft survival when compared to late isolated v-lesions (N = 13), or to TCMR with v (N = 10), AMR with v (N = 26), and mixed rejection with v (N = 23). In this cohort, 75% of early isolated v cases were associated with DGF, 60% progressed to primary non-function, and all graft losses in this group were due to this early event. However, the study lacked long-term follow-up, and the high proportion of expanded criteria donor kidneys likely increased vulnerability to delayed graft function [48–50]. In contrast, Sellarés et al. [26] (N = 19) compared the prognostic significance of intimal arteritis in biopsies performed within the first year (≤1 year) versus after 1 year (>1 year). Unlike studies focused on the immediate post-transplant period (e.g., ≤1 month), this analysis did not find an association between v-lesions and allograft loss.
In addition, early isolated v-lesions are frequently identified in the absence of donor-specific anti-HLA antibodies (DSA). Several studies [16, 19–21] have reported low DSA positivity rates in early isolated v-lesions, in contrast to higher DSA prevalence in late-onset v-lesions or in cases associated with AMR or mixed rejection.
These findings have led to the hypothesis that early isolated v-lesions may reflect non-immune vascular injury—such as vascular trauma or ischemia-reperfusion injury related to the transplantation procedure—rather than alloimmune rejection [16, 17, 20].
Finally, arteritis is not pathognomonic for rejection. Arterial inflammation may also result from recurrent or de novo vasculitis (e.g., ANCA-associated vasculitis, cryoglobulinemia, IgA vasculitis) or appear adjacent to vascular thrombosis, even in the absence of histological rejection.
v-Lesions in the Context of AMR
While the definitions by the Banff Working Group of “isolated v” were developed in relation to full TCMR [28], another important aspect of intimal arteritis in kidney transplant biopsies, is its non-specificity for TCMR. When AMR was first defined in 2001, v3 was already included among the histological criteria (Table 1; Figure 1). At the 2013 Banff meeting [44], it was further concluded that v1 and v2 should also be considered part of the AMR histologic criteria. This decision was based on findings by Lefaucheur et al. [30], who reported that AMR with v was associated with a worse prognosis than AMR without v. However, only eight out of 64 HLA-DSA-positive cases in their study had v-lesions as the only histologic feature of AMR, making it impossible to assess outcomes specifically in this subgroup. Additionally, AMR with v was associated with a higher incidence of t- and i-lesions, which correlated with graft loss. Since the primary analysis comparing AMR with and without v did not adjust for concomitant tubulointerstitial inflammation, it remains unclear whether the worse outcomes in AMR with v cases were driven by the v-lesion itself or by coexisting tubulointerstitial inflammation.
Since then, the relationship between AMR and intimal arteritis, in the absence of TCMR, has been studied only scarcely (Table 2). Rabant et al. [16] found that graft survival up to eight years after the index biopsy was significantly lower in AMR with v (N = 54) compared to isolated v cases (N = 33). Similarly, Novotny et al. [17] reported that AMR with v (N = 19) was associated with worse three-year graft survival compared to isolated v (N = 25). In addition, the presence of intimal arteritis in AMR was a significant risk factor for progression to transplant glomerulopathy, irrespective of DSA status, but was not associated with an increased risk of graft failure at 36 months [40]. Salazar et al. [20] also concluded that the presence of v-lesions did not increase the risk of graft failure when analyzed in biopsies diagnosed with AMR (N = 17). In a recent multicenter observational cohort study (707 v-lesion positive biopsies, derived from 534 transplants) [19], we observed no difference in 10-year graft survival between cases with a Banff category 2 diagnosis and a v-lesion and those with a category 2 diagnosis without a v-lesion. The study also highlighted the risk of overinterpreting the presence of a v-lesion in (probable)AMR/MVI cases as indicative of mixed rejection when significant tubulo-interstitial inflammation is absent. Notably, cases diagnosed as “mixed rejection” solely due to the presence of a v-lesion had better clinical outcomes than those with both (probable)AMR/MVI and marked tubulo-interstitial inflammation—classified in the study as true “mixed rejection.”
Nevertheless, it is important to note that in studies using biopsies obtained before 2013, v1 and v2 lesions were not included in the diagnostic criteria for AMR. As a result, v-lesions in the context of AMR may have been interpreted and managed as TCMR, in accordance with the Banff classification at that time.
The Pathogenesis of Intimal Arteritis
Since 2017, the Banff classification has recommended biopsy-based transcript analysis to support the differential diagnosis of AMR, TCMR, mixed rejection in isolated v cases that lack MVI and TCMR features, are C4d-negative, and may or may not have DSA [31]. This recommendation underscores the added value of molecular tools to clarify ambiguous cases.
Reeve et al. [37] developed a TCMR score using microarray analysis of 403 kidney transplant biopsies and found that while the score correlated strongly with interstitial inflammation (i) and tubulitis (t), 79% of isolated v-lesions had low TCMR scores. A prospective validation study [38] (N = 300) confirmed that discordance between histology and molecular findings often stemmed from TCMR diagnoses based solely on isolated v-lesions. In a third study, the same team [20] compared 28 isolated v-lesions to 21 biopsies with i-t-v lesions and found that 95% of the latter had positive TCMR scores, whereas only 21% of isolated v-lesions did. Most early (≤1 year post-transplantation) isolated v-lesions lacked molecular rejection signals, whereas those occurring beyond 1 year more frequently exhibited molecular AMR signatures. Logistic regression models trained on molecular diagnoses confirmed that TCMR scores were primarily driven by i and t, but not v [42]. Similarly, studies using the NanoString Banff Human Organ Transplant (B-HOT) panel [51] showed that TCMR-associated gene sets correlated strongly with i and t [41], but not with v [21]. Moreover, early isolated v-lesions (≤1 month post-transplant) demonstrated increased expression of early injury-response genes compared to late-onset cases (>1 month), further supporting a non-immune injury mechanism in the early post-transplant period. While advances in molecular diagnostics have enhanced our understanding of these biopsies, the focal nature of intimal arteritis may still lead to false-negative results due to sampling limitations [52].
Nevertheless, the underlying pathogenesis and cellular composition of intimal arteritis remain poorly characterized. While earlier studies primarily associated intimal arteritis with CD4+ and CD8+ T cell infiltration, more recent evidence suggests a broader immune response involving both T lymphocytes and macrophages [35, 36]. A recent study [53] using deconvolution of bulk transcriptomic data found that v-lesions were most strongly associated with innate immune cells—such as NK cells and monocytes/macrophages—similar to other vascular lesions like peritubular capillaritis and glomerulitis.
These findings suggest that innate immunity may contribute to the pathogenesis of intimal arteritis. In particular, early isolated v-lesions may reflect endothelial stress and innate immune activation following ischemia-reperfusion injury. This process induces endothelial and parenchymal damage, releasing damage-associated molecular patterns (DAMPs) [54–57] engage pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs), on endothelial and immune cells. PRR signaling promotes cytokine release, interferon production, and regulated cell death, amplifying local inflammation and recruiting additional immune cells. Concomitantly, endothelial activation upregulates adhesion molecules (e.g., P-selectin, ICAM-1), promoting platelet adhesion and degranulation. Platelet-derived mediators amplify inflammation and recruit monocytes, neutrophils and T cells [58]. In parallel, stress-induced changes in HLA expression—such as downregulation of classical HLA-I and upregulation of non-classical HLA-I and NKG2D ligands (e.g., MICA, MICB, ULBPs)—can trigger NK cell–mediated cytotoxicity [59, 60]. Persistent injury may also expose cryptic self-antigens (e.g., AT1R, perlecan, collagen V), triggering non-HLA autoantibody responses [61, 62]. These antibodies can form immune complexes that activate Fc receptors or complement pathways, amplifying cytokine release, endothelial damage, and vascular inflammation. However, whether these mechanisms directly contribute to the pathogenesis of intimal arteritis remains uncertain and warrants further investigation.
Given their association with favorable outcomes, early isolated v-lesions are presumed to potentially resolve spontaneously if the inciting insult wanes and immune activation diminishes. However, it remains unclear whether and how this resolution occurs, and whether there is a place for specific therapeutic interventions.
The mechanisms underlying intimal arteritis in TCMR also remain incompletely understood. Donor HLA antigens activate recipient T cells via direct or indirect allorecognition [63], promoting T cell–endothelium interactions through upregulated HLA expression. This may lead to cytokine release and direct cytotoxicity via perforin/granzyme or Fas/FasL pathways [64, 65]. Alternatively, v-lesions—like peritubular capillaritis—may result from increased leukocyte trafficking in areas of interstitial inflammation, without direct endothelial targeting. In contrast, the mechanisms driving arteritis in AMR are better defined: DSAs bind activated endothelium, triggering complement activation and antibody-dependent cellular cytotoxicity (ADCC), primarily mediated by NK cells or monocytes via Fc receptor engagement [66]. In both TCMR and AMR, immune infiltration into the subendothelial space gives rise to intimal arteritis, which can progress to transmural inflammation, smooth muscle necrosis, fibrin deposition, and vascular occlusion in severe cases.
While much remains unknown, v-lesions are clearly a heterogeneous finding whose clinical significance depends on timing post-transplant, immunologic risk (e.g., HLA-DSA status), and coexisting features suggestive of AMR, TCMR, or recurrent disease. Traditional histology offers limited specificity in isolated v-lesions, but emerging tools—such as (spatial) transcriptomics, integrated within multi-omics frameworks—may offer new biological insights. Refining the diagnostic role of v-lesions in the Banff classification will require a context-aware approach that accounts for both immune and non-immune causes of vascular injury.
DISCUSSION
The Banff classification has provided a crucial framework for diagnosing rejection in kidney transplantation, enabling consistency in histopathological assessment across centers worldwide. However, as transplant medicine evolves, so too must our understanding of the clinical significance of specific histological lesions.
Long regarded as a hallmark of moderate-to-severe T cell-mediated rejection (TCMR), the v-lesion is now recognized as a heterogeneous entity. Emerging evidence challenges the assumption that all v-lesions signify TCMR, particularly when they occur in isolation without substantial tubulo-interstitial inflammation. Furthermore, advances in immunosuppressive therapy and improved donor-recipient matching may have fundamentally altered the clinical course of intimal arteritis, raising doubts about whether historical interpretations remain applicable to contemporary transplant populations.
A clear and consistent definition of “isolated v” is essential before its role within the Banff classification can be meaningfully reconsidered. The 2009 Banff isolated v working group [28, 43] proposed defining “isolated v” as intimal arteritis with minimal interstitial inflammation (i ≤ 1) and tubulitis (t ≤ 1). However, cases fulfilling the Banff criteria for borderline TCMR (t1i1), and having v lesions, should likely not be called isolated v, as this would lead to the contradiction that “borderline TCMR” is often treated [9, 10], while the term “isolated v” designates a potentially more benign phenotype. In recent study [19] we proposed a definition more aligned with current Banff thresholds, distinguishing isolated v (v > 0, t0–3i0 or t0i0–3) from borderline TCMR (v0, t1–3i1 or t1i1–3), TCMR I (v0, t2–3i2–3), and TCMR II–III (v > 0, t1–3i1–3). While classifying t2–3i0 or t0i2–3 as isolated v may seem counterintuitive, such cases were rare (2.8% of v-lesion positive biopsies) in our study. In these instances, case-level pathology review is essential to determine whether tubulitis or interstitial inflammation is truly isolated. Tools such as the activity indices by Vaulet et al. [67] or molecular diagnostics such as the B-HOT panel [51] may help refine classification and inform treatment decisions in these exceptional cases.
Second, the prior definitions used by the Banff Working Group [28] did not account for the relationship between intimal arteritis and AMR, leaving it unclear whether v-lesions in AMR represent concurrent TCMR (“mixed rejection”). This is further complicated by the lack of a clear Banff definition for mixed rejection, making shared lesions like v difficult to interpret and potentially leading to overdiagnosis and overtreatment of mixed phenotypes [19]. In such cases, the v-lesion may be more appropriately interpreted as a manifestation of AMR, particularly when other histologic features of TCMR are absent. A more coherent approach would classify these as (probable) AMR/MVI with v, and reserve “isolated v” for biopsies lacking both AMR/MVI and tubulo-interstitial criteria for (borderline) TCMR. Refining the role of the v-lesion within the Banff classification does not mean abandoning its significance but rather integrating new insights to enhance diagnostic precision. Importantly, clinical practice is already evolving, as a recent survey indicated that many European transplant centers no longer treat isolated v-lesions with ATG [10].
The Banff process has always been one of evolution, shaped by emerging data and expert consensus. The challenge now is how best to incorporate these new insights while maintaining a classification system that remains clinically relevant and widely applicable. Over a decade ago, Salazar et al. [20] cautioned that “isolated v-lesions have been seriously misinterpreted for over 20 years, potentially leading to inappropriate treatment decisions.” With accumulating clinical and molecular evidence, the Banff classification may need to adapt and reconsider the specific definition of an “isolated v” phenotype.
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Cytomegalovirus (CMV) remains a major infectious complication after solid-organ transplantation, driven by immunosuppressive therapies that alter CMV-specific cell-mediated immunity. Antithymocyte globulin induces profound and prolonged T-cell depletion, transiently impairing CMV-specific cell-mediated immunity and increasing CMV risk in seropositive recipients. Calcineurin inhibitors suppress cytokine production, notably IL-2 and IFN-γ, without significantly impairing cytotoxic function, while mycophenolate mofetil limits lymphocyte proliferation but preserves effector capacity. In contrast, mTOR inhibitors exert dual antiviral and immunomodulatory effects by directly inhibiting CMV replication and enhancing CMV-specific T-cell memory formation. Belatacept, through CD28–CD80/CD86 blockade, may predispose to late, severe, or relapsing CMV disease, particularly in elderly or D+/R− recipients. Corticosteroids broadly inhibit NK cell cytotoxicity and CMV-specific T-cell responses, but clinical data on steroid withdrawal remain inconsistent. Overall, CMV risk is determined less by a single drug than by the cumulative depth of immunosuppression. Integrating immune monitoring tools, such as CMV-specific T-cell assays, could enable tailored immunosuppressive regimens balancing antiviral protection with graft survival.
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INTRODUCTION
Cytomegalovirus (CMV) is a major opportunistic pathogen in solid-organ transplantation (SOT), where immunosuppressive therapy promotes viral reactivation and disease.
In immunocompetent hosts, early recognition of CMV by dendritic cells and macrophages through Toll-like receptors triggers type I interferon and cytokine production, activating natural killer (NK) cells and limiting initial viral replication.
Long-term viral control, however, relies on adaptive immunity, particularly CMV-specific CD8+ T cells. Upon antigen presentation, these cells expand and differentiate into effector and memory subsets that clear infected cells via cytotoxic mechanisms (perforin, granzymes) and cytokine release (IFN-γ, TNF-α). Persistent infection drives “memory inflation,” characterized by the progressive accumulation of highly differentiated, functional CD8+ T cells targeting dominant antigens (IE1, pp65) [1]. These cells are crucial for maintaining viral latency, and their deficiency correlates with uncontrolled replication in immunocompromised patients. Functional monitoring of CMV-specific T-cell responses can be achieved using intracellular cytokine staining (ICS), CMV-ELISPOT, or interferon-gamma release assays (e.g., QuantiFERON®-CMV), which differ in sensitivity and clinical applicability [2].
Although αβ CD8+ and CD4+ T cells dominate adaptive control, γδ T cells—especially nonVδ2Vg9 subsets—also expand during infection and exhibit cytotoxic, IFN-γ–producing effector functions, compensating when conventional T-cell immunity is impaired [3], together with NK CD57+ NKG2C (high) NK cells [4].
Understanding immune dynamics is critical to assess how immunosuppressive therapies influence CMV susceptibility and clinical outcomes. This review examines the impact of each immunosuppressant class on CMV risk, adopting a structured approach according to risk level.
HIGH-RISK AGENTS FOR CMV INFECTION
This section identifies immunosuppressive agents that substantially increase CMV infection risk through profound immunosuppression, requiring heightened vigilance and tailored management strategies.
Antithymocyte Globulin: The Most Depleting Agent
Mechanisms of Action
Antithymocyte globulins (ATG) cause profound T-cell depletion by targeting multiple surface antigens. Their main mechanisms include complement-dependent lysis, apoptosis, and opsonization with phagocytosis. Beyond depletion, ATG modulate immune responses by downregulating adhesion molecules and chemokine receptors, disrupting leukocyte trafficking [5]. ATG induces rapid and profound depletion of naive CD4+ T cells, more pronounced than that observed for CD8+ T cells. Notably, CD4+ lymphopenia often persists at 12 months post-transplantation [6].
ATG has been widely associated with profound immunosuppression and an increased incidence of cytomegalovirus (CMV) infection [7–11]. Since its initial use, it has been recognized that ATG may promote CMV infection by depleting CMV-specific cell-mediated immunity (CMI) [12].
Impact According to Serological Status
According to the prospective multicenter observational study by Kumar et al., very few D+R- SOTRs exhibit detectable CMV-specific CMI, as measured by ELISPOT assay, at the time of transplantation [13]. However, this finding has been challenged by a single-center Spanish cohort study, which reported that approximately 25% of D+/R− patients had detectable CMV-specific CMI at transplantation [14]. These differences may, at least in part, be explained by differences in CMV prevalence worldwide. Furthermore, most CMV-seronegative recipients do not develop a detectable T-cell response during the prophylactic period [12]. Consequently, at the end of prophylaxis, only a small proportion of D+/R− SOTRs exhibit CMV-specific T-cell CMI [13]. Specifically, only 12.1% of D+R− patients have a positive QuantiFERON-CMV assay at the end of prophylaxis [15], a number that can rise to 20.9% when measured by ELISPOT assay [16]. Following these immunological observations, it has been demonstrated that ATG induction therapy, compared to anti-IL-2 receptor antagonists (IL-2RA), did not confer an additional risk of CMV DNAemia or disease in D+/R− kidney transplant recipients [17]. As the increased risk of CMV associated with ATG is probably related to its depleting effect on CMV-specific T lymphocytes, this risk does not increase in patients who mostly lack CMV-specific CMI. Nevertheless, this treatment may exacerbate infection severity or recurrence rate, a possibility that requires further investigation.
In CMV-seropositive recipients (R+), most of the SOTRs have a CMV-specific CMI both at the time of transplantation and at the end of prophylaxis but this response is highly heterogeneous between the patients [13–18]. Consistent with these findings, it has been demonstrated that ATG induction therapy, compared with IL-2RA, confers an additional risk of CMV DNAemia and disease exclusively in R+ kidney transplant recipients [17]. Specifically, ATG increased the risk of CMV DNAemia in R+ recipients with detectable pretransplant CMI while no difference was observed among R+ recipients lacking detectable CMI, highlighting the pivotal role of CMV-CMI in the prevention of CMV infection (Figure 1). Furthermore, longitudinal analysis of CMV-specific CMI kinetics revealed that R+CMI+ recipients receiving rATG experienced a more pronounced suppression of their pre-existing CMV-specific immunity during the first two months post-transplantation compared to those treated with anti–IL-2RA, whereas no significant impact was observed in R+ CMI- recipients.
[image: Two-panel graphic comparing CMV-specific cell-mediated immunity percentages and CMV risk over twelve months after transplantation. Panel A shows R+ recipients with ATG without prophylaxis; immunity initially drops then rises, with high early CMV risk. Panel B shows D+R− recipients with or without ATG without prophylaxis; immunity remains low and CMV risk remains high throughout the year.]FIGURE 1 | Effect of rabbit anti-thymocyte globulin (rATG) on CMV-specific immunity according to recipient serostatus. This figure is a schematic representation of the restoration of CMV- specific immunity. (A) In CMV-seropositive (R+) recipients, rATG transiently depletes CMV-specific T cells, increasing CMV disease risk until immune reconstitution occurs. (B). In CMV-seronegative (D+/R−) recipients, CMV risk is high with or without rATG, as CMV-specific cell mediated immunity is largely absent at baseline.Recovery of CMV-Specific Immunity
The recovery of CMV-specific CMI after ATG has been studied in few studies. At one-month post-transplantation, approximately 50% of R+ SOTRs receiving ATG recover a detectable CMV-specific CMI, as measured by the QuantiFERON-CMV assay [19]. By 3 months post-transplant using ELISPOT, CMV-specific immune recovery is comparable between ATG-treated and non–ATG-treated patients [17], and among patients with detectable pretransplant CMV-specific CMI, immune responses recovered by 6 months post-transplant to levels similar to those observed prior to transplantation [18].
Taken together, these findings suggest that ATG transiently impairs CMV-specific T-cell responses in R+ SOTRs, while allowing for subsequent immune reconstitution over time [12]. The transient loss of CMV-specific CMI in these patients is highly correlated with the risk of CMV disease. Few data are available about ATG effect on γδ T cells and NK cells.
Belatacept: The Special Case of Late and Atypical Infections
Clinical Evidence
Belatacept, a costimulation blocker targeting the CD28–CD80/CD86 pathway, has demonstrated efficacy in preventing alloimmune responses while preserving renal function. Clinical trials showed that belatacept used from transplantation did not increase CMV risk compared to cyclosporine. In the BENEFIT and BENEFIT-EXT trials, CMV infection rates were similar (6%–9% and 11%–14%, respectively) between belatacept and cyclosporine groups [20, 21]. In a smaller trial, Mannon et al. [22] observed more CMV viremia in the belatacept arm (20.7%), but differences were not statistically significant. Similarly, Woodle et al. [23] found comparable CMV rates (∼11%) across tacrolimus and two belatacept regimens. Switching from Calcineurin inhibitors (CNIs) to belatacept did not also appear to increase CMV disease incidence. Budde et al. [24] and Divard et al. [25] reported no rise in CMV complications after conversion, even in high-risk patients.
On the opposite, several retrospective studies have highlighted an increased risk of CMV infection in patients receiving belatacept. Bertrand et al. reported a higher incidence of late-onset CMV disease, following conversion to belatacept [26]. A subsequent study by the same group confirmed that both CMV-seropositive (R+) and high-risk CMV D+/R− recipients were affected [27]. Similarly, Chavarot et al. described an increased incidence of atypical, often severe CMV disease—sometimes with intestinal or ocular involvement—occurring several years after transplantation (median 43.6 months post-conversion) [28]. These infections were particularly common among elderly recipients (>70 years), patients with impaired graft function, or those who underwent late conversion to belatacept. Moreover, CMV infections in belatacept-treated recipients frequently relapse despite initial antiviral therapy, occasionally necessitating discontinuation of belatacept [29]. A U.S. cohort by Karadkhele and colleagues similarly found higher CMV disease rates in CMV high-risk patients on belatacept, reinforcing that this association is not restricted to specific geographic regions or clinical settings [30].
Pathophysiological Mechanisms
Xu et al. demonstrated that belatacept’s immunosuppressive effects are more pronounced in naïve T cells but attenuate as T cells mature [31]. Belatacept trough levels vary widely among kidney transplant recipients, ranging from 1.4 to 24.8 μg/L, with a mean of 8.4 ± 3.9 μg/L [32]. In vitro, belatacept demonstrates strong immunosuppressive effects on alloreactive T cells, with an IC50 of 4 ng/mL for IL-2 production [33]. However, CMV-specific T cells are less susceptible to belatacept’s antiproliferative effect compared to alloreactive T cells [31]. In vivo, CMV-specific CD4+ and CD8+ T-cell responses remain stable during the first year after switching to belatacept, with no significant decline in IFN-γ or TNF-α secretion [34] (Figure 2).
[image: Table summarizing the effects of five immunosuppressive agents—calcineurin inhibitors, belatacept, mycophenolic acid, everolimus or mTOR inhibitors, and steroids—on T cell early activation, IL-2 production, proliferation, IFN-gamma production, and cytotoxic potential, with changes indicated by arrows and some effects differentiated by memory or naive T cell status.]FIGURE 2 | Simplified in-vitro effects of major immunosuppressive agents on CMV-specific T-cell functions. Assessed functions include early activation (CD69 upregulation), IL-2 production, proliferation, IFN-γ secretion, and cytotoxic potential (perforin/granulysin expression and target-cell killing). Data are derived from comparative in vitro studies using clinically relevant drug concentrations [31, 33, 51].The immunopathogenesis of CMV reactivation under belatacept likely stems from its targeted blockade of the CD28−CD80/CD86 costimulatory pathway, which is essential for the activation of naïve T cells. Regarding antiviral function, belatacept reduces IFN-gamma production by 50% in peripheral blood mononuclear cells (PBMCs) stimulated with a CMV peptide pool [33]. This inhibition dampens the primary CMV-specific T cell response, a particularly critical defect in seronegative recipients of CMV-positive organs (D+/R−). Consistent with this, Kleiboeker et al. reported a case of failed CMV-specific cellular immunity development in a high-risk D+/R− patient treated with belatacept in combination with low-dose tacrolimus, MPA, and steroids [35].
Belatacept does not impair the frequency of IL-2/TNF-α/IFN-γ triple-positive CD28− memory CMV-specific T cells, indicating that cytokine production by these memory cells remains largely preserved [31]. However, beyond its effects on naïve T cells, belatacept may indirectly impair CMV-specific memory T cells that are CD28-independent. Under physiological conditions, CD80 interacts in cis with PD-L1 on antigen-presenting cells, thereby limiting PD-1/PD-L1 engagement. Because belatacept has a high binding affinity for CD80, it can disrupt CD80/PD-L1 heterodimers [36]. This displacement could release free PD-L1, enhancing trans interactions between PD-1 and PD-L1, and thereby promoting functional exhaustion of PD1-expressing CMV-specific CD8+ T cells [37]. CMV infection itself may further amplify this inhibitory axis. The viral UL146 gene product (vCXCL1) has been shown to upregulate PD-L1 expression on infected hepatic cells, thereby strengthening PD-1/PD-L1–mediated suppression [38]. Moreover, CD28 blockade alters downstream signaling balance between NFAT and AP-1, fostering TOX-driven transcriptional programs associated with T-cell exhaustion. Consistent with this mechanism, Long et al. demonstrated that abatacept—another CD28 pathway inhibitor—induced T-cell exhaustion, supporting a class effect of CD28 blockade [39]. Finally, rare human cases of inherited CD28 deficiency are characterized by susceptibility to chronic viral infections, providing genetic evidence of the central role of this pathway in antiviral immunity [40] (Figure 3).
[image: Scientific illustration compares two panels of immune cell interactions; left panel shows normal T cell and dendritic cell interaction with labeled surface proteins, while right panel depicts cytomegalovirus (CMV) infection, viral protein UL146, disrupted signaling, and T cell exhaustion.]FIGURE 3 | Proposed mechanisms by which belatacept promotes CMV-specific T-cell exhaustion. Belatacept disrupts CD80–PD-L1 cis interactions on antigen-presenting cells, increasing free PD-L1 and enhancing PD-1/PD-L1 inhibitory signaling. CMV amplifies this pathway via UL146-mediated PD-L1 upregulation. Downstream, NFAT/AP-1 unbalance promotes TOX-driven exhaustion of CMV-specific CD8+ T cells (adapted from [37]).Management Strategies
Given the increased CMV risk observed under belatacept, several strategies have been proposed to optimize its use while minimizing infection. In a recent study by Del Bello et al., conversion from MPA to an mTOR inhibitor in belatacept-treated kidney transplant recipients during or after a first CMV episode, led to a marked reduction in CMV replication or recurrence rates. In this study, the incidence of CMV DNAemia was 0.072 per month of exposure in patients treated with belatacept–MPA, compared with 0.035 in patients treated with belatacept–mTOR inhibitor (p = 0.0002) [41]. High-risk populations—particularly D+/R− recipients, elderly patients—could also benefit early initiation of antiviral prophylaxis or pre-emptive therapy for at least 6 months following the initiation of belatacept therapy [26]. In the future, combining belatacept with agents that preserve CMV-specific immunity may help maintain the delicate balance between graft protection and antiviral defense [42].
NEUTRAL OR MODERATE RISK AGENTS
This section examines immunosuppressive agents that do not independently increase CMV risk when used as monotherapy, but may contribute to CMV susceptibility through cumulative immunosuppression when combined with other agents.
Calcineurin Inhibitors (CNI): Tacrolimus and Cyclosporine
Mechanisms and Clinical Data
CNIs target specific cytoplasmic proteins—cyclophilins for cyclosporine and FK-binding proteins for tacrolimus—thereby inhibiting calcineurin, a key phosphatase involved in the activation of lymphocytes. This inhibition prevents the transcription of cytokines such as IL-2, TNF-α, and IFN-γ, which are critical for the immune response following alloantigen recognition.
CNIs remain the cornerstone of immunosuppressive therapy, and most CNI-sparing strategies have been compared to regimens based on mTOR inhibitors or belatacept. This makes it particularly challenging to isolate the specific effect of CNIs on the risk of CMV infection after transplantation. However, a few studies have attempted to assess the risk of CMV viremia and/or infection in KTRs undergoing CNI withdrawal compared to those maintained on CNI therapy. In the Cochrane meta-analysis by Karpe et al. [43], which reviewed 83 studies—including 30 that specifically reported on CMV-related disease incidence—a trend toward a protective effect of CNI withdrawal was observed. However, this trend did not reach statistical significance. Therefore, the clinical impact of CNI on CMV infection has not been definitively documented in clinical trials. Another important question is whether tacrolimus and cyclosporine have a similar impact on CMV infection. In the pivotal trials comparing the two CNIs, the incidence of CMV infection was found to be similar [44, 45]. In the SYMPHONY study, Ekberg et al. [46] reported CMV infection rates of 14.6% in the standard-dose cyclosporine group, 11% in the low-dose cyclosporine group, and 9.7% in the low-dose tacrolimus group. More recently, a retrospective comparison between the EVERCMV study and a post hoc analysis by Tedesco-Silva and colleagues showed comparable CMV DNAemia rates between patients treated with cyclosporine and those treated with tacrolimus, whether combined with everolimus (EVR) (39.2% vs. 43.3%) or with mycophenolic acid (MPA) (77.8% vs. 77.9%) [47, 48]. Additionally, the type of CNI (tacrolimus versus cyclosporine) was not associated with viral eradication in the VICTOR study [49]. These findings support the hypothesis that both the incidence and severity of CMV infection are largely independent of the type of CNI used.
Impact on CMV-Specific Immunity
CNIs have been shown to exhibit direct antiviral properties, including the ability to impair viral replication. A recent study demonstrated that CNIs exert antiproliferative effects on CMV in vitro, with a sixfold increase in anti-CMV activity when combined with MPA. However, these effects were observed at drug concentrations exceeding those typically achieved in vivo based on pharmacokinetic data [50].
Additionally, several studies have investigated the impact of CNI on CMV-specific lymphocyte responses. In a recent study by Krueger et al., low-dose tacrolimus (5 ng/mL) did not significantly reduce early activation of CD4+ and CD8+ T cells upon stimulation with CMV pp65, as measured by CD69 expression [51]. However, tacrolimus alone significantly suppressed IL-2 production by both CMV-specific CD4+ and CD8+ T cells. Tacrolimus showed high potency in suppressing IL-2, with an IC50 of approximately 1 ng/mL [33]. However, this IL-2 inhibition had little impact on the proliferative capacity of CMV-specific T cells, suggesting that another cytokine such as IL-15 could act as a substitute [51]. Cyclosporin has been tested on the proliferation capacity of both conventional CMV-specific and γδ T cells. A decreased proliferation capacity was observed at doses as low as 25 ng/mL [52].
Tacrolimus also reduces the production of IFN-γ, a key antiviral cytokine that limits CMV replication and dissemination. This effect is particularly pronounced in the CD4+ CMV-specific T cell subset [51]. Additional studies have confirmed that CNIs also suppress IFN-γ production in virus-specific memory CD8+ T cells [53]. Even at very low concentrations (1.5 ng/mL), tacrolimus was shown to reduce IFN-γ production by 80%–90% in CMV-specific T cells stimulated with CMV peptide pools for 72 h [33]. Furthermore, tacrolimus inhibits T cell responses in both CMV-naive and CMV-immune individuals [31]. However, tacrolimus does not appear to significantly impair cytolytic function, as it does not reduce the expression of perforin or granulysin in CMV pp65-stimulated PBMC [51].
Collectively, these findings highlight the nuanced impact of tacrolimus on CMV-specific T cell responses—sparing early activation and cytolytic potential, while strongly suppressing key cytokines like IFN-γ, which is essential for antiviral control (Figure 2).
Mycophenolate Mofetil (MPA): Risk Related to Cumulative Effects
Mechanisms and Clinical Data
MPA acts as a noncompetitive, selective, and reversible inhibitor of inosine monophosphate dehydrogenase, the rate-limiting enzyme in de novo guanosine nucleotide synthesis [54]. Because lymphocytes depend exclusively on this pathway for purine synthesis, MPA profoundly inhibits T- and B-cell proliferation while sparing other cell types that can utilize salvage pathways.
In patients with lupus nephritis, MPA therapy showed no higher incidence of CMV infection compared to cyclophosphamide or azathioprine, both during induction and maintenance phases [55, 56]. The absence of CMV disease in these patients likely reflects the absence of allograft-derived viral reintroduction or post-transplant–specific “hits,” such as ischemia–reperfusion injury, which are known triggers of CMV infection [57]. In renal transplantation, early landmark trials found no significant increase in CMV infection with MPA/cyclosporine regimens compared with azathioprine or placebo [58–60]. Later, Miller et al. reported that MPA (1–2 g/day) in combination with tacrolimus did not result in higher CMV infection rates than azathioprine-based therapy [61]. In the VICTOR trial, the use of MPA had no significant influence on viral eradication [49]. More recent retrospective analyses confirm that MPA was not an independent risk factor for CMV recurrence or late CMV DNAemia [62, 63]. Together, these clinical data suggest that MPA use, per se, does not increase CMV replication risk.
Impact on CMV-Specific Immunity
Among immunosuppressive agents, MPA displays the most selective antiviral actions against CMV in vitro. In combination with tacrolimus, MPA demonstrated synergistic lethality against CMV in cell culture models, although these effects occurred at concentrations exceeding those achieved clinically [50].
MPA induces broad suppression of adaptive immunity by depleting CD4+, CD8+, and CD19+ lymphocytes, in part through apoptosis [54]. It downregulates CD25 expression, thereby impairing IL-2–driven T-cell activation and proliferation. In vitro, MPA decreases IFN-γ production, not by impairing cytokine synthesis per cell, but by reducing the total lymphocyte pool capable of activation. Consequently, the antiviral arm of the immune response may be dampened in proportion to overall lymphocyte depletion. Recent studies have examined the effects of MPA on CMV-specific T-cell responses. Krueger et al. reported that activation of CD4+ and CD8+ T cells by CMV pp65 antigen is not significantly affected by MPA alone [51]. MPA had high IC50 values at 3 ng/mL for IL-2. However, MPA strongly reduces the proliferation of purified CMV-specific T cells and γδ T cells in vitro [52], indicating a selective antiproliferative effect without full functional suppression. Indeed, Egli et al. showed that MPA induced a moderate reduction in IFN-γ production by CMV peptide–stimulated T cells [33], and Krueger et al. found no significant reduction in IFN-γ–producing CMV-specific T cells upon MPA exposure [51]. Moreover, MPA does not impair cytotoxic T-cell function, since Krueger et al. observed preserved perforin and granulysin production and intact cytolytic activity of CMV-specific T cells exposed to MPA (Figure 2) [51].
In conclusion, MPA has not been shown to independently increase CMV replication or recurrence in SOT recipients. However, it is frequently the first immunosuppressive agent to be reduced or discontinued during CMV infection, mainly because of its myelosuppressive effects, its strong inhibitory impact on T-cell proliferation critical for CMV control, and its contribution to the overall burden of immunosuppression. Reducing or withdrawing MPA may therefore help limit cytopenias and promote immune recovery during CMV infection.
Corticosteroids
Maintenance steroid dose has been shown to significantly associate with death with a functioning graft due to cardiovascular disease or infection during years 2–5 after kidney transplantation [64]. Glucocorticoids inhibit NK cell cytotoxicity and may impair antigen presentation by reducing the expression of major histocompatibility complex (MHC) class II molecules on circulating monocytes, thereby diminishing T-helper cell activation [65]. In addition, prednisolone (at a high dose of 0.5 μg/mL) exerts broad inhibitory effects on CMV-specific T cells, including decreased activation, reduced IL-2 production, lower frequencies of CMV-specific IFN-γ–producing T cells, decreased production of perforin and granulysin, and inhibition of cytotoxic activity [51] (Figure 2). Consistent with these findings, the 2-year cumulative incidence of CMV infection in simultaneous pancreas–kidney transplant recipients was significantly lower in those managed with a prednisone-free protocol compared to standard steroid-based regimens, particularly among high-risk recipients (D+/R− or D+R+) (18% vs. 36%, p < 0.05) [66]. However, this clinical observation remains isolated in the literature, as subsequent randomized trials did not demonstrate a reduced incidence of CMV infection with rapid steroid withdrawal [67, 68], nor did the 2016 Cochrane meta-analysis confirm such an effect [69].
Although corticosteroids impair immune function, evidence that steroid withdrawal reduces CMV risk remains inconsistent. This discrepancy likely reflects the higher doses used in vitro compared with the much lower maintenance doses used clinically.
THE PROTECTIVE EXCEPTION: MTOR INHIBITORS
Multiple randomized trials and meta-analyses demonstrated a lower incidence of CMV infection and disease in patients receiving de novo mTOR inhibitors compared to CNI-based or MPA-containing regimens [70]. Trials comparing CNI + EVR to CNI + MPA consistently report fewer CMV events in the mTORi groups [71–79]. Prospective studies designed with CMV infection as a primary endpoint confirmed that CMV DNAemia and clinically significant infections were substantially reduced in EVR + low-dose CNI regimens, particularly among CMV-seropositive recipients [47, 77]. Head-to-head comparisons between EVR and sirolimus demonstrated comparable protection against CMV [78]. Even in high-risk patients receiving ATG, EVR was associated with fewer CMV events compared to MPA [71, 79]. Accordingly, the Fourth International Consensus Guidelines for CMV in SOT recipients recommend preemptive or close clinical monitoring in CMV-seropositive kidney transplant patients receiving de novo mTOR-based immunosuppression [80].
Data in D+/R− kidney transplant recipients remain limited but suggest reduced CMV disease with CNI-EVR compared with CNI-MPA regimens. In a monocentric study, basal and peak viral loads were significantly lower under CNI-EVR [81], consistent with the TRANSFORM study findings [82]. However, other studies found no significant difference in CMV DNAemia [83], warranting further investigation in this subgroup.
Similar reductions in CMV incidence under mTORi therapy have been observed in heart transplantation [84–88], pediatric renal transplantation [87], lung transplantation [88–90], and liver transplantation [91]. Meta-analyses and systematic reviews further confirm that mTOR inhibitors reduce CMV infection rates across various organ types [92, 93].
Conversion to mTOR inhibitors immediately after treatment of a first CMV episode significantly reduces the risk of recurrence in R+ kidney transplant recipients [94]. However, a retrospective analysis including heterogeneous cohorts did not show a significant difference in recurrence [95], highlighting the need for prospective data in D+/R− high-risk population. Interestingly, in belatacept-treated patients, conversion from MPA to mTORi reduced CMV replication and recurrence [41], supporting the protective effect of mTOR inhibition even in settings of costimulation blockade.
CMV replication depends on both rapamycin-sensitive and rapamycin-resistant mTORC1 activity [96]. mTOR activation supports the translation of viral proteins and the maintenance of protein synthesis during infection [96, 97]. In vitro, inhibition of mTORC1 prevents the accumulation of immediate early, early, and late CMV proteins [98]. During late infection phases, sustained mTOR activation is required for synthesis of late viral proteins such as pUL44 and pp65. Rapamycin strongly suppressed CMV replication three to five days post-infection in macrophages, confirming that mTOR is essential for viral replication in myeloid cells [99]. Pre-infection treatment with everolimus suppresses viral spread and reduces the number of infected cells in vitro [100]. These findings collectively indicate that mTOR inhibition can directly impair CMV replication, particularly in the late stages of the viral cycle, by interfering with viral protein translation and host cell metabolism.
mTOR plays also a central role in T-cell differentiation and memory formation. mTOR inhibition has been shown to enhance both the quantity and functional quality of virus-specific CD8+ T cells, promoting the generation of long-lived memory populations [101, 102]. Under sirolimus monotherapy, antigen-specific CD8+ responses are suppressed toward allografts but augmented against viral or bacterial pathogens. In vitro, activation of CD4 and CD8+ T cells by CMV pp65 antigen is not significantly inhibited by EVR alone [51]. Sirolimus inhibits IL-2 production at low IC50 concentrations (∼2 ng/mL) [33], and EVR reduces CMV-specific T-cell proliferation [51]. Nevertheless, in vivo, switching from cyclosporine-MPA to EVR-based therapy increases circulating CMV-specific CD8+ T-cell counts [103]. These data indicate that mTOR inhibition transiently dampens proliferation in vitro but enhances functional antiviral T-cell responses in vivo (Figure 2).
Sirolimus markedly reduces IFN-γ production in vitro [33]. However, EVR does not significantly impair IFN-γ production by CMV-specific T cells stimulated with pp65 antigen [51]. Such discrepancies may reflect differences in experimental conditions or drug concentrations. Indeed, in renal transplant recipients, mTORi therapy has been associated with higher frequencies of IFN-γ–producing CMV-specific cells compared with MPA [104]. Mechanistically, mTOR inhibition converts dysfunctional CMV-specific T cells into functional effector cells, enhancing γδ and αβ T-cell responses and correlating with lower CMV incidence [52]. mTORi therapy improves the proliferation and survival of terminally differentiated effector memory cells (TEMRA), reduces exhaustion markers (PD-1+, CD85j+), and shifts transcriptional profiles toward Hobit+/EOMES− phenotypes. Low-dose mTOR inhibition enhances T-cell receptor signaling and IFN-γ production in γδ T cells when compared to MPA [52]. In the EVER-CMV trial, continuous EVR therapy maintained improved CMV-specific T-cell functionality, while discontinuation led to loss of this benefit [47] (Figure 4).
[image: Diagram illustrating everolimus effects on T cells in CMV infection: dysfunctional T cells on the left correlate with not-controlled infection and higher viral load, whereas everolimus promotes functional CD8 and γδ T cells on the right, characterized by increased IFN-gamma, proliferation, and survival, and reduced PD-1 and CD85j expression, leading to controlled infection and reduced viral load.]FIGURE 4 | Everolimus restores CMV-specific T-cell functionality and enhances antiviral immunity. mTOR inhibition promotes the proliferation and survival of CMV-specific terminally differentiated effector memory T cells (TEMRA), reduces exhaustion markers (PD-1+, CD85j+), and shifts transcriptional programs toward a Hobit+/EOMES− effector phenotype. Low-dose mTOR inhibitor therapy also enhances IFN-γ production in CMV-specific γδ T cells, thereby supporting effective CMV control.Furthermore, EVR does not inhibit cytotoxic function: CMV pp65-stimulated PBMCs maintain perforin and granulysin production, and EVR-treated CMV-specific T cells preserve cytotoxicity against infected fibroblasts [51].
Overall, mTOR inhibition represents a dual-action strategy—providing effective immunosuppression while conferring viro-immunologic protection against CMV in R+ patients. Nevertheless, mTOR inhibitors are discontinued in approximately one third of patients because of intolerance, which may subsequently re-expose these patients to an increased risk of CMV infection.
THE CUMULATIVE RISK PARADIGM
CNI alone or MPA alone have not been shown to independently increase the risk of CMV infection in SOT recipients. Therefore, the increased risk observed is likely attributable to transplant-related factors such as the risk of primary infection in D+R− patients and the overall degree of immunosuppression. A prospective study by De Weerd et al. found no statistically significant differences in CMV replication between patients receiving tacrolimus monotherapy and those on a tacrolimus–MPA regimen in low-risk kidney transplant recipients without corticosteroids [105]. However, an earlier study by Shapiro et al. —one of the first to introduce the concept of triple combination regimens to prevent allograft rejection—reported a twofold higher incidence of CMV infection when MPA was added to a tacrolimus/prednisone regimen (8.5% vs. 16.7% at 15 months) [106]. In line with this finding, CNIs appear to affect viral eradication during antiviral therapy. In the VICTOR trial, patients on dual immunosuppressive therapy (versus triple) and those with lower CNI concentrations (≤150 ng/mL for cyclosporine and ≤5 ng/mL for tacrolimus) demonstrated significantly higher rates of viral clearance, with odds ratios of 2.55 and 5.52, respectively [49]. These clinical observations are further supported by recent experimental data from Krueger et al., who showed that activation, IL-2 production, proliferation, IFN-γ secretion, and cytotoxicity of CMV pp65-specific CD4+ and CD8+ T cells were significantly reduced in the presence of Tacrolimus + EVR + Prednisolone or Tacrolimus + MPA + Prednisolone compared with Tacrolimus or MPA alone [51]. Taken together, the cumulative burden of immunosuppressive therapy, rather than any single agent, appears to drive CMV susceptibility and delayed viral clearance.
CONCLUSION
In summary, CMV infection results from the combined impact of immunosuppressive agents on both innate and adaptive immunity. While ATG exert the strongest inhibitory effects on CMV-specific T-cell function, CNIs and MPA contribute mainly through cumulative immunosuppression rather than direct viral promotion. In contrast, mTOR inhibitors show protective antiviral and immunomodulatory properties. Belatacept carries a specific risk of late and atypical CMV disease. Overall, optimizing immunosuppressive balance and incorporating immune monitoring remain essential to prevent CMV complications.
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Using biomarkers to tailor immunosuppressive therapy after kidney transplantation was proposed to improve clinical care. Timely and individual adaptions of immunosuppression could reduce therapy-related side effects, such as infections, cardiovascular morbidity and malignancy, and further lower the risk of allograft rejection. Despite promising preliminary studies, evidence for implementing such a biomarker in clinical care is insufficient. Prominent candidates for immunologic monitoring after kidney transplantation include donor human leukocyte antigen-specific antibodies, donor-derived cell-free DNA, urinary chemokines and peripheral transcriptomics. In addition, the quantification of Torque Teno virus, a highly prevalent and non-pathogenic virus that was shown to associate with outcomes linked to immunocompetence, has been proposed for immunologic monitoring. This review summarises the prospects and limitations of Torque Teno virus for immunologic risk stratification after kidney transplantation in the context of current state-of-the-art. It will focus on cut-off values of plasma Torque Teno virus load that might be useful to guide immunosuppression in the clinical care of kidney transplant recipients, and highlights recently proposed indications of Torque Teno virus-guided immunosuppression.
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INTRODUCTION TO THE CLINICAL PROBLEM
Organ transplantation, which prolongs and improves the lives of patients with end-stage renal disease [1, 2], is complicated by the need to dampen the hosts’ immune response. Patients on life-long immunosuppressive drug regimens are at increased risk of infections, cancer and cardiovascular morbidity [3, 4]. In addition, even modern immunosuppressive regimens cannot entirely abrogate alloimmune processes [5, 6]. Therefore, biomarker-guided immunosuppression was proposed to reduce complications caused by extensive or insufficient immunosuppression. Many candidate markers have been studied in recent decades with some very promising results [7, 8]. However, their transition into clinical use is faltering, and scientific evidence for integrating immunologic monitoring markers into routine care remains insufficient. While there are many reasons, they nearly always come down to a lack of validation in interventional trials, potentially compounded by high costs and a lack of reimbursement. Currently, the most promising candidates for immunologic monitoring after kidney transplantation are donor-specific antibodies (DSAs), donor-derived cell-free DNA (dd-cfDNA), urinary chemokines and peripheral transcriptomics.
Unlike the abovementioned biomarkers, which mainly reflect organ damage or alloreactivity, the Torque Teno virus (TTV) – a highly prevalent and non-pathogenic virus of the family Anelloviridae – was shown to be associated with outcomes linked to both excessive and insufficient immunosuppression. Therefore, TTV may serve as a biomarker indicating the net state of the immune system and thus could complement existing injury and alloreactivity markers. A gradual deviation from an ‘optimal’ TTV load toward a high or low load was shown to correlate with an increased risk of infections and allograft rejection [9]. More recent data show associations with malignancy and the immune response after vaccination [10]. The introduction of a quantitative polymerase chain reaction (qPCR) assay has made TTV a readily measurable parameter. However, the framework for implementing it in routine clinical care requires further definition. One multicentre interventional trial assessing the clinical value of TTV-guided immunosuppression in kidney transplant recipients was successfully concluded in May 2025 (TTVguideIT, EUCT number: 2022-500024-30-00) [11], and another started recruiting in April 2025 (TAOIST, ClinicalTrails.gov ID: NCT06829719).
This article will reflect on the role of TTV as an immune marker in the clinical care of kidney transplant recipients, focusing on relevant data that have emerged over the last 3 years. Previous relevant studies will only be mentioned briefly, as they have been discussed in detail earlier [9]. The role of TTV from the clinical virologist’s perspective has been reviewed by others recently [12, 13]. Biomarkers other than TTV will only be discussed briefly, as current reviews cover peripheral blood gene expression, dd-cfDNA, urinary chemokines and other emerging candidates [8, 14, 15].
CURRENT STATUS OF IMMUNE MONITORING IN CLINICAL CARE OF KIDNEY TRANSPLANT RECIPIENTS
Despite a long history of immune monitoring research in kidney transplantation, no biomarker is supported by sufficient evidence to enter clinical practice. Standardised assays, rigorous validation and interventional trials demonstrating the clinical value of biomarkers when added to the standard of care are prerequisites for broad implementation. Lately, some studies yielded promising results and a recent consensus statement of the European Society of Organ Transplantation cautiously discussed recommendations in favour of biomarker monitoring in certain settings while urgently calling for interventional trials [16]. However, the study design in this context is complicated. Endpoints commonly used in interventional clinical trials, such as allograft rejection or loss, have low incidences, necessitating the inclusion of high-risk patients or large populations. Consequently, a randomised controlled trial (RCT) assessing de novo DSA-triggered optimisation of immunosuppression suffered from lower-than-expected rejection and biopsy rates and failed to show improved allograft survival [17]. Similarly, a multicentre RCT evaluating urinary monitoring of C-X-C motif chemokine ligand 10 (CXCL10) in addition to the standard of care could not demonstrate a reduction in rejection rates during the first year post-transplantation, at least partly due to low biopsy and rejection rates [18].
Besides sufficient power, outcome selection is crucial in biomarker trial design. For example, while dd-cfDNA was developed as an injury marker, several studies focused on dd-cfDNA as a tool to rule out rejection and avoid invasive diagnostics. This demands close and longitudinal monitoring in large patient cohorts, which, even with a high negative predictive value, may easily become very resource-demanding. A more effective approach might be ruling in rejection in high-risk patients. Consistent with this approach, the first positive results came from a single-centre RCT demonstrating an accelerated diagnosis of late antibody-mediated rejection (ABMR) in patients with de novo DSA if dd-cfDNA was added to the standard of care [19]. Following these first promising results, validation in large and diverse multicentre cohorts is now eagerly awaited.
The nature of the biomarker should also be considered carefully in the study design and outcome selection phase. For example, injury markers might not be useful for predicting potential future adverse events [20]. Biomarkers reflecting the state of immunosuppression could overcome this problem. TTV is a promising candidate due to its link to both extensive and insufficient immunosuppressive burden before adverse events manifest. Quantifying immunocompetence using TTV may serves as a complement to markers of graft injury (e.g. dd-cfDNA) and alloreactivity (e.g. DSA).
Alternative approaches to quantify the net state of the immune system rely on cellular assays. One proposed assay was the ImmuKnow, which did not enter clinical practice despite promising results within a single centre RCT [21]. Recently, another RCT including paediatric patients showed promising data for Tvis [22], an assay that relies on quantifying virus-specific T cells. Because of the complex logistical procedures, most of the patients (86%) where randomised only at one study site. Multicentre validation will be crucial as the complexity of the assay might pose an obstacle to standardisation and implementation.
TORQUE TENO VIRUS – FROM DISCOVERY TO IMMUNE MONITORING
TTV is a small, circular, non-enveloped, single-stranded DNA virus that was first described in 1997. It is characterised by high genetic diversity, and 26 species are currently classified among the genus Alphatorquevirus within the family Anelloviridae. To date, no causal association with any disease has been demonstrated. Its high prevalence in the general population [23, 24], replication in almost all studied body tissues and liquids [25], and high positivity rates among infants [26] have given rise to the hypothesis of TTV being a non-pathogenic, commensal virus. As such, it was attributed to the human virome [27].
Epidemiological analyses revealed higher TTV prevalences in patients with diseases causing reduced immunocompetence or chronic inflammation [10, 28]. As early as 2001, studies linked TTV prevalence to overall immunocompetence [29, 30]. In the same year, Maggi and Bendinelli speculated on the potential healthcare benefits of monitoring TTV in organ transplantation [31]. In 2003, Moen and colleagues observed steep increases in TTV load upon initiation of immunosuppression in kidney transplant recipients [32]. A decade later, associations between TTV and adverse outcomes in transplant patients became evident. In a systems biology approach, De Vlaminck and colleagues analysed the human plasma virome in patients after heart and lung transplantation, and observed not only a marked expansion of TTV after the initiation of immunosuppression but also an overall lower viral load in patients with allograft rejection [33]. Associations between TTV load and the occurrence of infections were demonstrated shortly after [34]. These findings were subsequently reproduced in a variety of different cohorts with broad consistency among studies and across different types of transplanted organs [9, 35].
Evidence for TTV as an immune marker has also emerged from studies involving non-transplant patients [36]. In patients with antineutrophil cytoplasmic antibody vasculitis, a retrospective analysis of the RAVE RCT [37] showed that those who experienced relapses had lower peripheral blood TTV loads at month 4 after therapy start, potentially reflecting insufficient immunosuppression (unpublished data from the Medical University of Innsbruck). In patients with rheumatoid arthritis, TTV loads were lower in those with persistent rheumatoid arthritis activity despite initiation of disease-modifying anti-rheumatic drug therapy, indicating an insufficient immunosuppressive effect [38].
TTV has also been proposed for triage in visits at emergency medicine outpatient clinics. Patients with a SARS-CoV-2-infection were shown to be at particularly increased risk of admission to the intensive care unit or death if TTV loads in nasopharyngeal swabs were high [39]. Promising results of TTV quantification in patients with oncologic disease were reported and recently summarised [40]. In women with ovarian cancer, those with unfavourable outcomes were found to have higher TTV loads [41]. In patients receiving chimeric antigen receptor T-cell therapy for lymphoproliferative disease, TTV dynamics were associated with therapy response and immune effector cell-associated neurotoxicity syndrome [42].
Altogether, a high TTV load has been associated with host factors and clinical conditions linked to compromised immunocompetence across heterogeneous study populations. In patients receiving immunosuppressive therapy, TTV load may be used to identify those with insufficient immune system control and increased risk of adverse outcomes. Therefore, TTV is a promising biomarker to not only quantify the net state of the immune system but also guide clinical decision-making. Ongoing and future interventional RCTs will help define the value of TTV in the clinical care of kidney transplant recipients.
NOVEL DATA ON TORQUE TENO VIRUS QUANTIFICATION TECHNIQUES
In clinical applications, TTV load is most commonly quantified in plasma; however, it can also be quantified in various body fluids, including serum, whole blood, urine, nasopharyngeal swabs and bronchoalveolar lavage. Quantifying TTV in whole blood and serum yields higher loads than in plasma. Recently, Truffot and colleagues systematically quantified this difference, analysing 216 consecutive paired samples from 68 kidney transplant recipients. They observed a mean TTV load difference of 0.4 log10 copies/mL (c/mL) between whole blood and plasma, with a high correlation between paired samples [43]. Unpublished data from the University of Strasbourg shows a mean TTV load difference of 0.18 log10 c/mL between serum and plasma among 40 solid organ transplant recipients with 169 paired samples. It is well established that viral PCRs for viruses such as cytomegalovirus (CMV) or BK polyomavirus (BKV) can show differences of up to one log between whole blood and plasma or serum, with plasma and serum providing comparable results. Future studies should investigate these relationships for TTV. Until then, we recommend quantifying TTV in plasma, as most proposed cut-offs are based on this matrix.
The most extensively reported systems for quantifying TTV load are qPCR-based and use either published primers and probes developed by Maggi and colleagues [44] or a commercially available In Vitro Medical Devices Regulation (IVDR)-labelled assay (TTV R-GENE®, bioMérieux, France) [45]. Notably, TTV loads can differ significantly between applied assays. A recent study compared the in-house PCR developed by Maggi and colleagues and the commercially available PCR in 342 samples from 314 patients, revealing a mean difference of 1.38 log10 c/mL (95% confidence interval: 1.30–1.46) [46]. Notably, the assays showed a high and almost linear correlation, allowing one method to be extrapolated to the other. Besides primers and probes, differences in extractors, cyclers, consumables and local standards might also lead to significant differences in TTV load quantification. Indeed, a comparison of TTV loads quantified with the same PCR assay in Fabrizio Maggi’s laboratory in Italy and at the Center for Virology at the Medical University of Vienna showed a difference of 1.0 log10 c/mL (unpublished data). Given these findings, it is evident that locally obtained TTV PCR results need to be cross-validated and adapted to proposed TTV load cut-offs accordingly. Such a process can be facilitated by customised quality assessment programmes like those offered by Quality Control for Molecular Diagnostics (Glasgow, UK).
For the clinical implementation of any TTV qPCR assay, a low inter- and intra-centre variability is desirable. A recent analysis by the clinical virologists of the TTVguideTX consortium demonstrated that this can be achieved for the commercial PCR using standard testing platforms [47]. In preparation for the multicentre TTVguideIT trial, the PCR was set up locally in 13 recruiting centres across Europe. Applying an internal quality control demonstrated excellent accuracy, with an inter-laboratory standard deviation of 0.19 log10 c/mL and an intra-laboratory standard deviation of 0.07–0.18 log10 c/mL. External quality assessment and linearity panels similarly showed small variability. Implementation of qPCR assays might be further supported by using automated test systems. In this regard, a study by Spezia and colleagues might be of special interest. They compared the conventional in-house PCR with an automated approach in 112 samples and found a high concordance rate [48]. Automated qPCR systems could facilitate shorter turnaround times, reduced workload and higher throughput.
PROPOSED TORQUE TENO VIRUS CUT-OFF VALUES TO GUIDE IMMUNOSUPPRESSION
Most data on TTV in patients receiving immunosuppressive therapy was generated in kidney transplant recipients. Findings from initial retrospective studies have since been validated by non-interventional prospective studies [49, 50]. Today, independent and robust associations have been described between low TTV loads and all types of kidney graft rejection, including clinically overt T cell-mediated rejection (TCMR), ABMR, borderline TCMR and subclinical rejection. Higher TTV loads were found prior to a broad range of infectious events, including opportunistic infections by CMV and BKV, as well as bacterial urinary tract infections. Notably, linear associations showed step-wise increasing risk constellations for both infection and rejection with increasing or decreasing TTV load, respectively, as described in a 2022 review by our group [9] and a 2023 meta-analysis by van Rijn and colleagues [51].
Consequently, quantifying TTV loads was proposed for risk stratification of insufficient or excessive immunosuppression in kidney transplant recipients, and the research focus shifted towards defining clinically relevant TTV load cut-offs. TTV load cut-offs that have been proposed for the care of kidney transplant recipients are presented in Table 1; Figure 1. To facilitate the interpretation of these cut-offs, we converted TTV loads obtained by in-house qPCR assays to those of the commercially available qPCR assay. Using data from prospective cohort studies, a plasma TTV load between 4.6 and 6.6 log10 c/mL was proposed as an optimal trade-off between the risks of rejection and infection 4–12 months after kidney transplantation [49]. Few studies have investigated TTV loads in patients beyond the first year post-transplantation. Schiemann et al. described an increased risk of rejection in patients with TTV loads <3.6 log10 c/mL at a median of 6 years after transplantation in a cross-sectional study (Table 2) [54]. Chauvelot and colleagues proposed a range of 3.8–5.1 log10 c/mL for patients between one and 4 years after transplantation and validated their findings in a prospective cohort (Table 1) [53].
TABLE 1 | TTV load cut-offs proposed based on an IVDR-labelled qPCR assay to guide immunosuppression after kidney transplantation.	Clinical setting	Time of TTV quantification	TTV threshold
	Clinically overt graft rejectiona (single centre, cohort) [49]	Month 4–12 post-transplant	<4.6 log10 c/mLb,c
	Subclinical rejectiona (single centre, cohort) [52]	Month 4–12 post-transplant	<4.6 log10 c/mLb,c
	Underimmunosuppressiond (single centre, cross-sectional) [53]	Month 12–36 post-transplant	<3.8 log10 c/mLe
	Clinically overt graft rejectiona (single centre, cross-sectional) [54]	Median of 6 years post-transplant	<3.6 log10 c/mLb,c
	Vaccine responsef (retrospective analysis of a multicentre RCT) [10]	Median of 7 years post-transplant	<4.6 log10 c/mLb,c
	Infectiong (single centre, cohort) [49]	Month 4–12 post-transplant	>6.6 log10 c/mLb,c
	Malignant diseaseh (single centre cohort, unpublished)	Month 4–12 post-transplant	>6.6 log10 c/mLb,c
	Overimmunosuppressioni (single centre, cross-sectional) [53]	Month 12–36 post-transplant	>5.1 log10 c/mLe
	CMV-DNAemia >3.0 log10 c/mL (single centre, paediatric cohort) [55]	Year 2 (median) to year 5 (median) post-transplant	>6.3 log10 c/mLb,c
	BKV-DNAemia >3.0 log10 c/mL (single centre, paediatric cohort) [55]	Year 2 (median) to year 5 (median) post-transplant	>5.0 log10 c/mLb,c


Abbreviations: ABMR, antibody-mediated rejection; BKV, BK polyomavirus; CMV, cytomegalovirus; c/mL, copies/mL; RCT, randomised controlled trial; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
a biopsy-proven borderline, cellular and ABMR, according to the respective Banff meeting report.
b to facilitate the interpretation, TTV cut-off values obtained using an in-house PCR assay have been recalculated to match the results obtained with the TTV R-GENE® qPCR assay according to the comparative study by Görzer et al. who described a mean difference of 1.38 log10 c/mL (95% confidence interval 1.30–1.46) between PCR methods [46].
c plasma was used for TTV load quantification.
d based on comparison with a healthy collective and antibody response to vaccination.
e serum was used for TTV load quantification.
f humoral and cellular.
g defined as need for hospitalisation, anti-microbial treatment or reduction of immunosuppression.
h excluding basalioma and carcinoma in situ.
i defined by the occurrence of serious infections or malignoma.
[image: Graphic showing TTV log ten copies per milliliter plasma levels on the vertical axis, with a blue gradient background. The optimal range is between 4.6 and 6.6. Above this range, inverted triangles indicate greater risk of infection and malignancy. Below, upright triangles indicate increased risk of vaccination response and rejection.]FIGURE 1 | A schematic of using the host’s plasma Torque Teno virus (TTV) load for immunologic risk stratification in kidney transplant recipients. A high TTV load indicates a risk of infection and malignancy, and a low TTV load indicates a risk of rejection but associates with a better vaccination response. An optimal TTV plasma load between 4.6 and 6.6 log10 c/mL obtained by TTV R-GENE® is proposed.TABLE 2 | A selection of studies that have recently expanded the indication of TTV-guided monitoring after kidney transplantation.	Study design	Cohort	TTV monitoring	Main outcome	Main finding
	Paediatric cohort
	Retrospective analysis of single centre cohort [55]	71 KTX included 2y after TX;
3y FUP	every 4 to 8w for 3y	10 BKV / 7 CMV infections	High TTV load associates with CMV and BKV DNAemia
	SARS-CoV-2 vaccination
	Retrospective analysis of multicentre RCT [10]	100 KTX with mRNA vaccination;
7y after TX	At first vaccination	31 seroconversions post 2 vaccinations	High TTV load associates with impaired vaccine response
	Retrospective analysis of single centre cohort [56]	459 KTX with 2 or 3 mRNA vaccination; 6y after TX	At first vaccination	208 seroconversions post 2/ 130 post 3 vaccinations	High TTV load associates with impaired vaccine response
	TTV load kinetic
	Retrospective analysis of single centre cohort [57]	48 KTX with isolated CNI dose adjustment; 1 year after TX	0, 30, and 60d after CNI dose adjustment	TTV load	TTV load changes detectable only 2m after CNI adaption
	Retrospective analysis of single centre cohort [58]	43 KTX with 5w MPA withdrawal/ 33 continued MPA; 5y after TX	0, 1m after withdrawal, 2m post reintroduction	TTV load	TTV load decreases 1m after MPA withdrawal/ increases 2m after restart
	Non-randomised, open label, controlled pilot [59]	18 KTX with 2w MPA withdrawal/ 22 continued MPA; 4y after TX	0, 2w after withdrawal, 1m post reintroduction	TTV load	TTV load decreases 2 w and 1 m after MPA withdrawal
	Belatacept-based IS
	Retrospective analysis of single centre cohort [60]	68 KTX converted from TAC to belatacept; 4y after TX	0, 3, 6, and 12m after conversion	TTV load	No significant changes of TTV load post TAC-conversion
	Retrospective analysis of 2 RCTs [61]	105 KTX converted from CNI to belatacept; 2y after TX	0, 6, and 12m after conversion	TTV load	No significant changes of TTV load post CNI-conversion
	mTORi-based IS
	Cross-sectional, single centre [54]	715 KTX, 30 mTORi-based IS;
6y after TX	at screening	TTV load	Trend towards lower TTV load in mTORi-based IS
	post-TX malignancy
	Retrospective analysis of a single centre cohort study [50]	221 KTX; 1 year FUP	0, 7d, 1, 3, 6, and 12m	54 opportunistic infections / 11 malignancies	High TTV load associates with opportunistic infection and malignancy
	Retrospective analysis of single centre cohorta	428 KTX; 5y FUP	Every 3m for 5y	53 malignancies 2-5y after TX	High TTV load associates with malignancy
	RCT
	1:1: TTV-guided TAC trough level vs. SOC [11]	13 EU centres; 260 low risk KTX randomised 4m after TX; 9m FUP	Every 6w for 9m	Death, graft loss, rejection, infection	TTVguideIT: last patient last visit May 2025; results expected 2026
	1:1: TTV-guided IS vs. SOCb	4 French centres; 300 low risk KTX randomised 1-4y after TX; 3y FUP	Every 3m for 3y	Rejection, infection, cancer, graft loss, DSA	TAOIST: first patient first visit April 2025; results expected 2030


Abbreviations: BKV, BK polyomavirus; CMV, cytomegalovirus; CNI, calcineurin inhibitor; d, days; DSA, donor-specific antibodies; DSMB, data safety monitoring board; FUP, follow-up; IS, immunosuppression; KTX, kidney transplant recipients; MPA, mycophenolic acid; m, month(s); mRNA, messenger RNA; mTORi, mammalian target of rapamycin inhibitor; TX, transplantation; RCT, randomised controlled trial; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TAC, tacrolimus; SOC, standard of care; w, weeks y, years.
a unpublished data from a retrospective analysis of the prospective TTV-POET study (DRKS ID: DRKS00012335).
b study protocol published onClinicalTrials.gov(NCT06829719).
It is important to note, that validation of the proposed cut-off values guiding immunosuppressive therapy in an interventional setting is necessary prior to clinical implementation. One completed (TTVguideIT, EUCT number: 2022-500024-30-00) and one ongoing (TAOIST, ClinicalTrials.gov ID: NCT06829719) RCT will help to clarify the clinical value of TTV-guided immunosuppression in post-transplant care. In addition, these multicentre RCTs will allow for the validation of TTV load cut-offs derived from single-centre studies. TTVguideIT was a multicentre, interventional, patient- and assessor-blinded RCT conducted in 13 European centres recruiting stable adult kidney transplant recipients with low immunological risk (Table 2). The corresponding study protocol and the statistical analysis plan have been previously published [11, 62]. Between 2022 and 2024, 260 patients were randomised at month four after transplantation to either standard of care or TTV-guided tacrolimus dosing at a 1:1 ratio. TTV load was quantified in both arms every 6 weeks for 9 months. In the interventional arm, the investigators followed a protocol to set tacrolimus target trough levels according to the actual TTV load. In the control arm, TTV load was concealed. The primary endpoint was a composite of the occurrence of infections, biopsy-proven allograft rejection, graft loss and death scored by central assessors blinded to the allocation sequence. The last patient concluded the trial in May 2025.
The TAOIST trial is an interventional, open-label, parallel-group RCT being conducted in four French centres and recruiting adult kidney transplant recipients (Table 2). It aims to include 300 stable, low immunological-risk patients from months 12–48 after transplantation. The patients will be randomised to either standard of care or TTV-guided immunosuppression dosing for 36 months. TTV load will be quantified every 3 months. In the interventional arm, physicians will be free to change the dosing of immunosuppressive drugs to keep the TTV load within a predefined range. The primary outcome is a composite of de novo DSA, biopsy-proven rejection, infection, cancer or graft loss. The first patient was recruited in April 2025.
Notably, age, sex, and body mass index, which are associated with TTV load, do not confound or modify the association between TTV load and adverse effects related to over- and under-immunosuppression [23, 24, 63, 64]. Therefore, no adjustments to TTV cut-offs are necessary based on these characteristics. Conversely, it is plausible that patients at high risk for graft rejection - such as recipients with preformed DSA (and thus non-standard induction) or de novo DSA, re-transplantation, or a history of ABMR - as well as those at increased risk for infection - like older, frail recipients or individuals with comorbidities - may benefit from tailored immunosuppression. This could be reflected by higher or lower TTV cut-offs. Such a concept should be evaluated in phase three trials once the ongoing phase two studies, which recruit low-risk patients, demonstrate the safety of TTV-guided monitoring.
TIMING OF TORQUE TENO VIRUS-BASED IMMUNE MONITORING
TTV load cut-offs for the guidance of immunosuppression have been proposed to be useful from month 4 post-transplant. In the first 3–4 months after kidney transplantation, TTV load is not in a steady state, and thus the definition of clinically relevant cut-off values to guide immunosuppression is difficult [34, 49]. In contrast to the well-described dynamics of TTV load after initiation of immunosuppression, TTV kinetics following dose changes of immunosuppressive drugs were unknown until recently. Two cohort studies during the COVID-19 pandemic evaluating pausing antimetabolite treatment to enhance responses to SARS-CoV-2 mRNA vaccination produced the first insights (Table 2) [58, 59]. Both studies showed a reduction in TTV load between 4 and 6 weeks after pausing antimetabolite treatment, and TTV load reached baseline values within 2 months after reinitiation of antimetabolite therapy. This evidence was recently complemented by a single-centre study by Regele et al. [57], who examined 48 kidney allograft recipients with isolated calcineurin inhibitor (CNI) dosage changes from the TTV-POET study. No significant changes in TTV load were observed 1 month after the CNI dose changes. However, a median CNI dose reduction of 33% translated to a significant decrease in TTV load 2 months after the dosage change, and a 50% increase in CNI dosage caused a trend toward higher TTV loads 2 months later (Table 2). Notably, no TTV load measurements were available after 2 months, making it impossible to analyse further changes beyond that time. Integrating the findings of these studies with the consistently described peak of TTV loads at around 3–4 months after initiating immunosuppression following transplantation, the optimal time frame for quantifying the TTV load may be assumed to be every 2–4 months. It is important to note, that assessing the effect of an immunosuppressive dose change on TTV load shortly afterward is not appropriate. Due to the time lag in TTV load changes following dose adjustments in immunosuppressive therapy, measuring TTV load should only be done approximately 2 months later.
TORQUE TENO VIRUS LOAD IN BELATACEPT- AND MTOR INHIBITOR-BASED IMMUNOSUPPRESSION
One question that has come up repeatedly in recent years is how TTV load cut-off values defined in patients treated with CNI-based immunosuppression can be translated to other immunosuppressive regimens. In a single-centre cross-sectional study with a limited number of patients, a higher TTV load was initially observed in those on belatacept-based (n = 23) compared to CNI-based immunosuppression [54]. Therefore, it was hypothesised that co-stimulation blockade might have led to more potent immunosuppression or insufficient formation of TTV-specific T-cells and thus directly influenced viral control. However, two recent studies challenged this earlier finding and did not show significant increases in TTV loads after conversion from CNIs to belatacept (Table 2) [60, 61, 65]. In a retrospective study in Grenoble that included 68 patients converted from CNI to belatacept at a median of 4 years after transplantation, TTV loads did not change significantly from baseline [60]. A retrospective analysis of two RCTs examined TTV loads in 105 patients randomised to either CNI continuation or conversion to belatacept at 6 and 12 months after conversion [61]. Those who switched to a belatacept-based regimen showed stable TTV loads and no significant differences in TTV dynamics compared to those who maintained CNI-based therapy at both time points. In both studies, while infection and rejection rates were low, precluding any meaningful analysis, TTV loads tended to be higher in patients with subsequent infections and lower before rejection episodes. These data suggest the potential application of TTV cut-off values defined using CNI-based regimens for risk stratification also in patients on belatacept-based immunosuppression.
Unlike belatacept-based immunosuppression, insufficient data is available for mammalian target of rapamycin inhibitor (mTORi)-based immunosuppression to make recommendations concerning the clinical value of TTV-guided immunosuppression. In only one retrospective cross-sectional single-centre study, the 30 patients receiving mTORi-based immunosuppression showed absolute but not statistically significant lower TTV loads than those receiving CNI-based immunosuppression (Table 2) [54].
TORQUE TENO VIRUS MONITORING IN PAEDIATRIC KIDNEY TRANSPLANT RECIPIENTS
Until recently, cut-off values for TTV-guided immunosuppression were unavailable for paediatric kidney transplant recipients, and data were mainly derived from one cross-sectional study and one single-centre cohort study associating Anelloviridae trajectories with immunosuppression and graft rejection [66, 67]. Recently, a larger retrospective single-centre study by Eibensteiner and colleagues added to these data (Table 2). They retrospectively analysed all paediatric kidney transplant recipients followed between 2014 and 2020 at the Medical University of Vienna for TTV load at 4–8 weeks intervals in the context of CMV and BKV infections (n = 71) [55]. They described a higher TTV load in patients with subsequent CMV and BKV infections during a 3-year follow-up and defined cut-offs at 7.7 and 6.4 log10 c/mL, respectively, to predict subsequent clinically relevant viral DNAemia (Table 2). Recipients in the cohort showed a wide age range (IQR 3.5–13.2 years at transplantation), and it is well established that TTV load increases with age [24, 68]. Analyses from adult kidney transplant cohorts have demonstrated an association between TTV load and adverse effects related to both over- and under-immunosuppression across all age groups [49]. Future research should explore whether this relationship also applies to the full paediatric recipient population.
NOVEL ENDPOINTS FOR TORQUE TENO VIRUS-BASED MONITORING: MALIGNANCY AND VACCINATION RESPONSE
The consequences of intense immunosuppression go beyond an elevated incidence of infections, as such patients are also at an increased risk of oncologic disease. Until recently, only one single-centre cohort study that included 221 patients indicated higher TTV loads in kidney transplant recipients with subsequent oncologic disease. Notably, oncologic disease was analysed only within a combined endpoint that included mainly opportunistic infections (Table 2) [50]. An yet unpublished analysis of data from the prospective TTV-POET study (DRKS ID: DRKS00012335) showed that the cumulative TTV load in 428 patients from months 4–12 after transplantation was predictive for the development of malignoma (53 events) in the subsequent 4 years of follow-up. Using the Vienna in-house PCR, patients with a TTV load >8 log10 c/mL had a significantly higher risk of developing cancer than those with a TTV load <8 log10 c/mL. Notably, this TTV load cut-off is equivalent to the cut-off for defining patients at risk of infection (Table 1). Therefore, it can be speculated that targeting the optimal TTV load range proposed to reduce infection might also reduce malignancy rates.
Another clinically relevant side effect of immunosuppression in kidney transplant recipients is a reduced response to vaccination, and recent studies have analysed TTV loads in this context. Graninger and colleagues retrospectively analysed 100 kidney transplant recipients from samples prospectively stored by an interventional German multicentre RCT, demonstrating that TTV loads were lower in serological responders than in non-responders after two doses of the SARS-CoV-2 mRNA vaccine. Those with TTV loads >106 c/mL showed no cellular immune response, and only 12% showed a serological response (Table 2) [10]. These findings were confirmed by a retrospective single-centre study involving 459 kidney transplant recipients receiving their second dose of the SARS-CoV-2 mRNA vaccine, of which half then received a third dose (Table 2) [56]. Notably, during the COVID-19 pandemic, temporal antimetabolite withdrawal was shown to enhance responses to SARS-CoV-2 vaccination in some [58, 69] but not all [59] RCTs. Therefore, a TTV-based approach to individualise both the amount and timing of reducing immunosuppression before planned vaccination could be an interesting design to evaluate in an interventional trial.
SCENARIOS WHERE TORQUE TENO VIRUS LOAD MIGHT NOT REFLECT IMMUNE FUNCTION ACCURATELY
Besides insufficient data on patients receiving mTORi-based immunosuppression, as mentioned above, there are other scenarios where TTV-guided immunosuppression might be challenging. In a few patients, the TTV load does not reach the detection limit of the commonly used qPCRs. In these cases, differentiating between non-infection and DNAemia below the detection limit is difficult, and the TTV load cannot be used for risk stratification of immunosuppression. Quantification of other genera of the Anelloviridae family might help in this situation. Recently, a study involving 168 solid organ transplant recipients showed that quantifying Betatorquevirus (formerly the Torque Teno Mini virus) and Gammatorquevirus (formerly the Torque Teno Midi virus) improved the prediction of the SARS-CoV-2 vaccination response [70].
TTV was shown to become almost undetectable following myeloablative conditioning regimens in hematopoietic stem cell transplantation patients [71, 72]. Similarly, TTV load significantly decreases during anti-thymocyte globulin treatment in solid organ transplant recipients [73]. In both settings, the TTV load cannot be used to quantify immunosuppression. Notably, TTV loads returned to baseline 1–2 weeks after anti-thymocyte globulin treatment and might reflect immunosuppression accurately again after that time point [73]. In concordance with the above mentioned findings leukocytes were proposed as a replication pool for TTV and it may be speculated upon whether the validity of TTV loads is also reduced during episodes of significant leukopenia due to, for example, CMV infection or drug toxicity.
SUMMARY AND OUTLOOK
The association between TTV load and adverse outcomes linked to immune function in kidney transplant recipients is increasingly robust, and cut-offs for TTV-guided immunosuppression have been proposed. Recent studies involving paediatric cohorts, patients with belatacept-based immunosuppression and endpoints other than infection and rejection might broaden its potential clinical applications. Future studies must focus on knowledge gaps, including TTV loads in patients at later time points after transplantation and recipients on mTORi-based immunosuppression. Improved quantification methods of TTV load have been proposed to support implementation, which will depend on the results of ongoing interventional trials. Following results of ongoing interventional trials, TTV will have to position itself in the context of other emerging biomarkers for immunologic monitoring.
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The UK National Appeals Panel Safely Extends Access to Liver Transplantation for Candidates Beyond Standard Listing Criteria
Abdul Rahman Hakeem1*, Sahil Gupta1, Rhiannon Taylor2, Tassos Grammatikopoulos1,3, Steven Masson4, Raj Prasad5, Doug Thorburn6, Krishna Menon1, Derek Manas2 and Varuna Aluvihare1
1Institute of Liver Studies, King’s College Hospital NHS Foundation Trust, London, United Kingdom, 2NHS Blood and Transplant, Bristol, United Kingdom, 3Paediatric Liver, GI and Nutrition Centre, King’s College Hospital NHS Foundation Trust, London, United Kingdom, 4Liver Unit, Newcastle NIHR Biomedical Research Centre, Newcastle Upon Tyne Hospitals NHS Foundation Trust and Translational and Clinical Research Institute, Faculty of Medical Sciences, Newcastle University, Newcastle upon Tyne, United Kingdom, 5Leeds Teaching Hospitals NHS Trust, Leeds, United Kingdom, 6Royal Free Hospital NHS Foundation Trust, London, United Kingdom
*Correspondence:
 Abdul Rahman Hakeem, abdul.hakeem1@nhs.net
Received: 11 September 2025
Accepted: 06 January 2026
Published: 27 January 2026
Citation:
Hakeem AR, Gupta S, Taylor R, Grammatikopoulos T, Masson S, Prasad R, Thorburn D, Menon K, Manas D and Aluvihare V (2026) The UK National Appeals Panel Safely Extends Access to Liver Transplantation for Candidates Beyond Standard Listing Criteria. Transpl. Int. 39:15573. doi: 10.3389/ti.2026.15573
Liver transplantation (LT) is the definitive treatment for selected acute and chronic liver diseases, yet standard national listing criteria do not encompass all clinical situations. To address this, the United Kingdom (UK) established the National Appeals Panel (NAP) in 2011 to review exceptional cases, aiming to ensure equitable access while safeguarding allocation of scarce donor organs. We conducted a retrospective analysis of all appeals submitted to the NAP between 2011 and 2020. 149 appeals were received: 139 (93.3%) adults and 10 (6.7%) paediatric patients. Overall, 128 (85.9%) appeals were approved, 19 (12.8%) declined, and 2 (1.3%) withdrawn. Approval was more frequent for adult super-urgent than elective requests (92.9% vs. 79.5%). Of 118 approved adults, 95 (80.5%) underwent LT, while 23 (19.5%) did not, most often due to deterioration on the waiting list. Transplanted adults included 46.3% super-urgent cases, with 20% ventilated and 25.3% on renal replacement therapy, yet achieved excellent outcomes with 98% one-year and 90% five-year survival. All 10 paediatric appeals were approved, with one child dying on the list and nine transplanted. Declined appeals mainly involved older patients with malignant indications. This review highlights the NAP’s role in expanding LT access while ensuring equity and governance.

[image: Infographic detailing the UK National Appeals Panel's process for extending liver transplant access, showing 149 appeals from 2011 to 2020, with 93.3 percent adults and 6.7 percent paediatric cases, most appeals approved, strong survival rates, and a panel structure involving multiple representatives.]GRAPHICAL ABSTRACTKeywords: declines, indications, liver transplant, national appeals panel, outcomes
INTRODUCTION
Liver transplantation (LT) remains the definitive treatment for selected acute and chronic liver diseases, offering improved survival and quality of life (QoL) [1]. Given the ongoing shortage of donor organs, patient selection must be based on transparent and equitable criteria to ensure fair allocation [2, 3]. In the United Kingdom (UK), the Liver Advisory Group (LAG), under NHS Blood and Transplant (NHSBT), defines standard listing criteria across four categories: acute liver failure (ALF), chronic liver disease (CLD), variant syndromes, and primary liver cancer. These aim to prioritise patients with the greatest need and likelihood of benefit [4].
However, some patients with urgent or complex presentations fall outside these criteria and are ineligible for routine listing [5, 6]. To address this, the UK established the National Appeals Panel (NAP) in January 2011, a multidisciplinary body that reviews appeals for such exceptional cases [7]. Through structured, case-by-case deliberation, the NAP ensures LT is not denied to individuals with rare but legitimate indications. This centralised process promotes consistency, accountability, and fairness in exception handling [8].
Despite the NAP’s critical role in the UK transplant framework, limited evidence exists on its outcomes, particularly long-term graft and patient survival following successful appeals. Similarly, the characteristics and outcomes of declined cases or those not proceeding to transplant despite approval are poorly described. Understanding these patterns is vital to evaluate the NAP’s effectiveness and inform future revisions to national policy [8].
This retrospective study evaluates all appeals submitted to the NAP, analysing case characteristics, approval outcomes, transplant rates, and post-transplant patient and graft survival. We also explore reasons for declined appeals and recurring themes that may guide future policy development.
MATERIALS AND METHODS
Study Design and Data Source
This retrospective study included all appeals submitted to the UK NAP between January 2011 and December 2020 for adult and paediatric LTs. Clinicians from the seven UK LT centres submitted appeals using a standardised proforma (NHSBT’s formal application form) for patients who did not meet the established national listing criteria, as outlined in Policy POL195/7 [6]. Data were extracted from the NHSBT database.
Structure and Function of the National Appeals Panel
The NAP, established by the LAG, provides a centralised and transparent mechanism for evaluating exceptional transplant candidates. The panel comprises an independent, non-voting Chair (LAG Chair or their deputy) and two nominated representatives from each of the seven UK liver transplant centres, with one vote per centre (Figure 1). The submitting centre may not vote. Appeals are approved if four or more centres vote in favour.
[image: Flowchart illustrating the structure and process of the National Appeals Panel for liver transplantation. The panel includes the LAG Chair or Deputy and two representatives from each of seven centers. Any clinician in a liver transplant center can appeal for adult or pediatric, elective or super-urgent cases. Discussions occur electronically or by phone, with timelines of twelve hours for super-urgent and five working days for elective appeals. A consensus requires four or more centers in favor, and for pediatric referrals, two other centers provide their opinion. NAP decisions are final with no further re-appeals.]FIGURE 1 | National appeals panel and process.The NAP may place a candidate on the transplant list if they do not meet any of the current criteria and, on the evidence provided to them, if one or more of the following conditions are met: (1) >50% probability of 5-year survival with acceptable QoL post-transplant, and (2) >9% 1-year mortality from liver disease without transplantation, or (3) poor QoL despite maximal therapy, expected to improve with LT. These thresholds follow UK national policy (Liver Advisory Group Policy POL195/7), which is based on long-term outcome modelling, published prognostic evidence, and expert consensus. Individual probabilities are estimated by each transplant centre using MDT assessment, disease-specific prognostic tools where available, and published survival data for complex indications [6]. Hepatocellular carcinoma (HCC) cases outside size/number limits may be considered if tumour biology supports favourable outcomes. Paediatric cases require favourable responses from the two other paediatric transplant centres not involved in the patient’s care.
Appeals Process
Appeals are submitted to the LAG Chair, who pre-screens for eligibility. Documentation is circulated electronically, and deliberations occur via email or telephone. For elective cases, decisions are issued within five working days. If no consensus is reached within 7 days, the Chair may make an executive decision. Outcomes include approved or declined or withdrawn, and are communicated to the referring centre. Re-submission is allowed only if new information emerges.
For super-urgent cases, centres submit to the Chair, who assesses validity. If approved, details are forwarded to the central NHSBT Hub Operations, who circulate the appeal to all centres. Responses are required within 12 h. Approval is granted with four affirmative votes or if no more than two centres object. Hub Operations then registers the patient as a super-urgent recipient [6] (Figure 1).
Patients approved under the NAP for high-risk or exceptional indications are listed within the UK national allocation system. Approval does not confer automatic prioritisation; patients remain subject to standard national allocation rules, including blood group and size matching. Centre-specific listing caps exist to prevent disproportionate allocation to any single centre, with oversight by national transplant authorities. Super-urgent cases are designated according to nationally agreed criteria and are offered organs on a priority basis via a national call system. This process ensures equitable organ allocation while allowing timely transplantation for patients at imminent risk.
Data Collection and Analysis
All consecutive NAP referrals were included. Extracted variables included patient demographics (age, gender, body mass index), clinical data (diagnosis, UK end-stage liver disease score, referring centre), and appeal-specific details (indication, outcome, rejection reason, transplant status). For patients who underwent transplantation, data on 90-day graft and patient survival, retransplantation, and complications (e.g., vascular and biliary complications, sepsis) were recorded. Narrative appeal texts were qualitatively reviewed to identify recurring themes.
Descriptive statistics were used to summarise patient demographics, clinical features, and outcomes. Continuous variables are reported as medians with interquartile ranges (IQRs) or means with standard deviation, depending on distribution. Categorical variables are presented as frequencies and percentages. Group comparisons were performed using chi-square or Fisher’s exact test for categorical data, and t-test or Mann–Whitney U test for continuous data, as appropriate. Survival outcomes were analysed using the Kaplan–Meier methods. Survival time was calculated from the date of transplantation to either death or graft loss, with censoring at last clinic follow-up. The number of patients at risk at each time point is displayed below the Kaplan-Meier plot. All analyses were conducted using IBM SPSS Statistics for Windows, Version 27.0 (IBM Corp., Armonk, NY, USA). Narrative free-text appeal records were qualitatively reviewed to identify recurring clinical and ethical themes, particularly among declined or withdrawn appeals.
Ethical Considerations
The study was approved by NHSBT as part of its quality assurance programme. Data were extracted from the NHSBT registry in anonymised form, and no identifiable patient information was accessed. Formal research ethics committee approval was therefore not required, as per UK governance guidelines for registry-based service evaluations.
RESULTS
Appeals to the National Appeals Panel
Between January 2011 and December 2020, a total of 149 appeals were submitted to the NAP, of which 139 (93.3%) were for adult patients and 10 (6.7%) for paediatric patients. Among adults, 56 appeals (40.3%) were super-urgent and 83 (59.7%) elective, while in paediatric patients 3 (30.0%) were super-urgent and 7 (70.0%) elective. Overall, 118 adult appeals (85.0%) were approved, 19 (13.7%) declined, and 2 (1.4%) withdrawn, whereas all 10 paediatric appeals (100%) were approved. Success rates were higher for super-urgent than elective appeals, with 92.9% (52/56) of adult super-urgent requests approved compared with 79.5% (66/83) of adult elective requests (Table 1).
TABLE 1 | Referrals to National Appeals Panel and their Outcomes.	Characteristic	N (%)
	Total number of appeals from January 2011 to December 2020	149
	Age group
Adult patient appeals
Paediatric patient appeals	
139 (93.3%)
10 (6.7%)
	Type of appeals
Adult super-urgent
Adult elective
Paediatric super-urgent
Paediatric elective	
56 out of 139 (40.3%)
83 out of 139 (59.7%)
4 out of 10 (40.0%)
6 out of 10 (60.0%)
	Outcomes of adult patient appeals
Approved
Declined
Withdrawn
Outcomes of paediatric patient appeals
Approved
Declined
Withdrawn	
118 (85.0%)
19 (13.7%)
2 (1.4%)

10 (100%)
0
0
	Success percentage based on urgency of appeals
Adult super-urgent
Adult elective	
92.9% (52 out of 56)
79.5% (66 out of 83)


Outcomes Following Approval From NAP for Adult Patients
Of 118 adult patients approved by the NAP, 95 (80.5%) underwent transplantation, while 23 (19.5%) did not proceed. The main reason was clinical deterioration after wait-listing (10 patients, 43.5%). Two patients (8.7%) died before an organ became available, and two (8.7%) were removed due to clinical improvement. In 115 approved adult cases, the decision was consistent with the urgency of the original request: super-urgent requests led to super-urgent listings, and elective requests to elective listings. Exceptions included one super-urgent request approved as elective, one variant syndrome listed through the CLD pathway, and one patient already eligible under standard criteria who was registered routinely. Another case involved a simultaneous liver–lung transplant for cystic fibrosis with liver disease. Although the UKELD score was <49, the presence of portal hypertension with varices supported the appeal, and the patient underwent elective transplantation (Table 1).
Demographics and Characteristics of Adult Patients Transplanted After Successful Appeal
For those transplanted, the median age at listing was 39 years (IQR 27–53); 53.7% were female and 48.4% were blood group O. Median UKELD at referral was 50 (IQR 46–60). The most frequent indications were post-transplant complications (21.1%), cholestatic liver disease (21.1%), and ALF (13.7%). Of the 95 transplanted adults, 78.9% were first grafts and 21.1% regrafts, with 46.3% performed under super-urgent status. At the time of transplant, 20.0% were ventilated and 25.3% required renal replacement therapy (RRT). Most donor grafts were from donation after brain death (DBD; 93.7%), with 5.3% from donation after circulatory death (DCD) and one (1.1%) living donor transplant (Table 2).
TABLE 2 | Demographics of adult patients transplanted after successful appeal.	Characteristic	N = 95
	Recipient age (years)a	39 (27–53)
	Recipient gender (female)	51 (53.7%)
	Recipient BMI (kg/m2)a	24 (21–28)
	Recipient UK end-stage liver disease score (UKELD)a	50 (46–60)
	Recipient blood group
O group
A group
B group
AB group	
46 (48.4%)
35 (36.8%)
12 (12.6%)
2 (2.1%)
	Indications for transplant
Post-liver transplant complications
Cholestatic liver disease
Acute liver failure
Liver cancer
Metabolic-dysfunction associated liver disease (MASLD)
Metabolic diseases (Glycogen storage diseases, etc)
Alcohol-related liver disease (ArLD)
Chronic rejection
Others
Unknown	
20 (21.1%)
20 (21.1%)
13 (13.7%)
4 (4.2%)
5 (5.3%)
5 (5.3%)
1 (1.1%)
3 (3.1%)
18 (18.8%)
6 (6.3%)
	Previous transplants
1st transplant
2nd transplant
3rd transplant
4th transplant	
75 (78.9%)
18 (18.9%)
1 (1.1%)
1 (1.1%)


a Median (inter-quartile range).
Post-Transplant Complications and Outcomes for Adult Recipients
Early complications included hepatic artery thrombosis in four cases (4.2%), biliary complications in four cases (4.2%), and sepsis in 23 cases (24.1%). Two recipients (2.1%) experienced graft loss within 90 days, and one patient (1.1%) died within 90 days (Table 3). Long-term outcomes were excellent, with graft survival of 95% at 1 year and 85% at 5 years (Figure 2). Patient survival was 98% at 1 year and 90% at 5 years (Figure 3).
TABLE 3 | Graft and patient outcomes of adult patients transplanted after successful appeal.	Characteristic	N = 95
	Urgency of transplant
Super-urgent	
44 (46.3%)
	Ventilated at the time of transplant	19 (20.0%)
	Renal support at the time of transplant	24 (25.3%)
	Type of graft
Donation after brain death (DBD) graft
Donation after cardiac death (DCD) graft
Living-donor liver transplant (LDLT) graft	
89 (93.7%)
5 (5.3%)
1 (1.1%)
	Complications post-transplant (90-day)
Vascular complications
Biliary complications
Sepsis	
4 (4.2%) – all hepatic artery thrombosis
4 (4.2%)
23 (24.2%)
	Graft loss (90-day)	2 (2.1%)
	Patient death (90-day)	1 (1.1%)
	Graft survival
1-year
5-year	
95%
85%
	Patient survival
1-year
5-year	
98%
90%


[image: Kaplan-Meier survival curve displaying cumulative graft survival over 120 months, with approximately ninety-five patients at baseline and seventy-six remaining at ten years. Censored events are indicated by hash marks. A risk table below shows the number of patients at risk for each year interval.]FIGURE 2 | Graft survival of those transplanted after National Appeals Panel approval.[image: Kaplan-Meier survival curve showing cumulative patient survival over one hundred twenty months, with most patients surviving throughout the period. Censored data points are marked. Accompanying table displays number of patients at risk each year, starting with ninety-five and declining to eighty-five at year ten.]FIGURE 3 | Patient survival of those transplanted after National Appeals Panel approval.Approved but Not Transplanted in the Adult Cohort
Among the 23 patients approved but not transplanted, the median age was slightly higher than the transplanted group (42 vs. 38 years; p = 0.080). A smaller proportion were female (43.5% vs. 53.7%; p = 0.520) and a greater proportion had blood group O (60.9% vs. 48.6%; p = 0.400). The urgency distribution was similar (super-urgent 47.8% vs. 46.3%; elective 52.2% vs. 53.7%; p = 1.000). Indication profiles were broadly comparable, though with some differences which were not statistically significant: post-transplant complications (30.4% vs. 21.1%; p = 0.490), cholestatic disease (8.7% vs. 21.1%; p = 0.290), acute liver failure (8.7% vs. 13.7%; p = 0.770), metabolic/variant syndromes (34.8% vs. 33.7%; p = 1.000), and hepatocellular carcinoma/adenoma with favourable biology (17.4% vs. 10.5%; p = 0.580).
Outcomes in the non-transplanted group showed high attrition: 43.5% were removed for clinical deterioration, 8.7% removed for clinical improvement, 8.7% removed for unspecified reasons, and 8.7% died on the waiting list. At study closure, 30.4% had outcome not known (Table 4).
TABLE 4 | Demographic and clinical characteristics of approved transplanted vs. approved not transplanted (died, removed from waiting list, suspended) adult patients.	Characteristic	Approved and transplanted (n = 95)	Approved but not transplanted (n = 23)	P value
	Median age (years)	38 (IQR 26–52)	42 (IQR 29–55)	0.080
	Gender (female)	51 (53.7%)	10 (43.5%)	0.520
	Blood group O	46 (48.6%)	14 (60.9%)	0.400
	Urgency at appeal	Super-urgent: 44 (46.3%)
Elective: 51 (53.7%)	Super-urgent: 11 (47.8%)
Elective: 12 (52.2%)	1.000
	UKELD at referral (median, IQR)	51 (47–61)	48 (45–58)	0.699
	Main indication categories	Post-LT complications: 20 (21.1%)
Cholestatic: 20 (21.1%)
ALF: 13 (13.7%)
Other metabolic/variant: 32 (33.7%)
HCC (favourable biology): 10 (10.5%)	Post-LT complications: 7 (30.4%)
Cholestatic: 2 (8.7%)
ALF: 2 (8.7%)
Other metabolic/variant: 8 (34.8%)
HCC/adenoma (favourable biology): 4 (17.4%)	0.490
0.290
0.770
1.000
0.580
	Outcome	Transplanted: 95 (100%)	Died on waiting list: 2 (8.7%)
Removed (clinical deterioration): 10 (43.5%)
Removed (unspecified): 2 (8.7%)
Removed clinical (improvement): 2 (8.7%)
Outcome not known: 7 (30.4%)	n/a


Abbreviations: ALF, acute liver failure; HCC, hepatocellular carcinoma; IQR, interquartile range; LT, liver transplantation; n, number; UKELD, UK end-stage liver disease score.
Declined Appeals in Adult Cohort
A total of 19 adult appeals (13.7%) were declined by the NAP. The majority of these involved unfavourable tumour biology, most commonly recurrent or advanced hepatocellular carcinoma, metastatic neuroendocrine tumours, or cholangiocarcinoma. Other reasons for decline included concerns about poor expected survival or situations where outcomes reported in the literature suggested futility (atypical ALF, graft-versus-host-disease). Compared with those approved, declined adult appeals represented an older population with a median age of 47 years (p = 0.059), were almost exclusively elective (89.5%; p = 0.006), and were dominated by malignant disease (63.0%; p < 0.001) (Table 5; Supplementary Table S1).
TABLE 5 | Demographic and clinical characteristics of approved vs. declined appeals in adult cohort.	Characteristic	Approved adult appeals (n = 118)	Declined adult appeals (n = 19)	P value
	Median age (years)	39 (IQR 27–53)	47 (IQR 35–61)	0.059
	Gender (female)	61 (51.4%)	8 (42.1%)	0.600
	Blood group
O group
A group
B group
AB group	
62 (53.4%)
35 (30.2%)
16 (13.8%)
3 (2.6%)	
Not available
Not available
Not available
Not available	n/a
	Urgency
Super-urgent
Elective	
56 (47.5%)
62 (52.5%)	
2 (10.5%)
17 (89.5%)	0.006
	Indications – malignant	3 (2.5%) (HCC with favourable biology)	12 (63.0%) (HCC, recurrent HCC, CCA, NET)	<0.001
	Indications – non-malignant	115 (97.5%) (ALF, cholestatic, metabolic, graft failure, etc.)	7 (37.0%) (ALF atypical, severe alcoholic hepatitis, AIH, GVHD, chronic rejection)	<0.001
	Transplanted following appeal	95 (80.5%)	0	n/a
	Waiting list outcome (non-Tx)	Died on list: 2 (8.7%)
Removed: 14 (11.9%)
Outcome not known: 7 (5.9%)	Not listed	n/a
	1-year survival (if transplanted)	98%	n/a	n/a
	5-year survival (if transplanted)	90%	n/a	n/a


Abbreviations: AIH, autoimmune hepatitis; ALF, acute liver failure; CCA, cholangiocarcinoma; GVHD, graft-versus-host disease; HCC, hepatocellular carcinoma; IQR, interquartile range; NET, neuroendocrine tumour; n/a, not applicable; n, number; Tx, transplantation.
The bold values demonstrate P < 0.05, which is statistically significant.
Withdrawn Appeals in Adult Cohort
Two appeals were withdrawn during the study period. One super-urgent appeal was withdrawn after donor pancreas histology, initially suspicious for malignancy, was confirmed benign on final pathology, negating the need for retransplantation. One was an elective referral for ArLD with decompensation, which was withdrawn by the referring centre prior to panel decision.
Paediatric Appeals
A total of 10 paediatric appeals were submitted to the NAP during the study period, and all were approved. Four were super-urgent appeals (40%), one elective with priority, and five were elective listings. The children ranged in age from 1 month to 17 years (median 11 years). Indications for transplantation included malignancy (3; hepatoblastoma, HCC, and undifferentiated sarcoma), acute liver failure (2; autoimmune and post-LT complications), metabolic liver disease (2; MSUD and OTC deficiency), sickle cell hepatopathy (2), and biliary atresia with decompensation (1). Of the 10 children, 9 underwent transplantation (all with DBD grafts), while one child with sickle cell hepatopathy died on the waiting list. Three deaths occurred following transplantation: two were due to disease relapse in the graft (sarcoma and autoimmune hepatitis with acute liver failure) and one with functioning graft (hepatoblastoma). At last follow-up, six children remain alive, with follow-up ranging from just under 2 years to more than 6 years post-transplant (Supplementary Table S2).
DISCUSSION
The present study provides the first comprehensive national analysis of the UK National Appeals Panel (NAP) for LT, covering a decade of experience since its inception in 2011. Our findings demonstrate that the NAP fulfils its intended purpose: extending access to transplantation for patients who fall outside conventional criteria while maintaining excellent graft and patient outcomes. The high approval rate, particularly for super-urgent appeals, alongside the outstanding post-transplant survival, highlights the effectiveness of this national mechanism in balancing equity, clinical benefit, and stewardship of scarce donor organs.
For context, national NHSBT outcome data from August 2025 report 1- and 5-year adult patient survival rates of approximately 95% and 83% for elective, first deceased-donor LTs performed for standard indications (noting that national figures include a small number of NAP cases) [9]. In comparison, NAP-approved patients in our cohort achieved excellent outcomes, with 1- and 5-year graft survival of 98% and 90%, respectively. These findings indicate that carefully selected exceptional-case candidates can achieve outcomes comparable to, and in some instances exceeding, national benchmarks despite falling outside conventional listing criteria.
Across the study period, nearly nine out of ten appeals were approved, reflecting effective triage at the time of submission and suggesting that centres use the NAP judiciously for well-selected patients. Approval was notably higher for super-urgent appeals (92.9%) compared with elective cases (79.5%). This difference aligns with the strict, nationally defined criteria governing super-urgent listing in the UK. According to NHSBT Policy POL195/7, super-urgent status is limited to patients with fulminant hepatic failure or rapidly progressive early graft failure, where death is expected within hours to days without transplantation [6]. Such cases undergo objective assessment against mandated biochemical and clinical thresholds and are used sparingly by centres for the most compelling, time-critical situations. The higher approval rate thus reflects the uniformly high mortality risk and stringent eligibility criteria, rather than any bias related to appeal status. NAP decisions for these cases remain based on established national criteria and evaluation of expected post-transplant benefit. In contrast, elective appeals involve more heterogeneous conditions with less predictable trajectories, prompting a more cautious appraisal by the panel [10, 11]. This distinction demonstrates a robust system in which both urgency and expected survival inform fair decision-making [12].
Patients approved and transplanted following appeal represented a broad spectrum of diagnoses, including post-transplant complications (21.1%), cholestatic liver disease (21.1%), acute liver failure (13.7%), and metabolic/variant conditions (33.7%). Notably, only a minority (10.5%) involved HCC with favourable biology [13, 14]. These patterns highlight the important role of the NAP in addressing rare, atypical, or post-transplant scenarios that are excluded from standard criteria but nonetheless compatible with good outcomes. The inclusion of young patients with severe metabolic or vascular syndromes is particularly striking, as these groups often face devastating morbidity without transplantation but would not otherwise qualify under fixed listing criteria [15].
Despite the clinical severity of many cases, nearly half transplanted under super-urgent status, with 20.0% ventilated and 25.3% on renal support at the time of surgery, outcomes were excellent. Graft survival reached 95% at 1 year and 85% at 5 years, while patient survival was 98% and 90% respectively. These results are at least equivalent to, and in some instances superior to, national outcomes for standard indications, suggesting that NAP approval successfully selects patients who are both high-need and high-benefit [16, 17]. The relatively low rates of vascular (4.2%) and biliary (4.2%) complications reinforce the appropriateness of these transplants, even under urgent or complex circumstances.
A substantial minority of approved patients (19.5%) did not undergo transplantation, most often because of clinical deterioration on the waiting list (43.5% of non-transplanted approvals). Others were removed for improvement, or unspecified reasons. This highlights the ongoing challenge of organ scarcity: even when approval is granted, timely transplantation is not guaranteed. Median UKELD was slightly lower among those not transplanted (48 vs. 51), but rates of malignancy indications were higher (17.4% vs. 10.5%). This pattern suggests that patients with cancer, despite favourable biology, may face greater difficulty securing an appropriate graft before disease progression [18, 19]. Strategies to optimise organ utilisation, including broader use of DCD with or without NRP, machine perfused marginal grafts, and LDLT, may help reduce waiting list mortality in this high-risk group [20–22].
The NAP declined 19 adult appeals (13.7%), the majority (63.0%) involving unfavourable oncological profiles such as recurrent or advanced HCC, cholangiocarcinoma (CCA), or metastatic neuroendocrine tumours (NET). These decisions align with international consensus that adverse tumour biology predicts poor post-transplant survival and unacceptable recurrence rates [23, 24]. A smaller number of non-malignant cases, such as severe alcoholic hepatitis, vanishing bile duct syndrome, and atypical ALF were declined due to uncertain benefit or lack of supporting precedent [25–27]. Although difficult, these rejections reflect the panel’s essential gatekeeping role in protecting scarce organs from being used where futility or poor outcomes are likely. Importantly, the process provides transparency and consistency across the UK, avoiding ad hoc or centre-specific variation that could undermine equity [28, 29].
Transplant oncology is an evolving field, with expanding indications for LT in select high-risk malignancies, including unresectable colorectal liver metastases (CRLM), NETs and CCAs [30]. Recent studies have demonstrated that, in carefully selected patients, LT can offer survival benefits in these groups, leading to a cautious expansion of transplant criteria. These developments have raised complex ethical considerations regarding organ allocation, balancing potential survival benefits against scarcity of donor organs [31]. Within this context, the NAP has historically adopted a cautious approach to high-risk oncologic indications, reflecting the evolving evidence base and ethical deliberations. Our dataset captures this gradual adoption, highlighting how the appeals process accommodated these nuanced, high-risk cases during the study period, and providing insight into real-world clinical decision-making in transplant oncology.
The UK NAP shares similarities with the U.S. National Liver Review Board (NLRB) and comparable European mechanisms for exceptional case review [32, 33]. However, unlike regional or institutional committees operating in many European countries, the NAP represents the only nationally centralised, multidisciplinary structure with standardised governance and voting across all UK LT centres. Comparable frameworks include the European Reference Network for Rare Liver Diseases (ERN-RARE-LIVER) and other regional appeal systems [34, 35].
Recent U.S. experience with the transition from regional review boards to a single NLRB has demonstrated reduced adjudication times, comparable waitlist outcomes between patients with and without exception scores, and greater process efficiency and equity, while maintaining rigorous scrutiny of exception requests [32]. Whereas many countries still rely on regional or centre-level discretion [34, 35], the UK ensures national consistency by requiring case triage by the Chair and then approval from at least four of seven transplant centres for each case. Our findings suggest this design achieves an appropriate balance: high approval rates for genuine exceptional need, but regular and principled rejections for cases with poor prognosis. This may serve as a model for other countries seeking to harmonise fairness with flexibility in organ allocation and to promote international standardisation of extended-criteria listing processes [36, 37].
Repeated successful appeals for certain conditions, such as acute intermittent porphyria, metabolic syndromes, and selected post-transplant complications, does raise the question of whether these should be incorporated into routine national listing criteria [38, 39]. Doing so would reduce the burden of appeals, expedite access for patients, and provide greater clarity for clinicians. Similarly, closer integration of tumour biology markers into listing criteria for HCC may refine the balance between excluding poor-risk cases and enabling access for those with favourable profiles beyond size/number thresholds [40].
The outcomes of paediatric appeals to the NAP demonstrate the effectiveness of the process, with all appeals approved and nine of ten children successfully proceeding to transplantation. This highlights that once approval was granted, access to transplantation was generally achieved, even in complex and high-risk cases. Importantly, six children remain alive with good medium- to long-term outcomes, including several beyond 5 years post-transplant, reflecting the durability of graft function in survivors. The spectrum of indications ranging from malignancy and acute liver failure to metabolic and haematological disorders, illustrates the capacity of the system to support the diversity in paediatric liver conditions, including urgent and super-urgent cases. These results underscore the value of a responsive appeals process and highlight the potential for excellent outcomes when timely listing is combined with close pre- and post-transplant monitoring [41, 42].
Acute-on-chronic liver failure (ACLF) represents a potential indication for NAP submission, particularly for patients at high risk of short-term mortality. Although the number of appeals explicitly recorded as ACLF in our dataset was small, several cases may have followed ACLF-like clinical trajectories, reflecting acute decompensation on chronic liver disease. During the study period, there was no national ACLF-specific listing policy; centres therefore occasionally utilised the NAP pathway to allow timely consideration of these high-risk patients. This highlights both the evolving spectrum of indications for exceptional listing and the need for clear national guidance for ACLF in the context of transplant allocation.
This study has several strengths, including its national scope, comprehensive inclusion of all appeals, and robust survival analysis with long-term follow-up. By building on prior descriptive reports, it is the first to provide outcome data that clearly demonstrate the legitimacy and effectiveness of the NAP. Nonetheless, some limitations should be noted. Our analysis is descriptive and does not include a matched comparator cohort of patients listed through standard criteria. Therefore, while the NAP appears to facilitate access for well-selected patients, we cannot definitively conclude that it ensures equity. This limitation should be considered when interpreting our findings. Reliance on registry data restricted detail on QoL, functional outcomes, and precise reasons for non-transplantation, while incomplete or missing entries may have limited the depth of subgroup analyses. The relatively small number of declined cases reduced statistical power to explore this group, and the retrospective design precludes causal inference. Temporal bias may also have been introduced, as changes in listing policy, practice, panel, and organ availability over the 10-year study could have influenced case mix and outcomes. In addition, not all potential appeals may have reached the NAP stage, as some cases may have been resolved informally between centres or via the LAG. Future work should focus on prospective audit, capture patient-reported outcomes, and assess evolving trends to ensure equitable access and ongoing effectiveness of the appeals process.
This national review confirms the value of the NAP in ensuring fair and effective access to liver transplantation for exceptional cases. Despite high illness severity, transplanted patients achieved excellent long-term outcomes, validating the careful scrutiny applied during appeals. The panel’s willingness to decline inappropriate cases further demonstrates its integrity as a gatekeeper of scarce donor organs. Refining national policy to incorporate conditions repeatedly approved at appeal, while continuing to monitor outcomes, will strengthen the system further. Ultimately, the NAP exemplifies how a centralised, multidisciplinary mechanism can reconcile compassion for individual patients with responsible stewardship of limited transplant resources.
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Kidney exchange programs (KEPs) enhance access to living donor kidney transplantation. Nonetheless, transplant rates in KEP remain low for highly immunized and blood type O patients. In the Netherlands, a novel allocation algorithm is being implemented, allowing ABO-incompatible matching for long waiting patients, next to prioritization and ‘low-level’ HLA-incompatible matching for selected highly immunized patients. We simulated this novel algorithm along with additional scenarios, by using a retrospective, 6-year cohort of Dutch KEP. For each scenario, 30 simulations were repeated with Monte Carlo technique. The novel algorithm increased median KEP transplant rate for incompatible pairs (53% versus 44%, p < 0.001) and for difficult-to-match subgroups. HLA-incompatible matching increased transplant rate for selected highly immunized patients significantly, while participation with multiple donors per recipient did not. In additional simulations, including all non-KEP unspecified donors (n = 150) for local KEP participation increased transplant rate for incompatible pairs up to 64% (p < 0.001). Simulating additional KEP participation by compatible pairs (n = 149), on the condition a KEP match should have fewer HLA mismatches, resulted in 58% being matched in KEP. In conclusion, differential matching algorithms can boost KEP transplant rates, allowing incompatible matching for difficult-to-match subgroups, facilitating participation of unspecified donors, and optimizing the HLA matching of compatible pairs.

[image: Infographic summarizing a Monte Carlo simulation of novel kidney exchange program allocation strategies. It compares four scenarios: difficult-to-match (incompatible matching showing increased transplant rates and reduced waiting), one versus two donors (modest increase for difficult-to-match), inclusion of compatible pairs (better HLA match and 57 more transplants), and unspecified donors (increasing domino transplants and improving outcomes for blood type O). Data is sourced from Dutch KEP and additional non-KEP cases, with key outcomes shown in bar and pie charts emphasizing statistical significance and transplant improvements. Study is credited to KLAASSEN et al., Transpl. Int. 2026.]GRAPHICAL ABSTRACTKeywords: allocation, kidney paired donation, kidney transplantation, living donor, simulation
INTRODUCTION
Living donor kidney transplantation (LDKT) is the preferred treatment for end-stage kidney disease, especially when performed pre-emptively [1–4]. For patients with a living donor, blood type (ABO) or Human Leukocyte Antigen (HLA) incompatibility poses barriers in roughly one-third of cases [5]. ABO-incompatible (ABOi) transplantation is common practice in many centers to overcome ABO incompatibility, but it is not feasible in case of high blood type antibody titers and it comes with additional treatment for the recipient [6]. While ABOi transplantation is favorable compared to waiting for a deceased donor transplantation, it is slightly inferior compared to compatible LDKT [7, 8]. HLA-incompatible (HLAi) transplantation is associated with higher graft failure rates despite desensitization protocols [9, 10]. Nonetheless, some degree of HLA incompatibility could be accepted to avoid long-term dialysis with associated morbidity and mortality [11].
Kidney exchange programs (KEPs) can facilitate compatible LDKT by making new donor exchange combinations between incompatible pairs [12, 13]. While single center KEPs can benefit from simplified logistics, multi-center KEPs have proven more effective due to the increased donor pool size [14–18]. The first national KEP was established in the Netherlands over two decades ago [19]. During the years, KEP exchanges have evolved from two-way cycles to four-way cycles and domino chains [20–22]. Unspecified donors and compatible pairs nowadays participate in some KEPs [17, 23–26].
Despite these developments, transplant rates in KEP remain low for difficult-to-match subgroups. Worldwide, highly immunized and blood type O patients accumulate in KEP, leading to inequities in access to kidney transplantation [27–31]. A previous simulation study has shown benefit of allowing ABOi matching for highly immunized patients [24]. Studies from the United States have demonstrated the feasibility of prioritizing matches for difficult-to-match patients by assigning them priority points or weights [14, 32]. Other ways to enable more KEP transplants have been suggested, such as participating with multiple potential donors per recipient in KEP [33], or including compatible pairs who could improve their donor-recipient matching via KEP [25, 34–36].
ABOi matching is already allowed in some KEPs, for example in Spain, the United Kingdom, Scandiatransplant and Australia [20, 27, 37]. In the Netherlands, a new KEP algorithm is being implemented, allowing ABOi matching for long waiting candidates. In addition, selected highly immunized patients are prioritized, by maximizing the number of matches for them first, and are allowed for ABOi or ‘low-level’ HLAi matching [38]. In a single center pilot of this novel algorithm, both the total number of transplants and the number of transplants for difficult-to-match candidates increased when compared to current KEP outcomes [39].
The incremental value of allowing ABOi and HLAi matching, priority allocation, and additional unspecified donor and compatible pair participation in a multi-center KEP has not yet been deciphered. We therefore conducted a simulation study using real-world patient data. The Dutch KEP served as a proxy to test several algorithms and varying numbers of KEP participants. By comparative analysis, we examined how different allocation strategies affect transplant rates across patient groups in KEP.
PATIENTS AND METHODS
The MONTEKEP study protocol was approved by the institutional review board of the Erasmus Medical Center (MEC-2023-0518). The need for informed consent was waived.
Retrospective Data Collection
All Dutch KEP participants from the seven different transplant centers, next to all Dutch patients on the Eurotransplant deceased donor waitlist, from January 2018 to December 2023, were included in the simulation database. We excluded patients with missing data or incomplete waitlist registration. Additionally, we included unspecified donors (UDs) that donated a kidney in their local transplant center outside the national KEP (‘non-KEP UDs’). To simulate additional KEP participation of compatible pairs, we added a sample of non-KEP compatible pairs from one center (Erasmus MC) who had been transplanted with their intended donor, with HLA A-B-DR mismatches ≥4. This sample represents roughly one-fifth of the directed compatible transplants performed nationally with mismatches ≥4.
Waitlist variables such as age, blood type, transplant center, dialysis vintage, HLA A-B-C-DR-DQ (and if available DP) phenotype, and unacceptable HLA antigens were collected. Virtual panel reactive antibodies (vPRA) were calculated from the unacceptable HLA antigens by using the Eurotransplant Reference Laboratory batch calculator1. HLA mismatches were calculated on broad level for HLA-A/B and on split level for HLA-DR, in line with the Eurotransplant policy.
Definitions for Difficult-To-Match Patients
Selected Highly Immunized (sHI) was defined as vPRA≥85%, dialysis vintage ≥2 years, and either ≥2 years participation in the Eurotransplant Acceptable Mismatch (AM) Program or being declined for the AM Program. Long Waiting (LW) was defined as dialysis vintage ≥2 years. Patients were retrospectively labeled as either LW, sHI, HI-other (vPRA≥85% without being LW or sHI), or regular.
Current and Novel Allocation Algorithms
For the current and novel algorithms, we refer to Table 1. In the novel algorithm, sHI patients are assigned priority and allowed for ‘low-level MFI’ HLAi matching, defined as Luminex SA Werfen Immucor® <8,000 or Thermo Fischer One Lambda® <10,000 and not being a repeated mismatch [40–42]. HLAi matching could be simulated for one center only, as MFI levels of HLA antibodies were only available for patients from one center. ABOi matching is allowed for LW and sHI patients with low IgG anti-A/B titers (≤1:256). We imputed the blood type antibody titers based on the cohort of difficult-to-match patients participating in the pilot KEP in Erasmus MC (Supplementary Table S1) [43]. Blood type A and B patients were assigned to have unacceptably high anti-A/B titers in 3% of cases, compared to 37% among blood type O patients.
TABLE 1 | Current and novel allocation algorithm of the Dutch kidney exchange program.	Current algorithm	Novel algorithm
	1. Maximize the total number of transplants for pairs
2. Blood group identical over blood group compatible
3. Choose matches for patients with lowest match probability (% of HLA- and ABO-compatible donors in that run)
4. Minimize chain length
5. Maximize spread of matches over the centers (for logistical reasons)
6. Choose matches for patients with longest dialysis vintage	1. Maximize the total number of transplants for sHI (compatible → ABOi → HLAi → combined ABOi/HLAi)
2. Maximize the total number of transplants (compatible → ABOi for those allowed)
3. Choose matches for patients with higher vPRA (categorical: 85%-100% → 51%-84% → 6%-50% → 0%-5%)
4. Minimize the length of the longest chain/cycle
5. Choose matches for patients with longer dialysis vintage (categorical: >3 years → 1-3 years → <1 year)


ABOi = ABO-incompatible; HLA, human leukocyte antigen; HLAi = HLA-incompatible; sHI, selected Highly Immunized; vPRA, virtual Panel Reactive Antibodies.
In the novel algorithm, UDs can opt for local KEP participation if they are not willing to travel to another transplant center. Local participation of UDs is limited to matches with pairs from their local transplant center only, while these pairs can still trigger a national domino chain. The last donor kidney of UD-triggered domino chains (end-of-chain kidney) is allocated to the deceased donor waitlist. For this reason, waitlist patients are also assigned LW or sHI status if applicable.
We simulated the following scenarios:
	Current KEP algorithm.
	Novel algorithm (=ABOi matching for LW and sHI, and priority for sHI).
	Novel algorithm + ‘low-level MFI’ HLAi matching for sHI (simulated for one center).
	Novel algorithm + inclusion of two donors per LW and sHI KEP patient for simultaneous KEP participation.
	Novel algorithm + inclusion of all UDs in KEP, with either:	Local participation (allowing UDs for matching within their local center only).
	National participation (matching not limited to the local transplant center).


	Novel algorithm + inclusion of extra compatible pairs with HLA A-B-DR mismatches ≥4. At least one of the following criteria was obliged for matching:	Reduction in total number of HLA mismatches on A-B-DR, and ≤1 increase in HLA mismatches on DR locus.
	Reduction in HLA mismatches on DR locus with no increase in total number of HLA mismatches on A-B-DR.



Monte Carlo Simulation
Simulations were performed with the Monte Carlo method to predict the most likely effect of an intervention. For a detailed description we refer to the Supplementary Material. For each scenario, 30 simulations were performed. One KEP simulation consisted of 24 KEP match runs, similar to the 24 actual match runs (once every 3 months) in the Dutch KEP during the 6-year study period.
For each simulation, new pairs were created by randomly selecting a donor and patient from the database, after which they were stratified based on incompatibility (ABOi, HLAi, combined ABOi and HLAi) and patient’s status (LW, sHI, HI-other or regular). Stratification percentages and numbers of KEP participants were based on the historical data provided by the Dutch Transplant Foundation (Supplementary Table S1). For the scenario of two donors per difficult-to-match patient (scenario 4), the HLA data of the non-KEP unspecified donors was used to simulate a broadening of the HLA donor pool.
Probabilities of reneging (withdrawal from the program due to medical/non-medical reasons or transplantation outside KEP) and match failure (decline of KEP match due to positive cross-match or medical/non-medical reasons) were taken into account (Supplementary Table S1), based on empirical findings in the Dutch KEP from 2003 to 2011 [24]. Compatible pairs and UDs participated for a maximum of one KEP run in each scenario.
Outcome Measures
For each scenario, the median transplant rates of 30 simulations were calculated per subgroup, blood type and patient’s status (LW or sHI). Quality of the matches was assessed by reporting the number of ABOi and/or HLAi matches. For the sake of comparison, we compared the outcome data of the Dutch KEP with a base-case simulation of the current Dutch KEP algorithm (scenario 1). The simulated current KEP was the comparator for the simulated novel algorithm (scenario 2). Variants in the novel algorithm and in the number of KEP participants (scenarios 3-6) were compared to the simulated novel algorithm (scenario 2).
Statistics
Donor and patient characteristics were reported with median and interquartile range (non-normally distributed data). Transplant rates in the real Dutch KEP were compared between the patient subgroups with the z-test. For simulated KEP scenarios, transplant rates were compared with the sign test. Simulated current KEP was compared to real Dutch KEP outcomes with the one sample sign test. P-values <0.05 were considered statistically significant. Data was stored and processed in Microsoft Excel. Statistical calculations were performed with IBM SPSS version 28.0.1 software. Box-and-whisker plots were created with Graphpad Prism 10.1.2. Whiskers depict the minimum and maximum values.
RESULTS
Retrospective Cohort
Between 2018–2023, 500 pairs were registered in the national KEP registry, of which 487 were included in this study. Five pairs were excluded for missing data, and eight registrations were re-registrations of similar pairs. Of the 10,487 waitlist patients, 295 were excluded due to incomplete or pending registration. Of the sample of non-KEP compatible pairs, 148 (39%) had HLA mismatches ≥4 and were included in this simulation.
The majority of incompatible KEP patients had blood type O (Table 2). Ratio of blood type O donors versus O patients was 0.4 for incompatible KEP, 2.2 for compatible KEP, and 1.7 for the additional cohort of compatible pairs (Table 3). Of the 166 UDs, the majority (n = 143; 86%) did not participate in KEP and donated in their local center.
TABLE 2 | Characteristics of patients in the retrospective database.	Characteristic	Paired KEP patients	Waitlist patients	Non-KEP compatible patients
	Incompatible	Compatible
	Number	469	18	10,183	148
	Male (%)	232 (50)	10 (56)	6,278 (62)	88 (59%)
	Median age (IQR)a	54 (45–63)	54 (36–63)	58 (46–66)	59 (49–65)
	Blood type (%)	​	​	​	​
	A	118 (25)	8 (44)	3,963 (39)	65 (44)
	B	54 (12)	4 (22)	1,334 (13)	15 (10)
	O	290 (62)	5 (28)	4,469 (44)	65 (44)
	AB	7 (1)	1 (6)	417 (4)	3 (2)
	On dialysis (%)	275 (59)	13 (72)	5,503 (54)	51 (34)
	Median days of patients on dialysis (IQR)b	752 (477-1,178)	308 (140-486)	784 (440-1,331)	464 (328-662)
	Accepted for AM (%)	65 (14)	0 (0)	286 (3)	0 (0)
	Immunized (%)	253 (54)	6 (35)	2,116 (21)	19 (13)
	Median % vPRA of immunized (IQR)b,c	81 (56–99)	37 (23–61)	61 (30–89)	31 (9–56)
	Statusb (%)
	LW	92 (20)	NA	2,627 (26)	NA
	sHI	54 (11)	NA	325 (3)	NA
	HI-other	45 (10)	0 (0)	212 (2)	0 (0)
	Regular	278 (59)	18 (100)	7,019 (69)	148 (100)


AM, eurotransplant acceptable mismatch program; HI, highly immunized; IQR, interquartile range; KEP, kidney exchange program; LW, long waiting; sHI, selected Highly Immunized; vPRA, virtual Panel Reactive Antibodies.
a At start of follow-up (1-1-2018) or at registration on the waitlist (if registered after 1-1-2018).
b At end of follow-up (20-12-2023) or at date of transplantation/waitlist removal.
c Calculated with Eurotransplant Reference Laboratory calculator based on unacceptable antigens registered on the Eurotransplant deceased donor waitlist at the end of follow-up (20-12-2023) or at date of transplantation/waitlist removal.
TABLE 3 | Characteristics of donors in the retrospective database.	Characteristic	Paired KEP donors	KEP UDs	Non-KEP UDs	Non-KEP compatible donors
	Incompatible	Compatible
	Number	469	18	23	143	148
	Median age (IQR)a	53 (44–61)	51 (40–54)	60 (46–69)	62 (50–68)	55 (48–63)
	Blood type (%)
	A	270 (58)	6 (33)	13 (57)	62 (43)	36 (24)
	B	76 (16)	1 (6)	2 (9)	14 (10)	2 (1)
	O	114 (24)	11 (61)	8 (35)	62 (43)	110 (74)
	AB	9 (2)	0 (0)	0 (0)	5 (3)	0 (0)
	Ratio blood type O donors to O patients	0.4	2.2	NA	NA	1.7


IQR, interquartile range; KEP, kidney exchange program; UD, unspecified donor.
a At start of follow-up (1-1-2018) or at registration on the waitlist (if registered after 1-1-2018).
When labelling patients as difficult-to-match, 20% of incompatible KEP patients and 26% of waitlist patients met the criteria for LW status, while this was 11% and 3% for sHI status, respectively (Table 2). sHI KEP pairs more often had blood type O donors than O patients (ratio 1.3), while LW KEP pairs and regular KEP pairs had less blood type O donors than O patients (ratio 0.4 and 0.2, respectively, Supplementary Table S2).
Reality Versus Simulated Current KEP
In reality, 500 pairs participated between 2018-2023, of which 152 (30%) were transplanted via KEP and 182 (36%) outside national KEP (Supplementary Table S3). Transplant rates in KEP were significantly lower for difficult-to-match subgroups of LW (23%, p = 0.029) and sHI KEP patients (9%, p < 0.001) when compared to regular KEP patients (35%) (Supplementary Table S4). KEP transplant rate for blood type O patients was significantly lower when compared to other blood types (19% versus 47%, p < 0.001).
The simulated current KEP (scenario 1) yielded different transplant rates than real Dutch KEP (Figure 1). Total transplant rate for incompatible pairs was 44% in simulation versus 29% in real Dutch KEP (p < 0.001). Especially, transplant rate was higher in simulation for sHI KEP patients (26% versus 9%, p < 0.001) and blood type A and B patients (Supplementary Table S4). Transplant rate was similar for blood type O KEP patients (20% versus 19%, p = 0.122). All 25 participating UDs were matched in simulation, compared to 11 of 23 in reality.
[image: Box plot comparing KEP transplant rates between real Dutch KEP outcomes (black bars) and simulated current KEP scenario 1 (gray boxes) across six recipient categories; significant differences (p less than 0.05) are marked with asterisks for all but blood type O, which is marked as not significant.]FIGURE 1 | Real versus simulated transplant rates of the current Dutch kidney exchange program (base case scenario 1). Simulated transplant rate for incompatible pairs is significantly different compared to transplant rate in real Dutch KEP. Transplant rate is especially different for selected highly immunized patients, while it is similar for blood type O patients. KEP = Kidney Exchange Program; ns = non-significant. Scenario 2: Simulated Novel Algorithm
Compared to simulated current KEP (scenario 1), the simulated novel algorithm (with priority and ABOi matching) resulted in median 50 extra transplants for incompatible pairs (53% versus 44%, p < 0.001) (Figure 2; Table 4). For 98 (67%) of LW and sHI KEP patients, ABOi matching was allowed. ABOi matching and priority resulted in increased transplant rate for difficult-to-match subgroups: 60% versus 33% (p < 0.001) for LW and 49% versus 26% (p < 0.001) for sHI KEP patients (Table 4). Median 50 (17% of total) transplants were ABOi (Table 5). Transplant rate remained similar for HI-other KEP patients (p = 0.541). More regular patients were transplanted with the novel algorithm (55% versus 49%, p < 0.001). Transplant rate for blood type O patients was increased in the novel compared to current algorithm (34% versus 20%, p < 0.001). More end-of-chain kidneys were allocated to sHI waitlist patients (25 versus 10, p < 0.001). Two sHI waitlist patients were matched ABOi.
[image: Box plot compares kidney exchange program (KEP) transplant rates across six recipient groups and three scenarios: current algorithm, novel algorithm, and novel algorithm with HLAi matching. Statistically significant differences are marked with asterisks and non-significant results as “ns.”.]FIGURE 2 | Simulated current versus novel kidney exchange algorithms (scenarios 1, two and 3). Priority for selected highly immunized patients and ABO-incompatible matching for both long waiting and selected highly immunized patients significantly increased KEP transplant rate for these difficult-to-match subgroups, without impacting regular patients. HLA-incompatible matching further improved KEP transplant rate for selected highly immunized patients. Transplant rate for blood type O KEP patients was increased with the novel algorithm. HLA = Human Leukocyte Antigen; KEP = Kidney Exchange Program; ns = non-significant.TABLE 4 | Number of simulated transplants for each scenario and patient subgroup.	Subgroup	Stratification settings (%)	Median number of transplants (median % of participants)
	Current KEP	Novel KEP	 + HLAi matching	+ Two donors	+ UDs
local	+ UDs national	+ Compatible pairs
	(1)	(2)	(3)	(4)	(5a)	(5b)	(6)
	KEP pairsa	499 / 648	220 (44)	265 (53)	270 (54)	273 (55)	319 (64)	316 (63)	411 (63)
	A patients	NA	109 (69)	118 (74)	121 (75)	121 (75)	122 (77)	126 (80)	168 (74)
	B patients	NA	51 (82)	50 (80)	50 (81)	51 (84)	49 (81)	50 (83)	62 (82)
	AB patients	NA	5 (83)	6 (88)	6 (91)	6 (88)	6 (96)	6 (90)	9 (89)
	O patients	NA	54 (20)	92 (34)	93 (35)	95 (36)	142 (52)	136 (50)	176 (51)
	A donors	NA	102 (36)	134 (47)	137 (48)	135 (49)	166 (61)	159 (58)	182 (59)
	B donors	NA	67 (47)	83 (58)	86 (58)	85 (59)	94 (67)	95 (68)	93 (65)
	AB donors	NA	5 (31)	6 (38)	6 (43)	8 (44)	11 (50)	12 (52)	6 (40)
	O donors	NA	46 (78)	46 (82)	48 (83)	47 (79)	52 (81)	55 (83)	129 (70)
	Incompatiblea	480	210 (44)	256 (53)	259 (54)	263 (55)	308 (64)	307 (64)	318 (66)
	LW	91 (19)	30 (33)	55 (60)	56 (62)	61 (67)	62 (68)	62 (68)	62 (68)
	sHI	53 (11)	14 (26)	26 (49)	30 (57)	28 (52)	27 (50)	28 (53)	27 (51)
	HI-other	43 (9)	16 (37)	16 (37)	16 (37)	17 (40)	17 (40)	18 (42)	21 (49)
	Regular	293 (61)	145 (49)	159 (55)	157 (54)	159 (54)	206 (70)	197 (67)	203 (69)
	Compatible	19 / 168	11 (58)	10 (53)	11 (58)	9 (47)	10 (53)	11 (58)	97 (58)
	Unspecified donors	25 / 175	25 (100)	25 (100)	25 (100)	25 (100)	175 (100)	175 (100)	25 (100)
	Waitlista	1,440	25	25	25	25	175	175	25
	LW	792 (55)	8	0	0	0	42	9	0
	sHI	331 (23)	10	25	25	25	119	162	25
	HI-other	216 (15)	5	0	0	0	9	4	0
	Regular	101 (7)	1	0	0	0	6	1	0
	A patients	NA	5	12	12	11	88	70	13
	B patients	NA	17	10	10	10	37	34	10
	AB patients	NA	3	2	2	2	10	10	1
	O patients	NA	0	1	1	2	40	61	1


ABOi = ABO-incompatible; HI, highly immunized; HLAi = HLA-incompatible; KEP, kidney exchange program; LW, long waiting; NA, not applicable; sHI, selected Highly Immunized; UD, unspecified donor; vPRA, virtual Panel Reactive Antibodies.
a Median transplant rates of subgroups do not necessarily add up to total transplant rates, as the median of 30 simulations is reported for each subgroup.
TABLE 5 | Number of incompatible transplants resulting from each simulated scenario.	Subgroup	Median number of incompatible transplants (median % of all transplants)a
	Novel KEP	 + HLAi matching	+ Two donors	+ UDs local	+ UDs national	+ Compatible pairs
	(2)	(3)	(4)	(5a)	(5b)	(6)
	ABOi transplantsb	50 (17)	49 (16)	52 (17)	82 (17)	92 (19)	50 (11)
	LW KEP patients	38 (69)	38 (67)	40 (65)	36 (59)	37 (59)	39 (63)
	sHI KEP patients	10 (38)	10 (31)	10 (34)	10 (37)	9 (32)	9 (34)
	LW waitlist patients	0 (0)	0 (0)	0 (0)	3 (8)	0 (0)	0 (0)
	sHI waitlist patients	2 (8)	2 (8)	2 (8)	33 (28)	47 (29)	2 (8)
	A KEP patients	5 (4)	5 (4)	5 (4)	5 (4)	4 (3)	5 (3)
	B KEP patients	3 (6)	3 (6)	3 (7)	5 (9)	5 (10)	3 (5)
	AB KEP patients	0 (0)	0 (0)	0 (0)	0 (0)	0 (0)	0 (0)
	O KEP patients	41 (42)	39 (42)	40 (42)	35 (25)	38 (27)	41 (23)
	HLAi transplantsb	NA	3 (1)	NA	NA	NA	NA
	sHI KEP patients	NA	3 (9)	NA	NA	NA	NA
	sHI waitlist patients	NA	0 (0)	NA	NA	NA	NA
	Combined ABOi/HLAib	NA	2 (1)	NA	NA	NA	NA
	sHI KEP patients	NA	2 (7)	NA	NA	NA	NA
	sHI waitlist patients	NA	0 (0)	NA	NA	NA	NA


ABOi = ABO-incompatible; DDWL, deceased donor wait list; HLAi = HLA-incompatible; KEP, kidney exchange program; LW, long waiting; NA, not applicable; sHI, selected Highly Immunized; UD, unspecified donor.
a Percentages are calculated over the total number of transplants for all patients/for the subgroups of sHI/LW, and blood type.
b Median rates of subgroups do not necessarily add up to total rates, as the median of 30 simulations is reported for each subgroup.
Scenario 3: Additional HLAi Matching
For 14 (26%) of sHI KEP and 78 (24%) of sHI waitlist patients, MFI levels of HLA antibodies were available. Compared to scenario 2, allowing ‘low-level MFI’ HLAi matching for these patients increased total transplant rate for sHI KEP patients (57% versus 49%, p < 0.001). A median of 3 sHI patients were matched HLAi, and 2 patients both HLAi and ABOi (Table 5). Transplant rates for the other incompatible KEP patients did not change significantly (Figure 2; Table 4).
Scenario 4: Two Donors Per Difficult-To-Match Patient
Compared to scenario 2, participation of two potential donors per LW and sHI KEP patient increased transplant rate for incompatible KEP patients (55% versus 53%, p = 0.031) (Figure 3; Table 4). Transplant rate for LW KEP patients was slightly increased (67% versus 60%, p < 0.001), but transplant rate was not significantly different for sHI KEP patients (52% versus 49%, p = 0.584). The number of ABOi transplants remained similar (p = 0.345, Table 5).
[image: Box plot comparing KEP transplant rates for six recipient categories using two methods: “Novel algorithm (scenario 2)” and “+ two donors (scenario 4).” Statistically significant differences (p<0.05) are marked with asterisks for “Incompatible,” “Long Waiting,” and “selected Highly Immunized.” No significant differences (“ns”) appear for “other Highly Immunized,” “Regular,” and “Blood type O.” Scenario 4 shows higher rates only in categories with significant differences, based on paired box heights. Legend and relevant statistical notes included.]FIGURE 3 | Simultaneous participation by one versus two potential donors per difficult-to-match patient (scenario 4 versus 2). In both scenarios, the novel algorithm with priority and ABO-incompatible matching was simulated. In scenario 4, a second donor was added for each long waiting or selected highly immunized KEP recipient, to participate in KEP with two donors simultaneously. After one of two paired donors was matched, the remaining donor was excluded from the KEP pool. KEP transplant rate for long waiting patients was increased when including two donors versus one, while transplant rate for selected highly immunized patients was not significantly different between the scenarios. KEP = Kidney Exchange Program, ns = non-significant.Scenario 5: Participation by Extra Unspecified Donors
In scenario 5a, local KEP participation was simulated for 150 additional, non-KEP UDs. All UDs (median 100%) were matched after participating one KEP run (Figure 4; Table 4). Compared to scenario 2, local KEP participation by additional UDs resulted in a median of 52 additional KEP transplants for incompatible pairs via domino chains (transplant rate 64% versus 53%, p < 0.001). Local UD participation facilitated more KEP transplants for blood type O KEP patients (52% versus 34%, p < 0.001). Transplant rate was increased for LW (68% versus 60%, p < 0.001) and regular KEP patients (70% versus 55%, p < 0.001), but remained similar for sHI KEP (p = 1.000) and HI-other KEP patients (p = 0.345). The number of ABOi transplants increased (82 versus 50, p < 0.001), but the proportion of total transplants was similar (p = 0.678). End-of-chain kidneys were mainly allocated to sHI waitlist patients (median 119, 68%) and to blood type A waitlist patients (median 88, 51%). A median of 33 sHI waitlist patients and 3 LW waitlist patients were matched ABOi.
[image: Box plot graphic compares KEP transplant rates across eight recipient groups for three scenarios: novel algorithm, addition of local unspecified donors, and addition of national unspecified donors. Asterisks denote statistical significance where p is less than 0.05, and “ns” marks non-significance. National unspecified donors scenario generally yields the highest transplant rates, particularly among regular, highly immunized, long waiting, and blood type O groups. Unspecified donor groups consistently show transplant rates near one point zero for all scenarios.]FIGURE 4 | Including all unspecified donors in the novel kidney exchange program (scenario 5 versus 2). In scenario 5a, matching of extra unspecified donors (n = 150) was restricted to a pair from the local center only, after which that pair could trigger a national chain. This local participation by unspecified donors allows them to remain at their evaluating transplant center, eliminating the need to travel to another center for donation (in Dutch KEP there is no organ shipment and the donor travels). In 5b, matching was allowed with pairs from all centers nationally. KEP transplant rate for incompatible pairs was significantly increased in both scenarios with extra unspecified donor participation, especially for blood type O patients and regular patients. National instead of local participation resulted in higher transplant rates for highly immunized subgroups. KEP = Kidney Exchange Program; ns = non-significant.National instead of local UD participation slightly increased transplant rate of highly immunized KEP patients (both sHI and HI-other KEP patients, Figure 4; Table 4). Transplant rate for blood type O KEP patients was reduced (136 versus 142, 50% versus 52%, p < 0.001). However, end-of-chain kidneys were more often allocated to blood type O waitlist patients (61 versus 40, p < 0.001) and sHI waitlist patients (162 versus 119, p < 0.001) with national UD participation. The proportion of ABOi transplants increased when compared to the local UD scenario (19% versus 17%, p < 0.001, Table 5).
Scenario 6: Participation by Extra Compatible Pairs
Additional KEP participation was simulated for 149 compatible pairs, which represented roughly one-fifth of the national compatible directed transplants with HLA mismatches ≥4. This resulted in 58% of compatible pairs being matched with a donor with fewer total HLA A-B-DR or fewer HLA DR mismatches, after participating one KEP run (Figure 5; Table 4). Compatible KEP participation increased transplant rate for incompatible pairs (median +57, 66% versus 53%, p < 0.001), and for the subgroups of LW KEP (68% versus 60%, p < 0.001), HI-other KEP (49% versus 37%, p < 0.001) and regular KEP patients (69% versus 55%, p < 0.001). Transplant rate for sHI KEP patients was similar (51% versus 49%, p = 0.078). Transplant rate for blood type O KEP patients increased (51% versus 34%, p < 0.001): explained by more transplants for both compatible and incompatible blood type O KEP patients (median 146 versus 91 for incompatible, p < 0.001). Number of ABOi transplants remained similar compared to scenario two (p = 0.850, Table 5).
[image: Box plot compares KEP transplant rates across seven recipient groups for two scenarios: novel algorithm (light gray) and algorithm plus compatible pairs (dark gray). Statistically significant differences are marked with asterisks, and "ns" indicates no significance.]FIGURE 5 | Additional participation of compatible pairs in the novel kidney exchange program (scenario 6 versus 2). A sample of compatible pairs (n = 149), representing roughly one-fifth of national directed compatible transplants with HLA A-B-DR mismatches ≥4, was included for KEP participation. For these compatible pairs, a KEP match was restricted to fewer total HLA A-B-DR or fewer HLA-DR mismatches, and participation was limited to a single match run. More than half of compatible pairs could be matched with a KEP donor on these conditions. Compatible pair participation increased transplant rate for incompatible pairs and for difficult-to-match subgroups of long waiting and blood type O patients. KEP transplant rate for selected highly immunized patients remained similar. HLA = Human Leukocyte Antigen; KEP = Kidney Exchange Program; ns = non-significant.DISCUSSION
Kidney exchange programs facilitate living donor kidney transplantation, thereby reducing the waitlist and avoiding long-term dialysis. Additionally, KEPs reduce incompatibilities between donor and recipient, mitigating the need for augmented immunosuppression and ultimately improving long-term graft survival [4, 13, 27–30, 39]. We simulated various KEP scenarios to optimize allocation strategies and solve common KEP problems, such as the congestion of highly immunized and blood type O patients.
In our study, ABOi matching for difficult-to-match patients resulted in a higher transplant rate for this group, while concomitantly increasing the transplant rate for regular patients. Scandiatransplant, which allows ABOi matching by default, has reported a transplant rate of 40% after 4 years [27]. This is in line with our simulation findings, as more HLAi pairs participate in Scandiatransplant and KEP volume is lower compared to the Netherlands. The United Kingdom Living Kidney Sharing Scheme also allows ABOi matching, but reports low rates of KEP ABOi transplants (seven over the past 4 years) [44]. Interestingly, Manook et al. described a trend in the United Kingdom to perform less direct, incompatible transplants, with a shift to more and longer KEP participation of incompatible pairs [45].
In line with previous reports, prioritizing highly immunized patients did not decrease the transplant rate for regular patients [32, 38]. Ashlagi et al. has simulated that, despite a priority point scale, the KEP transplant rate of patients with PRA >98% still lags behind those of other immunized patients [14]. This is a well-known phenomenon in deceased donation programs as well, with a subgroup of very immunized patients not being transplanted despite priority [46, 47]. As priority alone would not suffice for this group, HLA-incompatible transplantation within KEP for lower-risk HLA antibodies might be the best alternative to dialysis or higher-risk incompatible transplantation outside KEP [47–49]. Our simulations demonstrate that HLA-incompatible matching, based on MFI cut-off values predicting a low risk of a positive crossmatch, would lead to more matching opportunities for this difficult-to-match group.
Compatible pairs can participate in KEP for altruistic reasons or to improve their immunological matching via KEP, by reducing the number of HLA mismatches or by avoiding repeated mismatches from previous transplants or pregnancies [50]. This can potentially improve long-term graft survival, reduce the risk of immunization, and prevent future re-transplantation [4]. In our simulations, an improved HLA match was found for more than half of compatible pairs, after participating one KEP run. In line with three other simulation studies [26, 34, 35], KEP participation by compatible pairs increased the transplant rate for incompatible pairs. Of note, Gentry et al. simulated two-way exchanges only [26], while the two other studies simulated a single KEP match run only. [34, 35]. In our simulation, participation of compatible pairs did not result in extra transplants for highly immunized patients, although the immunized patients were prioritized. This unexpected finding, possibly related to changes in the KEP pool composition on the long term, demonstrates the importance of simulating multiple KEP runs over extended time periods. As we defined HLA matching on the antigen level, future studies on compatible KEP participation could test epitope matching for better immunological risk assessment [34, 51, 52].
In deceased donation, it has been demonstrated that internationally merged pools could enhance matching options for highly immunized patients [53]. In KEPs, it is known that a larger pool size allows for more and ‘better’ matches [18]. International cooperation between KEPs has been shown feasible and beneficial for KEP transplant rate [16, 27, 54], though logistical challenges must be overcome [15]. In this study, we tested enlarging the KEP donor pool via the inclusion of two potential donors per (difficult-to-match) recipient. We found no statistically significant difference for highly immunized patients, and only a modest benefit for long waiting patients. Although evaluation of multiple potential donors might increase costs and burden for donor candidates, the benefit may be more evident when including more additional donors or including donors with more diverse HLA genotypes.
Domino paired donation by unspecified donors has already been proven effective [23, 55–57]. Though logistically challenging, countries with low unspecified donation could consider deceased-donor initiated chains, that have a similar boosting effect [58–61]. For KEPs using donor travel as modality (such as in the Netherlands), local KEP participation of unspecified donors or compatible pairs might be a solution to increase KEP participation. Nonetheless, national instead of local participation will result in higher transplant rates for difficult-to-match subgroups. Clinicians should carefully counsel unspecified donors on local versus national KEP participation.
A persistent problem in KEPs is the shortage of blood type O donors [22, 31]. ABOi matching and KEP participation by unspecified donors or compatible pairs can reduce the blood type imbalance. Importantly, when unspecified donors with blood type O participate in KEP, the end-of-chain kidneys will mostly be of blood type A/B, resulting in less blood type O waitlist patients being matched via KEP chains. However, allowing ABOi matching for end-of-chain kidneys will reduce this disadvantage: in our simulations with ABOi matching and national unspecified donor participation, in which a median of 75 unspecified donors with blood type O were included, end-of-chain kidneys were matched (ABO-incompatible) to blood type O waitlist patients in median 61 cases. KEPs could consider prioritizing the matching of end-of-chain kidneys to blood type O waitlist patients, via an ABOi transplant, to further reduce blood type inequities on the waitlist. Of note, ABOi matching will not benefit all blood type O patients, as one-third had titers above threshold for ABOi transplantation in our pilot cohort [43].
We compared our base-case simulation of the current KEP to real Dutch KEP outcomes. There were significant differences: more patients, especially highly immunized patients and blood type A and B patients, were transplanted in simulation. This might be caused by the different blood type distribution, as we did not stratify for blood types of simulated donor-recipient pairs; more blood type B donors were included compared to real Dutch KEP, and less blood type O donors. Additionally, renege or match failure rates might have been higher in reality: renege rate was set to 2% per month based on a historical estimate, while transplantation outside KEP with another living or deceased donor occurred in one-third of KEP pairs during the study period. Especially for unspecified donors, many were not transplanted in real Dutch KEP in this specific period, probably related to the COVID pandemic, while in simulation there was no reneging of unspecified donors. Simulated transplant rates should therefore be interpreted with caution and relative to the base-case scenario.
In summary, we demonstrated the potential of adaptations in a national KEP and revealed the impact of these changes on different patient groups, by using a simulation model with real KEP data. This allows clinicians and policymakers to reflect on the challenges in their respective KEPs and to consider changes to the allocation strategy accordingly. Nevertheless, our study remains a simulation with practical simplifications and assumptions. Importantly, waiting time of ABOi pairs in KEP was not restricted in simulation, while in reality these pairs proceed with directed ABOi transplantation after participating unsuccessfully in one or two KEP runs. Next, our simulation output lacked parameters for comparing the HLA matching between the various scenarios. Additionally, our algorithm did not incorporate a center balance system, which ensures each center receives as many end-of-chain kidneys as the number of unspecified donors they contributed. Due to the retrospective nature of the data, our model did not account for waitlist dynamics, such as changes in dialysis vintage and vPRA over time. For HLAi matching, we simplified the delisting of antibodies by retrospectively applying a strict MFI cut-off, while a personalized approach is recommended [62].
In conclusion, a well-functioning KEP facilitates living donor kidney transplants, reduces incompatibilities and improves HLA matching. Differential matching constraints for difficult-to-match subgroups boost KEP transplant rate and mitigate current inequities. KEP participation by unspecified donors is pivotal and should be facilitated. Mismatched compatible pairs should be counseled to optimize their HLA matching via KEP. Novel allocation strategies should be tested in simulation to predict the effects and evaluate consequences for subgroups of participants.
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No Kidney Left Behind: Rescuing Unused Donor Kidneys for Transplant at the First Centralized Assessment and Repair Center
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Rescue of non-used kidneys may be facilitated using sub-normothermic acellular machine perfusion (SNAP), which can prolong safe preservation times and provide additional viability assessment. While blood-based normothermic machine perfusion (NMP) has been utilized internationally, barriers to adoption of NMP in the US include limited availability, staffing and facility resource limitations, geographic distances between donor and recipient hospitals, blood shortages, and reliance on hypothermic machine perfusion (HMP). To overcome obstacles to adoption, the first centralized kidney Assessment and Repair Center (ARC) was established in West Lafayette, Indiana. Organized as an independent public benefit company, this center was designed to provide sub-normothermic acellular perfusion (SNAP) and assessment services to rescue unused/hard-to-place (HTP) kidneys. An acellular, human serum albumin-based perfusate was chosen, and a second cold ischemic time (CIT) was validated during pre-clinical testing. Between April 2024- May 2025, 158 unused deceased donor kidneys were transported to the ARC, resulting in 142 transplants (90%) after SNAP assessment. SNAP is feasible when performed by a centralized ARC and reduces kidney discard rates by providing objective viability assessment data. Moreover, SNAP allows for extended preservation times of nearly 70 h, enabling improved logistical planning and broader sharing of deceased donor kidneys.

[image: Infographic illustrating the transport network and process flow for rescuing unused donor kidneys via a centralized Assessment and Repair Center, with a U.S. map showing ground and air transport routes in green and blue connecting various cities and highlighting 158 kidneys processed and 142 rescued for transplant.] | GRAPHICAL ABSTRACTKeywords: normothermic perfusion, NMP, ex vivo kidney, ARC, SNAP
INTRODUCTION
Kidney transplantation is a life-saving therapy for patients with end stage renal disease. As such, there are nearly 100,000 patients registered on the national kidney transplant waitlist in the US, with an average of 34 patients removed daily due to either dying or becoming too sick to receive a transplant. Due to the critical shortage of donor organs, kidneys are increasingly retrieved from non-ideal donors (older, more co-morbidities, etc.), leading to more uncertainty about organ quality, and resulting in escalating numbers of unused kidneys by the transplant centers (Figure 1) [1, 2].
[image: Stacked bar chart illustrating kidney non-use in the US from 2015 to 2024, separated by donor type. Both DBD and DCD non-use counts rise over time, with DCD non-use increasing sharply after 2019.]FIGURE 1 | Kidneys recovered in the US with the intent to transplant but later not utilized (by donor type). DBD, donation after brain death; DCD, donation after cardiac death.Hard-to-place kidneys (HTP) have been previously defined as those accepted in the United Network for Organ Sharing (UNOS) match run after being refused at least 165 times by transplant centers. These kidneys have statistically higher donor risk profiles including higher rates of the following: Donor Age >50, Death by cerebrovascular accident (CVA), diabetes, hypertension, Donation after Circulatory Death (DCD), Kidney Donor Profile Index (KDPI) >85%, cold ischemia time (CIT) >24 h, terminal serum creatinine ≥1.5 mg/dL, and static cold storage preservation [3]. While many of the factors common to HTP kidneys cannot be changed (e.g., donor age, KDPI, cause of death), factors such as preservation technique and transportation time, are modifiable and may be able to decrease HTP kidney non-utilization rates.
In addition to addressing the modifiable factors, post-procurement functional assessment would help to alleviate uncertainties about HTP kidneys. Unfortunately, the depressed metabolic rate at hypothermic temperatures using static ice or hypothermic machine perfusion (HMP) preservation does not permit comprehensive organ assessment. The few assessment parameters available during HMP include internal renal resistance (IRR), pressure, and flow rate, which have been shown to have varied associations with kidney allograft function [4–6].
However, at temperatures approaching normothermia, kidney metabolism increases, and functional parameters can be assessed similarly as if the kidney was still in vivo in contrast to the other common preservation strategies (Table 1). The largest advancements in normothermic machine perfusion (NMP) over the past decade have been made for lung, heart, and liver perfusion, contributing to an increased use of these organs for transplantation by 50% or more [7–9]. However, the use of kidney NMP has been limited, in part because of its higher tolerance to cold ischemia, logistical barriers, and widespread adoption of HMP [10]. Currently, the published clinical NMP experience comes from international transplant centers entirely outside of the US. Due to the increased complexities required to maintain organs on NMP, it has been suggested that regional organ assessment and repair centers (ARCs) may be the most effective and efficient in providing this specialized modality [11]. Here, we present our early experience with the initiation and implementation of the first US ARC.
TABLE 1 | Functional assessment data provided by kidney preservation type.	Comparison between kidney preservation methods
	Renal Biomarker	SCS (4 °C)	HMP (4 °C)	SNAP (35 °C)
	Renal flow rate		✓	✓
	Renal pressure		✓	✓
	Renal resistance		✓	✓
	Perfusate pO2/pCO2/pH			✓
	Urine pO2			✓
	TCO2/HCO3-/Base excess			✓
	Perfusate Na+/K+/Cl-			✓
	Urine Na+/K+/Cl-			✓
	Lactate/Glucose			✓
	AST (marker of mitochondrial death)			✓
	Oxygen consumption			✓
	Hosgood transplant suitability score			✓


SCS, Static Cold Storage; HMP, Hypothermic Machine Perfusion; SNAP, Sub-normothermic Acellular Perfusion.
MATERIALS AND METHODS
Facility
In 2022, a Public Benefit Company (“34 Lives, PBC”) was formed which built the first independent center in West Lafayette, Indiana, offering renal Sub-normothermic Acellular Perfusion (SNAP) assessment services to transplant hospitals and Organ Procurement Organizations (OPOs) to investigate the feasibility of an ARC in the US. This site was strategically chosen due to its proximity to Purdue University, a school with a strong reputation for engineering and an on-campus airport, but without a medical school or hospital, making it an ideal neutral location. In addition, the geographic location makes it possible to reach 80% of the US population within a 12-h drive, or 2.5-h flight.
Perfusion Equipment
A two-room organ rescue laboratory (ORL) was constructed, in compliance with standard hospital operating room air exchanges and HEPA filtration, capable of providing SNAP to 4 kidneys simultaneously. The equipment platform has been described previously [12]. Briefly, a perfusion system was designed using a pediatric cardiopulmonary bypass circuit, consisting of a centrifugal pump (Bio-pump, Medtronic) and a membrane oxygenator with integrated heat exchanger (Affinity Pixie, Medtronic). The hardware included a speed controller, flow transducer, temperature probe (Bio-Console 560, Medtronic), and a heater/cooler (HCU30, Jostra).
Sub-Normothermic Acellular Perfusion (SNAP) Protocol
After a thorough pre-clinical evaluation was carried out testing over 100 discarded human kidneys against several published NMP protocols [13–15], the SNAP protocol described by Minor et al. [16] was selected based on ease of use and repeatability of results. One of the major advantages of this protocol was the use of a non-blood-based, acellular perfusate, which is a safe alternative to erythrocyte-based perfusates at supraphysiological oxygen partial pressures [17]. Following the Minor protocol, the kidney is gently warmed from 8 °C to 35 °C using the oxygenated SNAP perfusate (composition, Table 2). At 90 min of SNAP, the kidney reaches its maximum temperature of 35 °C during which the first assessment occurs. A second assessment is completed after 120 min, allowing the observation of trends between timepoints. Kidneys were assessed for transplant suitability using a variety of validated and non-validated assessment parameters, including the Hosgood score [18], comprised of renal blood flow, urine output, and macroscopic appearance. Infrared thermal temperature measurements were taken to determine uniform perfusion, instead of relying solely on macro appearance, as a surrogate due to the clear acellular perfusate.
TABLE 2 | Sub-normothermic Acellular Perfusion (SNAP) perfusate composition.	Snap perfusate ingredient	Amount
	Calcium chloride dihydrate	0.33 g
	Calcium gluconate	0.74 g
	Cefazolin	1 g
	D (+) glucose monohydrate	1.09 g
	Dextran 40	5 g
	Human albumin	70 g
	Magnesium dichloride hexahydrate	0.12 g
	Potassium chloride	0.54 g
	Sodium bicarbonate	1.89 g
	Sodium chloride	9.7 g
	Sodium dihydrogen phosphate dihydrate	9.4 mg
	Sodium hydroxide (1M)	pH 7.4
	Verapamil	5 mg
	Water for injection (WFI)	Fill to 2 L


Clinical Kidney Rescue
Clinical SNAP procedures began in April 2024, soon after the preclinical validation phase completed, and were allowed to proceed under the oversight of a Central Institutional Review Board (IRB). Three initial transplant hospitals (Indiana University Health, Mt. Sinai, and University of Wisconsin) piloted the centralized ARC service, ensuring both logistics and safety issues were appropriately considered. During this phase, HTP donor kidneys were offered to the ARC by OPOs after exhausting standard allocation efforts. Kidneys were subjected to pre-screening by the participating transplant program surgeons and nephrologists prior to accepting for SNAP assessment. Those with positive serologies (HIV, HCV, HBV), not on HMP, or with anatomical issues preventing SNAP were not evaluated. Beginning in October 2024, after the pilot phase, a total of 12 transplant hospitals, representing both large and small volume centers, participated and accepted SNAP-assessed kidneys through the remaining first year of ARC operation, ending in May 2025. After 2 hours of SNAP, kidneys with a Hosgood score of 1–3 (out of 5) were considered suitable for transplant, repackaged into a LifePort HMP device (ORS) using the passive bubble-oxygenated cassette pre-filled with Kidney Preservation Solution (KPS-1, ORS), and driven or flown by charter aircraft to the accepting transplant hospital (Figure 2). Each participating transplant hospital followed their own standard protocols for kidney implantation and immunosuppression. We hypothesized that sending HTP kidneys to a centralized ARC assessment facility utilizing peer-reviewed clinical SNAP protocols would result in a 50% or more success rate for allocation of these kidneys to a transplant center.
[image: Diagram illustrating the kidney transplant process, showing step-by-step transport and evaluation including pre-screening, hypothermic machine perfusion (HMP), two-hour organ rescue interventions, continued HMP with oxygen, and final implantation at the transplant hospital, with specific exclusion criteria and time limits noted for each stage.]FIGURE 2 | Optimal 34 Lives’ ARC workflow, beginning with OPO referral and completing with transplantation. 34L, 34 Lives; CIT, cold ischemic time; COR, controlled, oxygenated rewarming; HMP, hypothermic machine perfusion; HMP + O2, HMP with passive oxygen; HTP, hard-to-place; SNAP, Sub-normothermic acellular perfusion.Statistical Analysis
Descriptive statistics are presented as means, standard deviations, medians and ranges for the continuous variables and as frequencies and percents for categorical variables. A two-sided alpha level of 5% and 95% confidence intervals were used for all subsequent descriptive comparisons and analyses, unless otherwise stated. Demographics and baseline characteristics are summarized for all donors in the study group and overall point estimates and corresponding 95% confidence intervals. The study hypothesis was tested using a one-sample proportion z test to determine if the rate of allocation is different from 50%, with a 95% confidence interval constructed around the observed allocation rate. A p-value <0.05 is considered significant. GraphPad Prism version 10.5.0 software (La Jolla, California, USA) was used for analysis.
Outcome Variables and Definitions
All outcome data was collected in a prospective manner. Donor variables were shared under a data use agreement by the participating OPOs via encrypted email and/or via DonorNet. CIT-1 is defined as the time from donor cross clamp to the beginning of SNAP. CIT-2 begins after SNAP stops until reperfusion in the recipient. Total out of body time starts at donor cross clamp and ends at recipient reperfusion. Additional variables collected at 90 (T90) and 120 (T120) minutes included arterial and venous blood gas samples, urine output (UO), renal blood flow (RBF) intrarenal resistance (IRR), aspartate aminotransferase (AST) as a marker of mitochondrial dysfunction [19], and macroscopic kidney appearance (pink, patchy, mottled).
RESULTS
HTP Kidney Acceptance
Out of 158 HTP donor kidneys accepted and assessed with SNAP during the first full year, 142 (90%) were determined suitable by the accepting transplant physician and transplanted, surpassing the primary hypothesis of a 50% success rate. The median sequence number on the UNOS waiting list for patients receiving a SNAP rescued kidney was 3,302 (mean 5,164), further confirming that these kidneys were HTP. Reasons for non-acceptance and non-use can be found in Figure 3.
[image: Sankey diagram illustrating the outcomes of nine thousand fifty-eight recovered kidneys: seventy-one percent transplanted, twenty-nine percent unallocated, with further breakdowns of reasons for non-acceptance and reasons for untransplanted kidneys, including biopsy findings and anatomical damage.]FIGURE 3 | Sankey diagram beginning on the left with kidneys recovered from the referring OPOs during the first year of 34 Lives’ ARC operations. 71% of recovered kidneys were transplanted from these OPOs, while 29% went unused. Of those, 142 were transplanted after SNAP, while the others were not accepted for transplant based on the common reasons shown.Donor Characteristics
Donor Characteristics are summarized in Table 3. Of note, more donors were females (56%), donating after circulatory death (DCD, 62%) due to anoxia (58%), with past medical histories including hypertension (61%), smoking (74%), and a median KDPI of 71% (range 19%–98%).
TABLE 3 | Donor characteristics (n = 142).	Age (median years, range)	53 (15–73)
	Sex (n, %)
	 Males	62 (44%)
	 Females	80 (56%)
	BMI (median kg/m2, range)	30.63 (17.7–58.5)
	Kidney laterality (n, %)
	 Left	67 (47%)
	 Right	75 (53%)
	Donor type (n, %)
	 DBD	54 (38%)
	 DCD (no NRP)	57 (40%)
	 DCD + NRP	31 (22%)
	Comorbidities (n, %)
	 HTN	86 (61%)
	 Diabetes: A1C ≥6.5%	19 (13%)
	 Smoker	105 (74%)
	Cause of death (n, %)
	 Anoxia	82 (58%)
	 CVA/ICH	38 (27%)
	 Head trauma	19 (13%)
	 Other	3 (2%)
	Inotropes (n, %)
	 0 vasopressors	32 (22%)
	 1 vasopressor	110 (77%)
	 2 vasopressors	61 (43%)
	 3+ vasopressors	20 (14%)
	Biopsies
	 Glomerular sclerosis (median %, range)	7 (0–71)
	 Vascular changes (mild: 10%–24%)	39 (32.5%)
	 Vascular changes (moderate: 25%–50%)	2 (1.7%)
	 ATN (n, %)	13 (11%)
	Creatinine (mg/dL; median, range)
	 Peak	1.91 (0.5–11.09)
	 Terminal	1.24 (0.4–8.6)
	KDPI (median %, range)	71 (19–98)


Unless otherwise specified, variables are expressed as actual counts. A1C, glycated hemoglobin; ATN, acute tubular necrosis; BMI, body mass index; DBD, donation after brain death; DCD, donation after cardiac death; CIT, cold ischemic time; CVA, cerebral vascular accident; ICH, intra-cerebral hemorrhage; HTN, hypertension; KDPI, kidney donor profile index; NRP, normothermic regional perfusion.
HMP and SNAP Characteristics
Total Preservation Time
In this protocol, there are two distinct periods of CIT which flank the SNAP assessment period. The first CIT (CIT-1) starts at donor cross clamp and ends when SNAP begins. Median CIT-1 was 21.15 h (range 10.45–54.37 h) prior to SNAP. CIT-2 starts when the kidney begins cool-down after SNAP for a second round of HMP and ends at kidney reperfusion in the recipient. Median CIT-2 was 14.5 h (range 2.87–37.75 h). The median time that HTP kidneys were preserved ex vivo using a combination of HMP and SNAP was 39.78 h (range 23–67.78 h). Figure 4 depicts the distribution frequency of total out-of-body preservation times.
[image: Bar chart titled "Total Out of Body Time" displaying the number of kidneys on the y-axis and hours on the x-axis, showing most kidneys clustered between 25 and 50 hours, peaking near 40 hours.]FIGURE 4 | Frequency distribution showing total times (in hours) of how long kidneys were preserved using a combination of HMP and SNAP outside of the donor prior to implanting into a recipient.HMP Changes
The median IRR during HMP and prior to SNAP was 0.25 (range 0.07–1.03) with median flow rates of 106 mL/min (range 33–185). After SNAP, the compliance improved significantly (IRR 0.15, p < 0.0001).
SNAP Changes
Once the temperature reached 30 °C, the kidney vasculature started to release a visible red effluent as shown in Figure 5. This phenomenon occurred in all HTP kidneys assessed during SNAP, despite a standard donor flush with UW or HTK solution and transport of up to 54 h on an HMP device. Table 4 summarizes the assessment characteristics used to determine transplant suitability. Statistically significant (p < 0.0001) improvement in median assessment parameters at 90- and 120-min during SNAP includes flow rate (20% higher), IRR (15% lower), urine output (115% higher), oxygen consumption (16% higher), and mean Hosgood Score (14% lower). Statistically significant functional changes in median glucose (3% drop), lactate (120% increase), AST (19% increase) and weight gain (3% increase, p = 0.0009) were also observed, but did not thwart transplantation.
[image: Two-panel clinical photograph showing a surgically resected organ with yellow, fatty tissue placed in round containers of clear liquid; the left container holds transparent fluid, while the right contains darker, blood-tinged fluid.]FIGURE 5 | Typical donor kidney at start (left) and end (right) of SNAP. As the kidney warms past 30 °C, the perfusate color turns from amber to red as the vasculature becomes more compliant.TABLE 4 | HMP and SNAP characteristics (n = 142).		Pre-SNAP	Post-SNAP	% Change	pValue
	HMP flow rate (mL/min)	106 (33–185)	103 (33–229)	−6%	0.42	ns
	HMP pressure (mmHg)	32 (13–49)	20 (10–40)	−38%	<0.0001	****
	HMP IRR (mmHg/mL/min)	0.25 (0.07–1.03)	0.15 (0.05–0.78)	−39%	<0.0001	****
	Kidney weight (g)	478 (241–1,062)	493 (242–1,180)	3%	0.0009	***


		SNAP 90 min	SNAP 120 min	% Change	pValue
	SNAP flow rate: (mL/min)	560 (170–1,360)	670 (220–1,580)	20%	<0.0001	****
	SNAP pressure (mmHg)	75 (75–75)	75 (75–75)	0%	1	ns
	SNAP IRR (mmHg/mL/min)	0.13 (0.06–0.44)	0.11 (0.05–0.34)	−15%	<0.0001	****
	Urine output (mL/hour)	13.5 (0–234)	29 (0–315)	115%	<0.0001	****
	Arterial pO2 (mmHg)	570.2 (514–705)	571 (504.5–720)	−1%	0.0005	***
	Venous pO2 (mmHg)	393 (120–594)	412.8 (210–587)	5%	0.0004	***
	Venous pCO2 (mmHg)	43.5 (23–58.8)	42.2 (23–55.6)	−3%	<0.0001	****
	Perfusate sodium (mEq/L)	142 (104–151)	144 (137–158)	1%	<0.0001	****
	Perfusate potassium (mmol/L)	6.1 (4.3–12)	5.9 (4.1–12)	−3%	<0.3384	ns
	Perfusate chloride (mEq/L)	116.5 (111–131)	117 (111–139)	0.4%	0.1508	ns
	Perfusate glucose (mmol/L)	113 (74–164)	110 (73–153)	−3%	<0.0001	****
	Perfusate lactate (mmol/L)	0.68 (0.3–4.1)	1.5 (0.3–4.24)	120%	<0.0001	****
	Perfusate AST (U/L)	26 (9–278)	31 (10–340)	19%	<0.0001	****
	Urine pO2 (mmHg)	183.1 (83–284)	190.4 (117–259)	4%	0.8246	ns
	Urine sodium (mEq/L)	130 (85–153)	129 (83.5–147)	−0.8%	0.0252	*
	Urine potassium (mmol/L)	10.64 (3.5–19.96)	11.3 (5.1–20)	6%	0.0961	ns
	Urine chloride (mEq/L)	108.5 (65–123)	108.9 (60–128.6)	0.4%	0.1519	ns
	Oxygen consumption (mLO2/(min*125 cm [3]))	2.2 (0.45–6.25)	2.55 (0.75–6.55)	16%	<0.0001	****
	Hosgood score (1–5)	2 (1–3)	2 (1–3)	0%	<0.0001	****
	CIT-1 cross clamp to start of SNAP (hours, range)	21.15 (10.45–54.37)
	CIT-2 end of SNAP to recipient reperfusion (hours, range)	14.5 (2.87–37.75)
	Total out of body time (hours, range)	39.78 (23–67.78)


Unless otherwise specified, variables are expressed as medians. AST, aspartate aminotransferase; CIT, cold ischemic time; IRR, intrarenal resistance; HMP, hypothermic machine perfusion; pO2, partial pressure of oxygen; SNAP, sub-normothermic acellular perfusion.
Centralized ARC Transportation Logistics
HTP kidneys accepted for SNAP with ≤6-h ground times to the 34 Lives’ ARC were generally driven by medical couriers on LifePort HMP devices. If >6-h ground times were necessary, kidneys were typically flown by charter aircraft due to the commercial airline restrictions for liquids and lithium-ion batteries, common to HMP devices. During the first full year, 37 (26%) of the HTP kidneys were flown a total of 35,579 miles to the 34 Lives’ ARC from the originating OPOs, while 105 (74%) were driven a combined 22,622 miles. Similarly, from the 34 Lives’ ARC to the accepting transplant center, ground times ≤6-h were driven and >6-h were flown by charter aircraft to minimize CIT-2. During this time, 77 (54%) of the SNAP kidneys determined suitable for transplantation were flown from the 34 Lives’ ARC to the accepting transplant centers for a total of 54,698 miles, while 65 (46%) were driven a combined 12,409 miles. One kidney in this study had a 6-h delay arriving at the 34 Lives’ ARC due to the driver hitting a deer en route, but the kidney arrived safely and was successfully utilized after SNAP.
DISCUSSION
Novel solutions are needed to address the escalating US kidney discard rate to ensure that suitable kidneys are safely transplanted. While many unused kidneys cannot be rescued due to anatomical issues and donor histories (e.g., uncontrolled HTN, diabetes, cancers, infections), a meaningful number can be saved for transplantation following SNAP assessment. Our centralized ARC facilitated transplantation of 142/158 (90%) unused/HTP kidneys after SNAP during the first year of clinical operation, surpassing the initial 50% success rate hypothesis. This demonstrates feasibility and the promise for increased access to kidneys for thousands of patients awaiting transplantation.
In 2017, the National Kidney Foundation (NKF) convened a meeting of key opinion leaders with diverse backgrounds including representatives from NKF, OPOs, transplant centers, the Centers for Medicare and Medicaid Services (CMS), the Health Resources and Services Administration (HRSA), the National Institutes of Health (NIH), the Scientific Registry of Transplant Recipients (SRTR), UNOS, and private health insurers. The goal of the conference was to develop actionable recommendations from key stakeholders to increase the use of more HTP kidneys and to decrease discard rates. The group made several recommendations [20], shown in Table 5, along with how each can be addressed by a centralized ARC.
TABLE 5 | NKF consensus group recommendations to decrease kidney discard rates.	Consensus recommendation	34 Lives’ central ARC benefit
	Create expedited placement pathways to directly offer organs at risk of discard to a small subset of centers that opt in to accept these organs	HTP kidneys offered by OPOs are assessed and accepted by participating transplant centers, increasing allocation success
	Identify organs at risk of discard during standard allocation and shunt them to patients at transplant ‘rescue’ centers that utilize high-risk organs when standard placement is unsuccessful	HTP kidneys are offered sooner to the participating transplant ‘rescue’ centers when standard allocation efforts are unsuccessful, increasing odds of transplant
	Standardize provision of gross photographs of procured kidneys to share on DonorNet	The 34 lives’ central ARC provides photographs, videos, and digitized biopsy slides, highlighting kidney vasculature and including a ruler in the picture to help the surgeon determine scale
	Develop decision and support tools to help surgeons evaluate the benefits and downstream risks of accepting or refusing an organ	The 34 lives’ central ARC provides several additional assessment tools, enabling the transplant center to better evaluate kidney function data not currently available with static ice storage or HMP.
	Optimize kidney recovery and management, including expanding research opportunities on normothermic ex-vivo perfusion to recondition organs from older donors or those with long cold ischemic times	The use of SNAP for HTP kidneys provides a standard platform for assessment of marginal organs due to extended CITs, poor initial biopsies, or from older donors and will provide new tools to assess advanced therapeutics and repair efforts in the future


SNAP provides more assessment data, including Hosgood Score, IRR, oxygen consumption and urine output, than is possible from static ice or HMP preservation, giving HTP kidneys extended time for a second look by transplant physicians. Using SNAP, we were able to preserve kidneys ex vivo for up to 68 h, which is significantly longer than the recommended standard of care of <24 h [21, 22]. This extended time allowed many transplant centers, including several that rejected the initial OPO offer for the same kidney, but later accepted after reviewing SNAP assessment data, to safely utilize these kidneys. While initial SNAP rescue rates seem promising, additional data will be necessary to verify the sustainability of SNAP provided by a centralized ARC and will be reported once long-term patient and graft survival data have been collected and analyzed.
While SNAP provides new tools to assess kidney function prior to transplantation, there still is much work to be done to decrease the rates of kidney non-use. From the Sankey diagram in Figure 3, the biggest potential improvement comes from encouraging OPOs to refer more HTP kidneys to the ARC (only 23% of the unallocated kidneys were referred to the ARC in the first full year from the participating OPOs). Additionally, decreasing the rate of kidneys not accepted for SNAP should include developing better assessment tools that discourage the current reliance on renal biopsy, KDPI and poor HMP pump numbers, and instead encourages trust in the functional assessment provided by SNAP.
SNAP is feasible when performed by an independent, centralized ARC and reduces kidney non-use rates by providing objective viability assessment data, enabling up to a 90% success rate in transplant allocation. Transporting unused/HTP donor kidneys to a dedicated ARC provides transplant hospitals with additional time to locate and screen potential recipients and additional data to make better informed decisions not otherwise available with static ice or HMP preservation methods. Moreover, SNAP allows extended preservation times close to 70 h, enabling improved logistical planning and broader sharing of deceased donor kidneys. Increasing utilization of the current pool of available human donor kidneys is possible, offering an immediate solution to the current donor organ shortage, while providing significant and immediate benefits.
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In September 2022, Belgium implemented a nationally reimbursed HMP service for all ECD and DCD kidneys procured and transplanted within the country. We retrospectively analyzed data from 242 kidney transplantations preserved with continuous HMP between October 2022 and September 2023. Active oxygenation (HMPO2) was applied in DCD donors aged >50 years. One-year outcomes for all HMP kidneys included delayed graft function (DGF) in 14.4%, estimated glomerular filtration rate of 50 mL/min/1.73 m2, 10.1% acute rejection, 96.3% death-censored graft survival, and 98.3% patient survival. DGF rates were lower in ECD kidneys (9.1%) and in DCD ≤50 years (9.5%), while higher in DCD >50 years (19.6%). National transplantation rates of DCD kidneys significantly increased from 90 to 175 per year (p < 0.0001), but not for ECD kidneys (from 45 to 54 per year (p = 0.2965) post-HMP implementation without affecting kidney export. The annual cost savings from reduced dialysis requirements were estimated at €3.59 million. The national implementation of a centralized HMP service in Belgium led to excellent one-year transplant outcomes, increased utilization of ECD and DCD kidneys, and substantial healthcare cost savings. These findings support HMP, and where appropriate HMPO2, as the new standard of care for kidney preservation in Belgium, with potential implications for broader international collaboration.
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INTRODUCTION
Over the past 2 decades, hypothermic machine perfusion preservation (HMP) has gained traction as a method of donor kidney preservation. Continuous HMP, initiated immediately after procurement and maintained until implantation, has demonstrated superior transplant outcome compared with static cold storage (SCS) and endischemic application [1–6]. It reduces the risk of delayed graft function (DGF), irrespective of donor type and cold ischemia time [7–11]. Only a few publications reported an economic evaluation of the use of HMP as compared with SCS [12–14]. Two reports on the results of Euotransplant Machine Perfusion trial of Moers C et al confirmed cost savings in favor for HMP [12, 13]. One of the main reasons for the cost saving was the lower dialysis costs in the HMP group due to the decreased incidence of DGF.
Despite its proven benefits, only a few European countries (France, Netherlands and Switzerland), have implemented this technique at a national level through structured perfusion services. In Belgium, a major policy shift occurred in June 2021 when the National Institute for Health and Disability Insurance (NIHDI) approved reimbursement for HMP for all kidneys procured and transplanted in Belgium from donors after brain death (DBD) with expanded criteria donors (ECD) and donors after circulatory death (DCD), effective from September 2022. This initiative was initiated in particular to increase the national utilization of ECD and DCD kidneys. A dedicated national kidney HMP group successfully established a centralized national perfusion service (NPS) within a short timeframe.
This study has four primary objectives:
	Discard Analysis and Feasibility: To assess overall kidney discard reasons and the feasibility of connecting transplantable kidneys to the HMP device.
	Clinical Outcomes: To evaluate the one-year functional outcomes of kidneys preserved with continuous HMP during the first year of national implementation.
	Economic Evaluation: To perform a budget impact analysis comparing dialysis costs with the costs associated with HMP.
	Utilization Impact: To analyze the effect of HMP implementation on the national utilization rate of ECD and DCD kidneys for transplantation in Belgium, covering the period from October 2017 to March 2024.

Additionally, the study outlines the logistical and organizational challenges encountered during the implementation of the national HMP service and discusses future perspectives for its development.
MATERIALS AND METHODS
HMP Reimbursement Criteria, Lump-Sum and Kidney Allocation
The NIHDI approved reimbursement for HMP as preservation technique for all ECD and DCD kidneys that are procured and transplanted in Belgium. ECDs are defined as brain-dead donors aged 50–60 with at least two of the following: arterial hypertension, serum creatinine above 1.5 mg/dL, or death due to a stroke, or any donor over 60 years old. All DCD donors are included regardless of age. The lump-sum of 3500€ per HMP-preserved kidney was calculated on the sum of the cost of the disposables of the HMP device (machine perfusion kit and accessories (connections tubes, canules, sterile drapes), a preservation specialist-fee and a transport from a central hub to the donor centrum and return transport. During the negotiation with the third party providing the HMP infrastructure, it was agreed that at the moment of initiation of this national HMP-program this lump-sum would be sufficient to cover most of the expenses for this project.
All seven Belgian kidney transplant centers agreed to a three-year pilot program (from September 2022 to August 2025) to use HMP as much as possible. HMP was not mandatory and preservation of these kidneys by SCS was allowed.
All kidneys were allocated according to the standard Eurotransplant allocation system with no exceptions.
Organization of the National Perfusion Service
The centralized NPS consists of a small team of 10 dedicated, well trained, preservation specialists (with a maximum capacity of 3 simultaneous multiorgan procurement procedures) supervised by experienced perfusionists, a central hub in Brussels where 6 machine perfusion devices are stored, and a 24/24h helpdesk. Activation of this service is done by the local donor transplant coordinator, preferably after the kidney is accepted by a Belgian transplantation center and full fitting the reimbursement criteria for HMP and before the start of the procurement procedure. This service consists of a priority transport by car of the preservation specialist and the machine perfusion (MP) device(s) to the donor hospital. The preservation specialist is responsible for the set-up of the MP device(s), support of the procurement surgeon connecting the kidney to the MP device and start of MP, and preparation of the HMP-kidney for non-accompanied transport to the recipient center. In case of device-related alarms during MP the 24/24h help desk is available to resolve them.
Based on the legally required European tender, Organ Recovery Systems (Diegem, Belgium) was selected as MP company together with the organization of the NPS. Therefore, the NPS is currently organized by Organ Recovery Systems (Diegem, Belgium) and the LifePort Kidney Transporter (®Organ Recovery Systems, Diegem, Belgium) was used for all MP procedures. The device pumps the perfusion fluid through the kidney vasculature in a pulsatile way (pressure-controlled) by arterial cannulation. The pressure was set at 30 mmHg, as most frequently used in clinical setting. Perfusate and kidney are cooled to 2 °C–8 °C using crushed ice outside the sterile container. Based on the results of the COMPARE trial, all kidneys from DCD donors above 50 years old were actively continuously oxygenated during HMP [15]. Oxygenation was realized by uploading the perfusate with oxygen via direct bubble oxygenation (at 0.5 L/min of O2 for 15 min) followed by continuous surface oxygenation (at 0.2 L/min of 02 throughout perfusion duration) during HMP [16, 17]. For this, a disposable oxygenation perfusion circuit (LKT-200X, Organ Recovery Systems, Diegem, Belgium) (CE marked since 2021) was used. Active oxygenation in younger DCD donors was possible in study context (ClinicalTrials.gov identifier: NCT05430620) and on surgeon’s request of the recipient center.
Adverse events during total time of MP were real-time monitored by GPS connection and/or reported by the transplant coordinators/surgeons to the MP helpdesk service. In addition, to evaluate the safety and efficacy of the entire HMP service, a feedback evaluation sheet was introduced to report device- and logistic-related adverse events. The role of HMP preservation in the final timing of the transplant procedure (e.g., night to day surgery, emergency to semi-elective) was also polled on this evaluation sheet.
Study Period
A retrospective analysis was performed of all ECD and DCD donor procedures performed between October 1, 2022, and September 30, 2023, for which the NPS has been activated. Because HMP was considered by the health authorities as standard of care and with the obligation to provide a yearly evaluation by already obligatory outcome data collection on the Eurotransplant Kidney Registry, no ethical approval was necessary and written informed consent for participation was not required, in accordance with the national legislation and institutional requirements.
Donor and Recipient Demographics
The following donor demographics were collected: deceased donor type (DBD ECD versus DCD), age, body mass index (BMI), arterial hypertension, diabetes, cause of death, last serum creatinine, total donor warm ischemia time (defined in DCD as the time from withdrawal of mechanical ventilation until the start of in-situ cold perfusion). IGL-1 (Institut Georges Lopez, Lissieu, France) preservation solution was used in all donors. Standard procurement techniques were used in DBD and DCD donors. DCD donors were classified according to Belgian modified classification of Maastricht in which a category V is a DCD donor after euthanasia [18].
The following recipient demographics were retrospectively collected: age, BMI, dialysis status pretransplant, time on dialysis and number of kidney transplantation).
Perfusion Parameters During HMP
Renal flow (RF) and resistance (RR) were continuously registered by the MP device. The following device related parameters were collected: RF and RR at 2 min, 60 min and at the end of perfusion and total perfusion time.
Transplant Outcome
The following parameters were retrospectively collected to evaluate functional graft outcome: anastomosis time during graft implantation, total cold ischemia, primary nonfunction (PNF; defined as the permanent lack of graft function from time of transplantation when a kidney graft was well perfused but never functioned, necessitating dialysis after kidney transplantation), DGF (defined as the need for dialysis during the first week after transplantation excluding dialysis for hyperpotassemia within the first 24 h after transplantation), acute rejection, estimated glomerular filtration rate (eGFR) (calculated by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI creatinine equation) at 1 year, graft and death-censored graft- and patient survival at 1 year.
Impact on National Utilization Rate and Budget Impact Analysis
To evaluate the impact of the introduction of HMP on the national utilization rate of ECD and DCD kidneys procured and transplanted in Belgium, all isolated kidney and combined organ kidney transplantations originated from deceased donors in Belgium performed between October 2017 and September 2024 as registered in the Eurotransplant Database were retrospectively collected and analyzed as well as the impact on donor age and international exchange of kidneys.
In addition, a budget impact analysis for the NIDHI was performed comparing the expected cost of hemodialysis patients on the waiting list (44.932€/year/patient) versus the economy of reducing dialysis cost due to the net increase in the national use of ECD and DCD kidneys with HMP (3.500€/procedure) which would otherwise be rejected by using SCS preservation alone. As the transplantation costs (immunosuppressive drugs, staff time, …) are identical for SCS and HMP (excluding the costs of the conservation method) this was not used for the budget analysis, nor was the relatively small saving in SCS-cost.
Statistical Analysis
Characteristics of the donor, the recipient and transplant outcome were described by classical descriptive statistics and comparison with historical data was performed by the chi-square test for differences in proportions. A p-value <0.05 was considered statistically significant. Continuous variables are provided as median and interquartile range. Statistical analysis and plots were accomplished with SAS (version 9.4M8) statistical software and Prisms 10.5.0 (Graphpad Software, San Diego, CA, USA).
RESULTS
Activation of National Machine Perfusion Service and Donor Characteristics
Between 1 October 2022, and 30 September 2023, the national machine perfusion service was activated for 178 deceased donor procedures with a potential of 356 transplantable kidneys. Donor type, age, comorbidity and serum creatinine are shown in Table 1. In the DCD group 50 (36%), 31 (23%), 46 (33%) and 11 (8%) donors were in the age group of 0–50 years, 51–60 years, 61–70 years and above 71 years old, respectively. For DCD procedures, a rapid canulation of the abdominal aorta and normothermic regional perfusion was performed before kidney procurement in 175 (98%) and 3 (2%), respectively.
TABLE 1 | Donor characteristics of the 178 deceased donor procedures for which the national machine perfusion service was activated in Belgium between 1 October 2022, and 30 September 2023.	Donor characteristics	178 deceased donor procedures
	Type of donor, n (%)
	 - DBD-ECD	36 (20.2%)
	 - DCD
	  • DCDIII	139 (78.1%)
	  • DCDV	3 (1.7%)
	Donor age, yrs
	 - DBD-ECD	65 (61,25–68,75)
	 - DCD
	  • DCDIII	57 (44–65)
	  • DCDV	54 (33–57)
	Donor comorbidity, n (%)
	 - Arterial hypertension	54 (30%)
	 - Diabetes mellitus	11 (6%)
	Donor last serum creatinine before kidney procurement (mg/dL)	0.63 (0.5–0.76)
	Total donor warm ischemia time for DCD donors (min)	12 (6–20)


Abbreviations: DBD, donation after brain death; DCD, donation after circulatory death; ECD, expanded criteria donors; HMP, hypothermic machine perfusion.
Discarded Kidneys, Preservation Strategy and Transplantation Rate
A detailed overview of the kidney discard reasons, preservation strategy and transplantation rate is provided in Figure 1. In summary, forty-seven (13.2%) of the 356 potential donor kidneys were discarded before (n = 4), during (n = 13) and after the procurement (n = 30) because of medical contra-indications for transplantation which resulted in a total of 309 kidneys deemed transplantable. Of them, SCS was used instead of MP in 57 (18.5%) mainly for export outside Belgium since no reimbursement of HMP was foreseen in this setting (n = 43) and on request of the transplant surgeon in case of very short estimated cold ischemia time (n = 9). All these SCS-preserved kidneys were successfully transplanted.
[image: Flowchart summarizes kidney procurement and preservation outcomes for 356 potential kidneys from 178 donors between October 2022 and September 2023. Key steps include 47 kidneys discarded before preservation, 309 kidneys procured, 252 intended for hypothermic machine perfusion (HMP), and 245 successfully preserved, with reasons for cold storage or discards provided. Final outcomes show 307 kidneys transplanted, with specific pathways for those switched to static cold storage or discarded at recipient centers explained.]FIGURE 1 | Kidney discard reasons, preservation strategy and transplantation rate of the 356 potential kidneys of the 178 donors for which the national perfusion service was activated between 1 October 2022, and 30 September 2023.In total, 252 kidneys were intended to be preserved by HMP of which 97% (n = 245) were successfully connected to the MP device. In three percent (n = 7), the procurement surgeon encountered a technical issue when connecting the kidney to the MP device or immediately after start of MP and organ preservation was immediately switched to SCS. Exact reasons are also detailed in Figure 1. Six of these 7 SCS-preserved kidneys were successfully transplanted.
Finally, 245 HMP-kidneys were transported from donor to the recipient center. In a minority of the cases the kidney procurement was in the same center as the transplant procedure. Two of them were reallocated afterwards (according to standard Eurotransplant kidney allocation rules) because the recipients were not transplantable due to unexpected medical reasons. Both kidneys were switched to SCS, awaiting acceptance of the reallocation procedure, and afterwards successfully transplanted, one in Belgium and one abroad. Three of the 245 HMP-kidneys were discarded in the recipient center by the transplant surgeon for the following reasons: anatomic reason (n = 1), postostial renal artery stenosis (n = 1) and poor perfusion (by macroscopic evaluation) during HMP due to iatrogenic section of the renal artery at the hilus (n = 1). Of note, no kidney was discarded based on high renal resistance values.
The transplantation rate of ECD and DCD kidneys during this first year after the implementation of HMP was 86.23% (n = 307) of which 242, 63 and 2 were preserved by continuous HMP, SCS alone, and HMP switched to SCS preservation, respectively.
A retrospective analysis was performed on these 242 isolated HMP-perfused kidney transplantations of which 49 from ECD and 193 from DCD donors. Their donor characteristics are shown in Table 2.
TABLE 2 | Donor characteristics according to donor type of the 242 patients receiving an HMP-preserved kidney graft in Belgium between 1 October 2022, and 30 September 2023, procured from national ECD and DCD donors.	Donor type	All (ECD + DCD) (n = 242)	DBD ECD (n = 49)	DCD (n = 193)	DCD ≤ 50 years (n = 77)	DCD > 50 years (n = 116)
	Donor age, yrs	58 (47–65)	64 (61–68)	55 (43–64)	42 (35–46)	61 (56–67)
	Donor sex, male/female, n (%)	134 (55%)/108 (45%)	25 (51%)/24 (49%)	108 (56%)/85 (44%)	52 (68%)/25 (32%)	56 (48%)/60 (52%)
	Donor body mass index	25 (23–28)	25 (24–28)	25 (22–29)	24 (21–28)	28 (23–29)
	Donor comorbidity, n (%)
	 - Arterial hypertension	68 (28%)	25 (51%)	43 (22%)	6 (8%)	37 (32%)
	 - Diabetes mellitus	15 (6%)	3 (6%)	12 (6%)	0 (0%)	12 (10%)
	Donor last serum creatinine before kidney procurement (mg/dL)	0.6 (0.5–0.75)	0.72 (0.6–0.78)	0.57 (0.45–0.71)	0.57 (0.45–0.67)	0.54 (0.44–0.71)
	Total donor warm ischemia time for DCD donors (min)	NA	NA	15 (11–21)	13 (11–23)	15 (12–21)


Abbreviations: DBD, donation after brain death; DCD, donation after circulatory death; ECD, expanded criteria donor; NA, not applicable; yrs, years.
Machine Perfusion Parameters and Adverse Events
Table 3 summarizes the renal resistance, renal flow, total perfusion time and adverse events during MP. The mean renal resistance of the 242 successfully transplanted kidneys was 0.42 (0.32–0.62) mmHg/ml/min, 0.25 (0.20–0.33) mmHg/ml/min and 0.19 (0.14–0.25) mmHg/ml/min, at 2 min, 30 min, and at the end of the perfusion period, respectively. The median total MP time was 5h15 (2h57 – 8h48).
TABLE 3 | Machine perfusion parameters and adverse events of the 242 HMP-preserved kidneys transplanted in Belgium between 1 October 2022, and 30 September 2023, procured from national ECD and DCD donors.	Machine perfusion parameters	242 HMP-preserved kidneys
	Renal resistance, mmHg/mL/min
	 - At 2 min	0.42 (0.32–0.62)
	 - At 30 min	0.25 (0.20–0.33)
	 - At end of perfusion	0.19 (0.14–0.25)
	Renal flow, mL/min
	 - At 2 min	60 (41–77)
	 - At 30 min	87 (72–102)
	 - At end of perfusion	105 (84–127)
	Total perfusion time, h:m	5h15 (2h57 - 8h48)
	Adverse events during MP	Details
	 - “Upstream bubble alarm” with stop MP (n = 4)	 - Restart MP during transport (n = 2) or at arrival in recipient center (n = 2)
	 - “Leakage” at perfusion cannule with stop MP during organ transport (n = 1).	 - Exploration in recipient center during bench preparation: due to a small aorta patch (pediatric donor) the cannule was not fixed tight enough
	 - “High resistance alarm” (n = 3)	 - Movement during transport (n = 1) or during delivery of the kidney in the recipient center (n = 1): MP manually restarted
	 - “High pressure alarm” without interruption of MP (n = 1)	 - Sudden peak (n = 1) of resistance spontaneously normalized without interruption of MP
	 - “High pressure alarm” with interruption of MP (n = 1)	 - Unknown cause (probably transport-related) but alarm resolved by decreasing the pressure from 30 to 20 mmHg
		 - Probably related to a kinking of the artery during transport: restart MP during transport


Abbreviations: DCD, donation after circulatory death; ECD, expanded criteria donors; HMP, hypothermic machine perfusion.
In total 10 adverse events during MP were recorded/reported. Details and action of handling to restart HMP are also illustrated in Table 3.
Recipient and Transplant Characteristics
The recipient and transplant characteristics are detailed in Table 4.
TABLE 4 | Recipient and transplant characteristics of the 242 patients receiving an HMP-preserved kidney graft and transplanted in Belgium between 1 October 2022, and 30 September 2023, procured from national ECD and DCD donors.	Recipient and transplant characteristics	HMP(O2) (n = 242)
	Recipient characteristics
	Age, yrs	61 (53–68)
	Body Mass index (BMI), n	26 (23–29)
	Preemptive kidney transplant, n (%)	15 (6.20)
	Time on dialysis, days	1,044 (617–1,497)
	Number of kidney transplantation, n (%)
	 - First kidney transplants	227 (93.8)
	 - Second kidney transplants	15 (6.2)
	Transplant characteristics
	Anastomosis time, min	30 (25–35)
	Total cold ischemia time	8h33 (5h17–12h45)


Abbreviations: DCD, donation after circulatory death; ECD, expanded criteria donors; HMP, hypothermic machine perfusion; HMPO2, oxygenated HMP.
The anastomosis and total cold ischemia time were 30 (25–35) min and 8h33 (5h17–12h45), respectively.
1-Year Functional Outcome
The 1-year functional outcome, according to donor type, is shown in Table 5. Delayed graft function, median eGFR, organ rejection rate and overall graft-, death-censored graft- and patient survival at 1 year after transplantation for all the 242 ECD and DCD kidneys were 14.35%, 50 mL/min/1.73 m3, 10.05%, 96.28% and 98.24%, respectively. The reasons for graft loss (13/242) were primary nonfunction (n = 1), rejection (n = 1), donor-transmitted infection (n = 1), graft infection (n = 1), arterial thrombosis (n = 1), venous thrombosis (n = 2), unknown (n = 2) and patient death (n = 4).
TABLE 5 | One-year functional outcome of the 242 HMP-preserved kidneys successfully transplanted in Belgium between October 1, 2022, and September 30, 2023, procured from national ECD and DCD donors.	Donor type	All (ECD + DCD)	DBD ECD	DCD	DCD ≤ 50 years	DCD > 50 years
	Type of kidney preservation (HMP, HMPO2)	HMP(O2) (n = 242)	HMP (n = 49)	HMP(O2) (n = 193)	HMP(O2)$ (n = 77)	HMPO2 (n = 116)
	Delayed graft function (%)	14.35	9.14	16.67	9.46	19.64
	Primary nonfunction (%)	0.4	0	0	0	0.9
	eGFR @1 year (ml/min/1.73 m2)	50 (41–66)	49 (38–66)	50 (42–68)	61 (48–78)	48 (40–61)
	Organ rejection @1 year (%)	10.05	2.33	12.82	8.96	14.00
	Overall graft survival @1 year (%)	94.63	95.91	94.8	97.40	92.24
	Death-censored graft survival @1 year (%)	96.28	100	94.34	97.40	93.97
	Patient survival @1 year (%)	98.34	95.91	98.96	100	98.28


Abbreviations: DBD, donation after brain death; DCD, donation after circulatory death; ECD, expanded criteria donor; eGFR, estimated glomerular filtration rate; HMP, hypothermic machine perfusion; HMPO2, oxygenated hypothermic machine perfusion; y, year; yrs, years.
a HMP n = 63; HMPO2 n = 14.
Impact of HMP on the National Utilization Rate
Compared to historical data from October 2017 and March 2024, the national implementation of HMP resulted in a significant increase of the total number of kidney transplantations originating from Belgian DCD donors, regardless of donor age, from 90 before HMP implementation until 175 per year afterwards (p < 0.0001). ECD Kidney transplantation increased from 45 before, up to 54 per year after the implementation of HMP (p = 0.2965) (Figure 2A). The observed increase was more pronounced in the DCD donors above 50 years old and only significant for donor age above 65 years old, but not for DCD kidneys with donor age below the age of 50 (Figure 2B). The numbers of kidney transplantations from exported and imported kidneys in Belgium did not change after the introduction of HMP, Figures 2C,D, respectively. A mild increase of kidney combined organ-transplantation especially from ECD and DCD is illustrated in Figure 2E. As illustrated in Figure 2F, import in Belgium of a kidney for combined organ transplantation is rare.
[image: Six bar charts labeled panels A to F present data on kidney transplantation in Belgium, segmented by procurement and transplantation location, donor type (SCD, ECD, DCD), and time periods before and after HMP (hypothermic machine perfusion) reimbursement. Panel B features a grouped bar chart comparing the percentage of transplantations before and after HMP implementation by donor age in ECD and DCD groups, with statistical significance indicated. All graphs use color-coded legends and show a vertical dashed line marking the HMP reimbursement period.]FIGURE 2 | The national implementation of HMP on kidney utilization rate in Belgium between October 2017 and March 2024 resulted in an increase of total number of kidney transplantations originated from Belgian DCD and ECD donors regardless of donor age (A). The observed increase was more pronounced in the donor age groups between 50 and 65 years old and above 65 years, but not for DCD kidneys with donor age below the age of 50 (B). The numbers of kidney transplantations from exported (C) and imported kidneys in Belgium (D) did not change after the introduction of HMP. A mild increase of kidney combined organ-transplantation from especially ECD and DCD was observed (E). Import in Belgium of a kidney for combined organ transplantation is rare (F).Budget Impact Analysis of HMP Implementation
Based on the historical numbers of DCD and ECD kidney transplantations in Belgium as detailed in the previous paragraph, the routine use of HMP for DCD and ECD kidney resulted in a potential more or less 99 national extra DCD and ECD kidney per year as compared to the historical standard SCS preservation. Therefore, based on an estimated 240 procedures per year, the saving of dialysis costs for the health insurance was −3.592.265€ per year with a half-cycle correction (i.e., reducing the annual saving by 50% in order to correct for the timing effect of the transplant procedure during the year) of 1.376.132€ per year (based on costs of HMP (3.500€/procedure) and dialysis (44.932€/year/patient). The profit percentage accounts 163.8% versus the costs of machine perfusion.
DISCUSSION
This national cohort study demonstrates that the introduction of a centralized HMP service for all ECD and DCD donor in Belgium resulted in excellent one-year transplant outcomes. The implementation led to a substantial increase in the national utilization rate of ECD and DCD kidneys without impacting export rates. Furthermore, the approach proved to be highly cost-effective, with estimated annual savings of €3.59 million in dialysis-related costs.
Despite the well-documented advantages of HMP over SCS, including lower rates of DGF and improved graft survival, many countries have struggled to implement HMP at scale due to reimbursement and logistic barriers [1–11, 15]. The study of Brat A et al is the only study reporting that continuous nonoxygenated HMP preservation as a nationwide standard mode of preservation in the Netherlands of deceased donor kidneys is feasible and safe and resulted in an increase of DCD kidney transplantation, preemptive transplantation and retransplants as well as a significant reduction of DGF as compared with a historical cohort group [19]. The Belgian experience illustrates how national-level implementation is feasible through close collaboration between stakeholders, coordinated logistics, and proactive policy support. Key elements for success, such as stakeholder alignment, reimbursement mechanisms, and operational workflows, are summarized in Figure 3. The creation of a National Kidney HMP group was essential and pivotal for its implementation. Therefore, countries or regions who want to embark on a HMP program should take this as a key element for success. Another critical component of the implementation was the real-time communication and mutual trust between procurement and transplant teams. In cases of anatomical anomalies or procurement complications, transplant centers were directly consulted to decide on preservation strategy, contributing to a low device failure or conversion rate (3%). This approach also limited unnecessary use of perfusion kits, optimizing budget.
[image: Infographic displaying a seven-step chronological process for implementing the Hypothermic Machine Perfusion (HMP) technique for kidney transplantation in Belgium, including obtaining authority awareness, formulating recommendations, forming evaluation workgroups, reimbursement approval, creating a national group, defining key actions, launching the national project, and outlining future sustainability and multicenter research efforts.]FIGURE 3 | Flow chart with the key elements such as stakeholder alignment, reimbursement mechanisms, and operational workflows to realize a successful national implementation for hypothermic machine perfusion preservation for kidneys based on the Belgian experience.The one-year functional outcomes in this cohort are in line with, and in some cases exceed, results reported in major randomized trials such as the COMPARE trial and the Eurotransplant MP trial [2, 15]. The overall DGF incidence in our cohort was 14.35%, and 19.64% among DCD donors older than 50 years—a notable improvement compared to 36% in the COMPARE trial’s HMP groups. The use of continuous HMP from procurement to implantation, combined with short ischemia times, low associated donor comorbidity and uniform procedural standards across centers (e.g., standardisation of DCD procedures across all Belgian center (therapy withdrawal in OR, rapid procurement technique)), may explain this favourable outcome. These parameters reflecting the Belgian situation, and therefore, the expected results of a nationwide implementation of HMP in other countries will be influenced by national geography, local practice in kidney acceptance in case of high donor-associated comorbidity and local procurement strategies. However, our results are also in line with a post hoc analysis of the Eurotransplant MP trial demonstrating remarkably lower rates of DGF in kidneys transplanted after a very short cold ischemia time [11].
Since September 2022, oxygenated HMP (HMPO2) has been applied to all DCD kidneys from donors aged >50 years, based on COMPARE trial findings. The rationale for HMPO2 lies in maintaining aerobic metabolism and limiting ischemia–reperfusion injury by preventing accumulation of harmful metabolites [20–22]. While current evidence remains heterogeneous, recent studies and meta-analyses suggest that HMPO2 may reduce severe adverse events and may be particularly beneficial in DCD kidneys and in continuous, rather than end-of-preservation, application (Table 6) [15, 23–28]. However, large-scale prospective data are still needed to conclusively define the added value of oxygenation.
TABLE 6 | Human clinical studies and series using oxygenated hypothermic machine perfusion preservation for kidneys between 2019 and June 2025.	Author, (year)	Study design	Population	DGF, n (%)	PFN, n (%)	eGFR (mL/min)	Graft survival (%)	Rejection, n (%)
	Meister (2020)	RCT III
Kidney Assist™	ECD:
HMPO2 n = 15
SCS n = 30
p-value	
8 (53.0%)
10 (33.0%)
0.197	
1 (7.0%)
0 (0.0%)
0.333	@6 months
32 ± 14*
38 ± 17*
0.276	@6 months
93.0%
100.0%
0.333	
NA
NA

	Ravaioli (2020)	Non-RCT II	ECD: 
cHMPO2 n = 10
SCS n = 30
p-value	
2 (20.0%)
12 (40.0%)
0.607	
0 (0.0%)
1 (3.3%)
0.948	
NA
NA
	@1y
100.0%
93.3%
0.894	@6 months
1 (10.0%)
2 (6.7%)

	Jochmans (2020)	RCT III
Kidney Assist™	DCD >50 years: 
cHMPO2 n = 83
cHMP n = 83
p-value	
38 (36.0%)
38 (36.0%)
0.990	
3 (3.0%)
5 (5.0%)
0.480	@1y
50 ± 19
47 ± 17
0.120	@1y
97.0%
90.0%
0.028	@1y
15 (14.0%)
27 (26.0%)
0.040
	Husen (2021)	RCT III
Kidney Assist™	ECD:
SCS + eHMPO2 n = 127
SCS n = 135 
p-value	
30 (23.6%)
38 (28.1%)
0.400	
8 (6.3%)
8 (5.9%)
0.900	@1y
40 ± 14
41 ± 17
0.630	@1y
92.1%
93.3%
0.630	@1y
23 (18.1%)
18 (13.3%)
0.290
	Pravisani (2022)	Retrospective cohort study
Waves®
LifePort® kidney transporter	DBD:
SCS + eHMPO2 n = 51 (Waves®)
SCS + eHMP n = 52 (LifePort®)
p-value	
11 (21.5%)
13 (25.0%)
0.580	
0 (0.0%)
0 (0.0%)
1.000	sCreat (mg/dL)
1.27 (1.09–1.67)*
1.40 (1.00–1.78)*
0.319	
NA
NA
	
6 (11.7%)
4 (7.7%)
0.520
	Dajti (2025)	RCT
Vitasmart®	ECD:
SCS + eHMPO2 (min 2h) n = 54
SCS n = 55
p-value	
31 (57.4%)
37 (67.3%)
0.300	
3 (5.5%)
4 (7.3%)
0.700	@1y
50 ± 10
45 ± 14
0.200	@1y
83.6%
88.9%
0.400	@1y
4 (7.3%)
8 (14.8%)
0.200
	Darius (2025)	Retrospective belgian cohort
LifePort® kidney transporter	DCD ≥50 years:
cHMPO2 n = 116	
22 (19.7%)	
1 (0.9%)	@1y
50 (14.3–94.2)*	@1y
92.2%	@1y
14 (12.0%)


Abbreviations: cHMP, continuous hypothermic machine perfusion; cHMPO2, continuous oxygenated hypothermic machine perfusion; DBD, donation after brain death; DCD, donation after circulatory death; DGF, delayed graft function; ECD, expanded criteria donors; eGFR, estimated glomerular filtration rate; eHMPO2, endischemic oxygenated hypothermic machine perfusion; HMP, hypothermic machine perfusion, HMPO2, oxygenated hypothermic machine perfusion; SCS, static cold storage.
Data are presented as mean± range or mean (min-max) if indicated with*.
Notably, in our cohort, no kidney was discarded solely due to high RR during HMP. While elevated RR is frequently cited as a reason for organ discard, especially in the US where 33% of pumped kidneys are not transplanted, our results support a more nuanced interpretation [29–33]. One kidney with persistently high RR due to the position of the renal artery was successfully transplanted after switching to SCS at the surgeon’s discretion. This underscores that RR should not be used as a stand-alone viability criterion and must be interpreted within a clinical context. According to a recent meta-analysis, current evidence does not support the use of isolated RR-thresholds for organ acceptance [29].
Although HMP implementation significantly increased the number of transplanted ECD/DCD kidneys, the total national kidney transplant volume did not rise proportionally. This reflects a broader trend of declining donor availability and increasing waiting lists and waiting list mortality. In addition, the overlapping COVID-19 period and the increased confidence in these kidneys because of the use of HMP during the study period are important parameters that might have influenced the utilization rate in addition to the HMP reimbursement itself. Nonetheless, the increased utilization of higher-risk organs maintained overall transplant activity, which may otherwise have declined. The excellent outcomes observed should help increase clinician confidence in accepting higher risk organs, potentially improving acceptance rates in the future.
The economic impact of HMP is supported by earlier evaluations of the Eurotransplant MP trial, which also showed cost savings through reduced DGF incidence [12, 13]. In our budget impact analysis—comparing the expected dialysis costs of patients on the waiting list (€44.932/year/patient) versus the economy of reducing dialysis cost due to the net increase in national use of ECD and DCD kidneys with HMP (€3.500/procedure) — the increase in transplant activity translated to an estimated 99 additional national kidney transplants per year, yielding substantial healthcare savings of €3.59 million per year.
We acknowledge the following limitations of this manuscript: 1) the lack of a historical control or propensity matched group, 2) the modified DGF definition that excludes one dialysis session within the 24 h after transplantation could slightly underestimate the DGF rate as compared to studies including this in the DGF definition, 3) the retrospective design, 4) the short time follow-up, 5) the limited generalizability to other health systems because of the specific organizational structure in Belgium, and 6) the absence of a real cost-effectiveness analysis.
Based on these findings, the Belgian NIHDI approved a five-year extension of the HMP reimbursement scheme (2025–2030), considering now HMP as standard of care for kidney preservation. The revised criteria now also include HMP for kidney combined-organ transplants, DBD donors <50 years with peak creatinine >1.5 mg/dL, and cross-border HMPO2 import from the Netherlands. Implementation of cross-border HMP exchange will require harmonization of logistics, regulation, and reimbursement across Eurotransplant countries.
Finally, the national HMP platform offers a unique opportunity to evolve into a multicentre research infrastructure supporting clinical trials, biobanking, and innovation in organ preservation strategies. Future research will focus on refining viability assessment tools, comparing continuous versus end-HMPO2, and long-term cost-effectiveness in real-world settings. Experience gained from this national effort will help to implement MP of other organs.
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Duodenoduodenostomy as an Attractive Option for Exocrine Drainage in Pancreas Transplantation: Insights From a Single-Center Cohort
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Techniques such as retroperitoneal graft placement have further enhanced the ability to replicate the physiology of the “native” pancreas. In our center, from January 2000, duodenojejunostomy (DJ) was the standard technique for exocrine drainage (n = 337). Herein, we report a series of 188 pancreas transplantations performed between May 2016 to July 2025, using a fully retrocolic graft position, systemic venous drainage and enteric drainage via duodenoduodenostomy. The primary endpoint was the assessment of intestinal events and their impact on graft and patient survival. A total of 14 patients (7.4%) experienced complications, including paralytic ileus (n = 2), intestinal obstruction (n = 4), duodenal dehiscence following pancreas transplantectomy (n = 1), anastomotic dehiscence (n = 5), and anastomotic bleeding (n = 2). Of these, 11 cases required relaparotomy for adhesiolysis (n = 2), internal hernia repair (n = 1), Hartmann’s procedure (n = 1), transplantectomy (n = 2), primary leak closure (n = 3), and hemostasis with duodenal re-anastomosis (n = 2). After a median follow-up of 42.8 months [IQR 21.8–71.1], graft survival at 1 and 5 years was 87% and 83.4%, respectively (P = 0.688 vs. DJ group), while patient survival was 100% and 98.2% (P = 0.031 vs. DJ group). Duodenoduodenostomy proved to be a feasible and effective technique, offering competitive outcomes in terms of graft and patient survival.

[image: Infographic presenting findings from a single-center cohort study of duodenoduodenostomy for exocrine drainage in pancreas transplantation at Hospital Clínic Barcelona, showing intestinal complications in 7.4 percent of patients, management primarily by surgery in 78.6 percent versus conservative in 21.4 percent, and one-year and five-year survival rates for grafts at 87 percent and 83.4 percent, and for patients at 100 percent and 98.2 percent, respectively.]GRAPHICAL ABSTRACTKeywords: pancreas transplantation, graft survival, exocrine drainage, duodenoduodenostomy, intestinal complications
INTRODUCTION
Pancreas transplantation has demonstrated its effectiveness in achieving normoglycemia and insulin independence, while also reducing metabolic instability and enhancing quality of life, with favorable long-term outcomes [1–3]. Since the first procedure in 1966, numerous refinements have been introduced, particularly concerning exocrine drainage, aiming to minimize morbidity and optimize results [4]. Initially, bladder drainage was the preferred method due to its utility in diagnosing rejection through urinary amylase monitoring [5]. However, its high complication rates and a substantial conversion rate to enteric drainage, reported to reach up to 40%, ultimately led to its decline [6, 7]. Today, enteric drainage is widely adopted, offering a more physiological approach and excellent clinical performance. Within this modality, several techniques have been developed, involving different segments of the small intestine. Two approaches have gained prominence: Roux-en-Y diversion and direct anastomosis to the jejunum or proximal ileal loop [8–10]. Additionally, alternative methods such as gastric anastomosis have also been described [11].
Although enteric diversion offers notable advantages, it is not without risks, presenting a considerable incidence of intra-abdominal adverse events and posing technical challenges in accessing the anastomosis and allograft for diagnostic and therapeutic purposes [1, 4].
Currently, various transplant centers have begun adopting direct duodenoduodenostomy (DD) as an alternative method for exocrine drainage, first introduced in 2007 [12]. In efforts to assess whether this approach offers improved graft survival and reduced postoperative morbidity, some case series have been published in recent years [13–23]. The benefits of endoscopic access for both diagnostic and therapeutic management have been highlighted, although interpreting duodenal biopsies remains challenging [24–27].
In line with the pursuit of safer and more reproducible surgical techniques that facilitate management of postoperative events, our team transitioned from duodenojejunostomy (DJ) to DD. This study aims to analyze the outcomes associated with DD, based on data collected from its implementation, focusing on two objectives. First, to assess intestinal events and their influence on graft and patient survival. Second, to compare these findings with the previously published historical series of DJ procedures performed at the same center, in order to evaluate the most appropriate surgical strategy for exocrine drainage moving forward.
MATERIALS AND METHODS
Study Design
Pancreas transplants performed at the Hospital Clínic of Barcelona since the inception of the program in 1989 have been recorded in a prospectively maintained database.
In May 2016, direct DD was adopted as the preferred method for managing the exocrine output of the graft. All procedures carried out from that date through July 2025 were subsequently analyzed. These findings were then compared with the outcomes of the previously published series using DJ for enteric diversion, performed between 2000 and April 2016 at the same institution [28].
All categories of pancreas transplantation were included in the analysis: simultaneous pancreas-kidney (SPK), pancreas after kidney (PAK), pancreas alone (PA), and retransplantation. Recipients underwent a standardized preoperative evaluation conducted by a multidisciplinary team, following institutional criteria for indications and contraindications previously published [29]. Donor selection adhered to the consensus guidelines for pancreas and islet transplantation established by the National Transplant Organization [30].
Prophylactic Therapy
Antibiotic prophylaxis consisted of ertapenem, vancomycin, and fluconazole, along with antiviral coverage for cytomegalovirus. Thromboprophylaxis was maintained using low molecular weight heparin and acetylsalicylic acid, following the protocol previously published elsewhere [28].
Immunosuppression Regimens
Routine immunosuppression followed institutional protocols, with regimens varying according to the date of transplantation [31]. During the SARS-CoV-2 pandemic, adjustments were made between April 2020 and May 2021 due to increased immunological risk. During this period, induction therapy with the anti-interleukin-2 monoclonal antibody (basiliximab) was preferred over rabbit anti-human polyclonal antibodies (thymoglobulin).
Surgical Technique
The pancreas is harvested en bloc along with the donor duodenum and spleen, and the graft is subsequently prepared on the back table. Arterial reconstruction is performed either by (a) end-to-end anastomosis between the splenic artery and the distal superior mesenteric artery, or (b) reconstruction with an iliac arterial “Y” graft. Additionally, the donor duodenum is transected with a mechanical stapler to a length of approximately 8–10 cm, and the edges are reinforced with either continuous or interrupted hand-sewn sutures using 3-0 non-absorbable material [32].
Recipient surgery was performed via midline laparotomy. Graft placement varied depending on the study period: (a) in the DD group, the pancreas was positioned retrocolically on the right side of the pelvis following mobilization of the right colon using the Cattell-Braasch and Kocher maneuvers, with the duodenal segment oriented cephalad [21] (Figures 1, 2); or (b) in the DJ group, the graft was placed intraperitoneally, as previously described [28]. Venous drainage was directed into the systemic circulation through an anastomosis between the graft’s portal vein and either the inferior vena cava or the recipient’s right iliac vein. Arterial supply was established via an end-to-side anastomosis between the graft’s superior mesenteric artery, or the Y-graft, depending on the reconstruction technique used during back-table preparation, and the recipient’s common right iliac artery.
[image: Two-panel medical image comparison showing a gastrointestinal X-ray with arrows, asterisks, and arrowheads marking key anatomical features on the left, and a corresponding CT scan on the right with similar markings for anatomical correlation.]FIGURE 1 | Pancreas transplantation with retrocolic graft placement and duodenoduodenostomy for exocrine drainage. Esophagogastroduodenal transit study with Gastrografin (right) demonstrates proper contrast passage through the recipient’s duodenum (arrowheads), the side-to-side duodenoduodenal anastomosis (white arrows), and the graft’s duodenal segment (asterisks), with no evidence of leakage. Abdominal contrast-enhanced computed tomography of the same patient (left) shows a normoenhancing pancreatic graft (P), without collections or other complications.[image: Medical illustration of an open abdominal cavity showing internal organs including the stomach, pancreas, liver, gallbladder, intestines, and major blood vessels, with three surgical retractors holding open the tissue.]FIGURE 2 | Schematic illustration showing retrocolic placement of the pancreatic graft, systemic venous drainage, and enteric drainage via side-to-side duodenoduodenostomy.Following graft revascularization and achievement of haemostasis, the enteric anastomosis is performed. In the DD group, a side-to-side hand-sewn anastomosis is constructed using a double-layer technique: the outer layer with non-absorbable 3-0 sutures and the inner layer with absorbable 3-0 sutures, applied either continuously or with interrupted stitches (Figures 3, 4). In contrast, the DJ group underwent a side-to-side anastomosis without Roux-en-Y, positioned 60–80 cm distal to the ligament of Treitz. This was also performed using a double-layer hand-sewn technique, employing 3-0 non-absorbable sutures for the external layer and 3-0 absorbable sutures for the inner layer, as previously described [28].
[image: Intraoperative surgical view showing labeled anatomical structures, including the graft’s duodenal segment, recipient’s duodenum, and pancreas, with gloved hands holding tissues. Labeled text identifies each organ clearly for reference.]FIGURE 3 | Whole-Organ transplant with systemic venous and enteric exocrine drainage (cephalad position). Duodenoduodenostomy technique with side-to-side anastomosis between the duodenal segment and lower knee of the recipient’s duodenum.[image: Medical illustration depicting a pancreaticoduodenectomy (Whipple procedure) with surgical connections joining the stomach, pancreas, and bile duct to the small intestine, highlighting anatomical relationships and vascular structures in color.]FIGURE 4 | Schematic illustration of the systemic venous drainage technique combined with duodenal enteric drainage.Patient Progress and Follow-Up
Postoperative morbidity was defined as any complication occurring within 90 days following pancreas transplantation, and was categorized according to the Clavien-Dindo classification system [33]. Diagnostic approaches were also assessed. Doppler ultrasound (US) is the standard imaging technique used in the postoperative period. A mandatory US is performed within 24–48 h after transplantation to evaluate vascular patency, graft integrity, and potential indirect signs of intra-abdominal complications. In cases presenting with acute abdominal symptoms, graft dysfunction, or inconclusive ultrasound results, computed tomography or Angio-CT was employed. When acute rejection was suspected, based on biochemical markers, imaging findings, or poor glycemic control, graft biopsies were obtained. Rejection episodes were classified according to the Banff criteria [34].
Management of intestinal complications was tailored to the patient’s clinical condition and the severity of the adverse event.
Statistical Analysis
Categorical variables are presented as absolute frequencies and percentages (%). Quantitative variables are expressed as median and interquartile range [IQR] (25th–75th percentiles). Categorical variables were analyzed by use of Fisher’s exact or chi-square test, and continuous variables were analyzed by unpaired Student’s t-test, Mann–Whitney U-test, or other nonparametric tests.
Pancreas graft survival was calculated from the time of transplant until the return to permanent insulin therapy dependency, or death/end of follow-up with a functioning graft. Patient survival was calculated from the time of transplant to death or the end of follow-up.
Patient and graft survival rates were compared between exocrine drainage technique groups by means of Kaplan-Meier curves and the Log-rank test. A Cox proportional hazards model was used to obtain a hazard ratio estimate for DD vs. DJ adjusting for the potential confounders of technique effects, i.e., those factors showing a clinically and statistically significant association with the technique group (Table 1) and with 10-year mortality (Supplementary Table S1) or 10-year graft survival (Supplementary Table S2).
TABLE 1 | Donor and recipient characteristics.		Total (n = 525)	DD group (n = 188)	DJ group (n = 337)	P Value
	DONOR
	Type of donor
- DBD
- cDCD III	493 (93.9%)
32 (6.1%)	156 (83%)
32 (17%)	337 (100%)
-	<0.001a
	Cause of death
- Trauma
- CVA
- Anoxic damage
- Euthanasia
- Others	
251 (47.8%)
207 (39.4%)
41 (7.8%)
4 (0.8%)
22 (4.2%)	
69 (36.7%)
86 (45.7%)
22 (11.7%)
4 (2.1%)
7 (3.7)	
182 (54%)
121 (35.9%)
19 (5.6%)
-
15 (4.5%)	<0.001b
	Age (years)	33 [21–42]	36 [23–46]	31 [21–40]	0.0004c
	Gender (M/F)	313 (59.6%)/212 (40.4%)	107 (56.9%)/81 (43.1%)	206 (61.1%)/131 (38.9%)	0.345b
	BMI (Kg/m2)	23.4 [21.5–25.3]	23.5 [21.6–25.1]	23.4 [21.6–25.4]	0.583c
	ICU stay (days)	2 [1–5]	2 [1–5]	3 [1.7–7]	0.242d
	Amylase (IU/L)	80 [47–156.5]	75 [41–133]	84 [48.8–170]	0.059d
	Lipase (IU/L)	34.5 [17–95.2]	31 [16–64]	45 [17.5–115]	0.079d
	P-PASS total	16 [14–18]	17 [15.2–18]	16 [14–18]	0.208c
	Preservation solution
- UW
- CS
- HTK
- IGL-1	271 (51.6%)
99 (18.9%)
8 (1.5%)
147 (28%)	15 (8%)
32 (17%)
1 (0.5%)
140 (74.5%)	256 (76%)
67 (19.9%)
7 (2.1%)
7 (2.1%)	<0.001b
	Pancreas CITe (hours)	10 [7–11.5]	7.5 [6–10]	10.3 [8–12]	<0.001c
	RECIPIENT
	Age (years)	41 [35–47]	43 [36–49]	40 [35–45]	<0.001a
	Gender (M/F)	330 (62.9%)/195 (37.1%)	110 (58.5%)/78 (41.5%)	220 (63.3%)/117 (34.7%)	0.123b
	BMI (Kg/m2)	23 [21–25.6]	23 [21.1–25.3]	23 [20.8–25.9]	0.799a
	Type of DM
- DM 1
- DM 2
- Others	
516 (98.3%)
3 (0.6%)
6 (1.1%)	
183 (97.3%)
3 (1.6%)
2 (1.1%)	
333 (98.8%)
-
4 (1.2%)	0.067b
	DM vintage (years)	26 [21–32]	28 [22–34]	26 [ 21–31]	0.011c
	Dialysis vintage (months)	24 [13.9–35.7]	18 [11–27]	27.0 [19.4–37.7]	<0.001c
	Type of dialysis
- Predialysis
- Peritoneal
- Hemodialysis
- None	
63 (12%)
108 (20.6%)
291 (55.4)
63 (12%)	
36 (19.1%)
31 (16.5%)
103 (54.8%)
18 (9.6%)	
27 (8%)
77 (22.8%)
188 (55.8%)
45 (13.4%)	<0.001b
	Transplant type
- SPK
- PAK
- PA
- Retransplant	
444 (84.6%)
30 (5.7%)
3 (0.6%)
48 (9.1%)	
168 (89.4%)
7 (3.7%)
-
13 (6.9%)	
276 (81.9%)
23 (6.8%)
3 (0.9%)
35 (10.4%)	0.107b


a Fisher Exact p-value.
b Chi-Square p-value.
c Equal variance two sample t-test.
d Kruskal-Wallis p-value.
Continuous variables are expressed as median [interquartile ranges (IQR)] and categorical variables as frequencies (percentages).
BMI, body mass index; cDCD, controlled donation after circulatory death; CS, celsior; CIT, cold ischemia time; CVA, cerebrovascular accident; DBD, donation after brain death; DD, duodenoduodenostomy; DJ, duodenojejunostomy; DM, diabetes mellitus; F, female; HTK, Histidine-Tryptophan-Ketoglutarate; IGL-1, Institut Georges Lopez-1; ICU, intensive care unit; M, male; PPASS, preprocurement pancreas suitability score; PAK, pancreas after kidney; PA, pancreas transplant alone; SPK, Simultaneous Pancreas-Kidney; UW, university of wisconsin.
e CIT, is the interval between the initiation of organ perfusion with cold preservation solution in the donor and the onset of reperfusion in the recipient.
A P value <0.05 was considered to indicate statistical significance. Data are collected and analyzed with SPSS statistical software (SPSS 20.0, 1989-1995; Chicago, IL, United States) and SAS v 9.4 software (SAS Institute, Cary, North Carolina, United States).
RESULTS
Donor and Recipient Demographic Data
Between January 2000 and July 2025, a total of 526 pancreas transplants were performed in our unit. From January 2000 to April 2016, DJ was the technique employed for exocrine drainage (n = 337). In May 2016, a transition to DD was implemented, with 188 transplants performed to date, which constitute the focus of this study. It is noteworthy that, in one case (excluded from the analysis) during this period, a DJ was performed due to a technical challenge, as the inferior vena cava was positioned to the left of the aorta.
The characteristics of the donors and recipients are summarized in Table 1. Historically, all donors were donation after brain death (DBD). Controlled donation after circulatory death (cDCD) with normothermic regional perfusion was introduced at our center in 2019, with 32 cases performed to date, all within the DD group. The median donor age was significantly higher in the DD group (P < 0.001), with cerebrovascular disease being the leading cause of death (45.7%). In the DJ group, donor amylase and lipase levels were substantially elevated, with a trend toward statistical significance (P = 0.059 and P = 0.079, respectively). No significant differences were observed between groups regarding gender, body mass index (BMI), ICU stay duration, or Pancreas Donor Risk Index (P-PASS). Preservation solutions varied across groups and time periods. Institut Georges Lopez-1 (IGL-1) was predominantly used in the DD group (74.5%) following its introduction at our center in 2015 (31), whereas the University of Wisconsin (UW) solution was employed in 76% of DJ cases (P < 0.001). Cold ischemia time (CIT) for the pancreas was significantly shorter in the DD group [7.5 h (IQR 6–10)] compared to the DJ group [10.3 h (IQR 8–12)] (P < 0.001).
As for recipient demographics, age was slightly higher in the DD group (P < 0.001), with a predominance of male patients. Notably, the DD group exhibited a shorter duration of dialysis prior to transplantation (P < 0.001) and a longer history of diabetes mellitus (P = 0.011). Previous abdominal surgery was documented in nearly 40% of patients in the DD group. SPK transplantation was the most frequently performed procedure in both groups. For other transplant categories (PAK, PA, and retransplantation) the majority of cases belonged to the DJ group. Backtable vascular graft reconstruction using a splenic artery-superior mesenteric artery technique was performed in 85.6% of DD cases and 95.7% of DJ cases, with the remaining procedures utilizing a Y-graft configuration.
Post-reperfusion serum levels of amylase and lipase (measured at 24-48 h) were also analyzed. Amylase levels showed no significant difference between groups [DD: 168 (IQR 114.5–272.5) vs. DJ: 195 (IQR 111–349); P = 0.176], while lipase levels were significantly lower in the DD group [DD: 154.5 (IQR 84–268.5) vs. DJ: 183.5 (IQR 100–389.2); P = 0.041].
Postoperative Outcomes
Intestinal complications, a central focus of this study, were identified in 14 patients within the DD group (7.4%) (Table 2). Both mild and severe cases were included, encompassing patients managed conservatively as well as those requiring more intensive interventions. All diagnoses were confirmed through radiological imaging, specifically computed tomography scan.
TABLE 2 | Summary of intestinal complications.	Transplant type (year)	Donor type/cause of death
Gender/age (years)	CIT (hours)	Intestinal complication	Recipient gender/age (years)/BMI (Kg/m2)	Treatment
Post-transplant day of treatment	Graft/patient survival (months)
	SPK (2018)	DBD/CVA
Male/24	11.10	Intestinal obstruction
No vascular event
Clavien-Dindo: IIIb	Male/36/18.7	Surgery: Internal hernia repair (15° day)	85.8/85.8
Alive
	Pancreas Retx (2018)	DBD/CVA
Female/38	11.30	Recipient duodenum dehiscence after transplantectomy (vascular thrombosis)
Clavien-Dindo: IIIa	Female/57/21.3	Endoscopic clip (72° day)	1.18/79.8
Alive
	SPK (2019)	DBD/CVA
Female/41	12	DD dehiscence
No vascular event
Clavien-Dindo: IIIb	Male/53/33.1	Transplantectomy (8° day)	0.85/18.6
Death (sepsis)
	SPK (2019)	DBD/Trauma
Male/36	9	Paralytic ileus
Venous (SMV) peripheral thrombosisa
Clavien-Dindo: II	Female/43/24.9	Nasogastric tube TPN (8° day)	44.2/44.2
Death (Brest cancer)
	SPK (2019)	DBD/CVA
Female/56	6	DD dehiscence
Distal arterial thrombosis head of pancreasa
Clavien-Dindo: IIIb	Male/42/22	Primary leak closure (11° day)	68.6/68.6
Alive
	SPK (2020)	DBD/CVA
Male/20	7.40	Intestinal obstruction
No vascular event
Clavien-Dindo: IIIb	Male/46/21.2	Adhesiolysis between the colon and pancreatic tail (12° day)	62.9/62.9
Alive
	SPK (2020)	DBD/Trauma
Male/24	12	Paralytic ileus
Venous (SV) peripheral thrombosisa
Clavien-Dindo: II	Male/56/31.8	Nasogastric tube
TPN (7° day)	56.2/56.2
Alive
	SPK (2021)	DBD/Trauma
Male/18	10.6	Intraluminal DD bleeding
No vascular event
Clavien-Dindo: IIIb	Female/45/23.9	Hemostasis and DD re-anastomosis (11° day)	16.6/43.9
Chronic rejection
Alive
	SPK (2022)	cDCD/Neurodegenerative disorder
Male/46	4.2	DD dehiscence
Hemoperitoneum (1° day: reoperation)
No vascular event
Clavien-Dindo: IIIb	Male/43/27	Primary leak closure (7° day)	41.2/41.2
Alive
	SPK (2022)	DBD/CVA
Male/48	5.6	Intestinal obstruction 2° to pancreatitis
No vascular event
Clavien-Dindo: IIIb	Male/46/25.9	Adhesiolysis (11° day)	0.36/40.2
Primary Graft Dysfunction
Alive
	PAK (2022)	cDCD/CVA
Male/46	4	Intestinal obstruction 2° to stercoral colitis
Clavien-Dindo: IIIb	Male/45/25.2	Hartmann’s procedure (37° day)	34.5/34.5
Alive
	SPK (2022)	DBD/Trauma
Male/40	11	Anastomotic bleeding
Venous (SV and SM) occlusive thrombosis
Clavien-Dindo: IIIb	Female/30/31.2	Thrombectomy and hemostasis and DD re-anastomosis (6° day)	33.7/33.7
Alive
	SPK (2022)	DBD/CVA
Female/50	5.2	DD dehiscence
No vascular event
Clavien-Dindo: IIIb	Male/46/21.6	Primary leak closure (15° day)	32.4/32.4
Alive
	SPK (2024)	cDCD/Anoxia
Male/36	5.2	DD dehiscence
Venous (SV and SM) occlusive thrombosis
Clavien-Dindo: IIIb	Male/42/29.7	Transplantectomy (7° day)	0.3/17.2
Alive


BMI, body mass index; cDCD, controlled donation after circulatory death; CIT, cold ischemia time; CVA, cerebrovascular accident; DBD, donation after brain death; DD, duodenoduodenostomy; PAK, pancreas after kidney; Retx, pancreas retransplantation; SPK, Simultaneous Pancreas-Kidney; SMV, superior mesenteric vein; SV, splenic vein; TPN, total parenteral nutrition.
a Anticoagulation protocol [Low molecular weight heparin (20 mg/12 h), and acetylsalicylic acid (50 mg/24 h)].
Two patients developed postoperative paralytic ileus, both successfully managed with a conservative approach involving nasogastric decompression and total parenteral nutrition. In both cases, peripheral venous thrombosis was also identified during routine US follow-up. This finding did not affect pancreatic graft function and did not necessitate any modification to the standard anticoagulation protocol, which consists of low molecular weight heparin at a dose of 20 mg every 12 h, combined with acetylsalicylic acid at 50 mg once daily.
Four patients experienced intestinal obstruction. In two cases, the cause was adhesions involving the colon and small intestine secondary to graft pancreatitis, requiring reoperation for adhesiolysis. Another patient presented with an internal hernia, which also necessitated surgical intervention. Lastly, a Hartmann’s procedure was performed in a patient diagnosed with stercoral colitis on postoperative day 37. None of these cases were associated with vascular events.
A recipient duodenal leak following graft transplantectomy due to venous thrombosis was also observed. The diagnosis was made based on the bilious appearance of the abdominal drainage. The complication was managed endoscopically and successfully sealed using the OVESCO system (OTSC®, Ovesco Endoscopy GmbH, Tübingen, Germany), with satisfactory clinical outcomes.
Anastomotic duodeno-duodenostomy dehiscence was diagnosed in five patients. One presented with abdominal pain, while the remaining cases were identified due to bilious output from abdominal drainage. Three patients underwent reoperation, with successful primary closure of the infracentimetric leak and reinforcement of the anastomosis using separate stitches, resulting in good postoperative recovery and preserved pancreatic graft function. The remaining two cases had previously undergone unsuccessful surgical attempts to repair the leak, ultimately requiring graft removal. One recipient had a BMI of 33 and a CIT of 12 h, with evidence of duodenal hypoperfusion observed at the time of reperfusion. The second case involved a marginal cDCD donor who had been supported with ECMO for 12 days and also presented with associated occlusive vascular thrombosis.
Bleeding from the duodeno-duodenostomy anastomosis was identified in two patients, prompting surgical intervention to revise the intestinal anastomosis and achieve duodenal hemostasis. Notably, one of these cases also presented with venous occlusive thrombosis, for which a thrombectomy was performed. The graft was successfully salvaged and remains functional at 33.7 months post-transplantation.
Overall, in the DD group, the median length of hospital stay was 12 days [IQR 10–20]. Patients who experienced intestinal complications had significantly longer hospitalizations, with a median of 27.5 days [IQR 16–38.5] (P < 0.001).
Patient and Graft Survival
After a median follow-up of 124.9 months [IQR: 49.6–205.1] for the entire cohort (n = 525), overall patient survival at 1, 3, 5, and 10 years was 98.8%, 96.7%, 95.8%, and 93.3%, respectively. When stratified by group, survival rates were 100%, 99.3%, 98.2% and 97.6% for the DD group, and 98.2%, 95.5%, 94.6% and 92.1% for the DJ group (P = 0.031; Figure 5).
[image: Kaplan-Meier survival curve comparing cumulative survival after transplant between DJ group and DD group over one hundred twenty months, with DJ group consistently showing higher survival. Table below shows number at risk decreasing over time for both groups.]FIGURE 5 | Patient survival in the duodenoduodenostomy group (green line) versus the duodenojejunostomy group (blue line); P = 0.031.Focusing on the DD group, after a median follow-up of 42.8 months [IQR 21.8–71.1], patient survival was 100% in both the intestinal complication and non-complication groups at 1 year. At 3 years, survival was 92.3% in the complication group versus 100% in the non-complication group, and at 5 and 10 years, 76.9% versus 100%, respectively (P < 0.001). Two patients died: one due to abdominal sepsis at 18.6 months post-transplant, and another from metastatic breast cancer at 44.2 months post-transplant.
Furthermore, among the 525 patients, death-censored pancreas graft survival at 1, 3, 5, and 10 years was 87.3%, 83.4%, 80% and 71.3%, respectively. When stratified by group, survival rates were 87%, 83.4%, 83.4% and 75.9% for the DD group, and 87.5%, 83.5%, 79.1% and 70.8% for the DJ group (P = 0.688; Figure 6).
[image: Kaplan-Meier survival curve showing cumulative survival rates over 120 months after transplant for DJ group in blue and DD group in green, with at-risk numbers listed below the x-axis.]FIGURE 6 | Pancreas graft survival in the duodenoduodenostomy group (green line) versus the duodenojejunostomy group (blue line); P = 0.688.In the DD group, graft survival was significantly lower in patients with intestinal complications compared to those without: 71.4% versus 88.1% at 1 year, 64.3% versus 85% at 3 years and 5 years, and 64.3% versus 77.1% at 10 years (P = 0.049).
After adjusting the effect of surgical technique on patient survival for the potential confounders observed in Table 1 and in Supplementary Table S1 (donor age, amylase levels and pancreas CIT), the estimated risk for DD vs. DJ was a hazard ratio (HR) of 0.47 (95% CI 0.10–2.14; P = 0.3264).
The Cox proportional hazards model fitted for 10-year graft survival adjusted group effects for recipient age, type of dialysis, and for donor pancreas CIT. The estimated HR for DD vs. DJ was 1.05 (95% CI 0.67–1.64; P = 0.8378).
DISCUSSION
Exocrine drainage has undergone several variations throughout history. Bladder drainage, which was predominant until the mid 90s, allows for immunological monitoring of the graft through the determination of pancreatic enzymes in urine or by cystoscopic biopsy [5, 35]. However, reflux pancreatitis and urinary bicarbonate losses causing metabolic acidosis and dehydration led to its replacement by enteric drainage. Despite technical advances, no universally accepted surgical approach has been established to date. The choice of technique varies significantly across transplant centers, influenced by team experience, recipient characteristics, and institutional preferences. This heterogeneity reflects both the complexity of the procedure and the need to tailor treatment to the clinical context. Traditionally, enteric anastomosis can be performed at the level of the proximal jejunum or distal ileum, either end-to-end, end-to-side, or side-to-side. Although Boggi et al [8] described excellent results using the Roux-en-Y side-to-side DJ, the direct side-to-side duodenojejunostomy is more prevalent [10, 28].
An attractive option arises when the pancreas is placed in the right retrocolic position, the direct side-to-side DD, which allows for a more physiological graft placement. The main advantage of DD is its endoscopic accessibility [24–27], as it facilitates pancreatic and duodenal biopsies for the diagnosis of rejection and allows for stenting of the pancreatic duct in cases of pancreatic fistulas.
A key element promoting the use of DD was its role in pancreas alone transplantation, which faces a higher risk of immunological graft loss compared to SPK transplantations due to the absence of monitoring tools for rejection without a sentinel kidney graft. Consequently, the endoscopic accessibility to the graft duodenum was a significant factor that set off the expansion of DD worldwide.
Beyond this potential advantage, parallel considerations must be taken into account by the fact that retrocolic placement of the graft raised concerns regarding restricted access for percutaneous biopsy, potentially complicating postoperative monitoring. However, recently, Bassaganyas et al. [36] demonstrated that percutaneous biopsy accessibility in retrocolic positioned grafts implanted via duodenoduodenal anastomosis is not only feasible but also associated with a high success rate in terms of histological diagnosis. Moreover, the accessibility rate was found to be even higher than that observed in intraperitoneally positioned grafts (87.9% in DD group compared to 68.4% in DJ group). These findings challenge the previously held perception that retrocolic positioning might hinder access and instead support the use of this technique as a safe and effective tool for the post-transplant follow-up of pancreatic grafts. Due to the favorable outcomes achieved with percutaneous biopsy at our center, transduodenal biopsies have not been required thus far. Nonetheless, this does not exclude the possibility that such procedures may be necessary in future cases.
The first case reports performing DD were published in 2007 [13] and since then, many centers have adopted this technique [37]. In 2012, Gunasekaran et al [17] presented the first series of 21 cases of DD and compared its results with DJ, not finding significant differences between groups in terms of graft survival. In 2014, the German group from Bochum [18] published one of the largest series to date with 125 cases of DD. Survival rates were slightly better in the DD group than DJ group, although this difference was not statistically significant (p = 0.202). Graft thrombosis, anastomotic insufficiency, and the need for relaparotomy occurred less frequently in the DD group. These findings may be attributed to the relatively fixed nature of the anastomosis to the duodenum, which likely reduces the risk of graft vessel torsion or twisting. In the same year, Perosa et al. [20] described their first experience with 53 cases of DD. To date, the Brazilian group represents the largest reported Latin American series involving the duodenal drainage technique, comprising a total of 248 cases [38]. With over 25 years of experience and more than 1,000 transplants performed, the authors consider that combining DD anastomosis with venous drainage to the inferior vena cava, particularly when using a very short graft vein, constitutes an optimal surgical strategy. In fact, this is the technique currently employed at our center [21]. This configuration has been associated with low rates of thrombosis and anastomotic leakage, while preserving the advantages of easy access to the pancreatic graft [39].
Nevertheless, some transplant centers have discontinued the routine use of DD due to its limitations in clinical practice. The Norwegian group [40] reported low sensibility of duodenal graft biopsies for detecting pancreas graft rejection, while Ryu et al. [41], representing the Korean group, highlighted the greater technical complexity of DD compared to DJ. Notably, Ryu’s team performed the first DD in South Korea and recently published their experience with 100 consecutive pancreas transplants, of which 86 were performed using DD and 14 using DJ. Their analysis reported a remarkably low incidence of surgical complications, including adhesions, technical failure, duodenal graft leakage, and vascular thrombosis, along with pancreatic graft survival rates of 91% at 1 year and 78.5% at 5 years. Despite these favorable outcomes, the group transitioned back to DJ, discontinuing routine use of DD in mid-2022 due to its greater technical complexity.
Our group reported the initial series of 10 cases employing duodenal drainage in 2017 [21], with no complications linked to the innovative surgical approach. These promising results laid the groundwork for its consolidation. Since then, DD has become the preferred method for enteric drainage.
In the current cohort of 188 procedures, an intestinal complication rate of 7.4% (n = 14) was observed, which is comparable to the rate reported in our historical series using DJ (6.8%; p = 0.789) [28].
Five cases of anastomotic dehiscence were recorded, with two requiring transplantectomy, likely due to impaired duodenal vascularization. Vascular events were identified in two of the three cases, including distal arterial thrombosis and venous occlusion, the latter ultimately leading to graft removal.
Potential disadvantages of DD include the difficulty of duodenal repair in the event of anastomotic dehiscence. Nevertheless, the most experienced groups in this type of anastomosis agree that DD is a safe procedure, with no significant increase in the incidence of intestinal complications [37]. In fact, it has been suggested that the retrocolic positioning of the graft may reduce the risk of peritonitis in the event of an intestinal leak, by limiting the intraperitoneal spread of duodenal contents [17, 23]. This observation aligns with the fact that, in three cases, DD dehiscence was successfully managed by primary closure while preserving graft function, a maneuver that, in the presence of peritonitis, would have posed greater technical challenges and likely resulted in less favorable outcomes. In the DJ cohort [28], 2 out of 4 cases of duodenum-jejunum anastomotic dehiscence required pancreas removal. Additional events compromising grafted duodenum integrity were also documented. Among these, three patients developed intestinal fistulas originating from the duodenal edge, without anastomotic failure; two underwent transplantectomy within 15 days post-surgery. Duodenal ischemia proved devastating in two cases, both necessitating graft excision. Furthermore, one individual required reoperation due to duodenal graft torsion, which was corrected by repositioning the graft medially. It is worth noting that intraperitoneal placement of the pancreas may facilitate twisting, thereby increasing the likelihood of venous thrombosis. Duodenal dehiscence following transplantectomy was also reported in one patient, which was successfully treated with endoscopic clip placement. This case highlights one of the advantages of DD, as it allowed for a more conservative approach to the management of complications, thereby avoiding the need for a surgical intervention. In contrast, a patient with prior DJ who presented with anastomotic dehiscence in the recipient jejunum after graft transplantectomy, required a repeated laparotomy for resection of the affected intestinal segment [28]. An additional benefit observed with DD is the low incidence of paralytic ileus, which occurred in only two patients in our series and was successfully managed conservatively. As previously noted, the retrocolic positioning of the graft contributes to this reduced rate, as ischemia-reperfusion–induced pancreatitis remains confined to the retroperitoneal space [17, 23]. This observation is further supported by comparison with the 21.7% incidence reported in our series of patients who received DJ [28], a figure that may in fact be underestimated due to the inclusion of individuals transplanted more than two decades ago. Four cases of intestinal obstruction were identified, although only two were attributed to postoperative adhesions. Additionally, one patient developed stercoral colitis, which necessitated a Hartmann’s procedure. Notably, only one case of internal hernia was documented. This low incidence may be attributed to the limited mobility of the graft in its retrocolic position, as previously described [18]. Interestingly, 7 out of 23 patients in the DJ group required surgery for adhesiolysis secondary to graft pancreatitis [28], a significantly higher proportion. A manual suture was employed in all DD cases and anastomotic bleeding was observed in two cases, both requiring reconfection of the duodenoduodenal anastomosis. In one case, the bleeding was concomitant with venous occlusive thrombosis requiring an additional thrombectomy procedure. In contrast, Gunasekaran et al [17] initially hypothesized a higher incidence of anastomotic site bleeding in the DD group but subsequent analyses attributed this complication primarily to the use of surgical staplers rather than the anastomotic technique itself. Although they perform the intestinal suturing manually, the German group [18] reported that gastrointestinal bleeding complications occurred more frequently in the DD group (11%) compared to DJ group (3%). Half of these cases were successfully treated with endoscopic haemostasis, although 28% required surgical intervention.
Despite the theoretical advantages of DD over DJ, findings from our cohort suggest that both techniques yield comparable outcomes, with similar rates of intestinal complications and competitive graft and patient survival. Notably, overall patient survival in the DD group was significantly higher compared to the historical DJ cohort (P = 0.031). It is also important to acknowledge that data collection for the DD group was considerably more comprehensive, whereas the DJ series corresponds to procedures performed prior to 2016. This discrepancy may introduce a degree of bias in the comparative analysis between both cohorts.
It should be emphasized that, beyond the surgical technique itself, multiple factors may predispose to early postoperative intestinal complications. These include ischemia of the duodenal cuff, impaired tissue repair due to immunosuppressive therapy, trauma to the donor duodenum during procurement or back-table preparation, and intra-abdominal infections, among others. Additionally, donor-related variables and triggers of post-reperfusion pancreatitis must not be overlooked. In this regard, the DD group included donors considered marginal on paper, such as cDCD, which may partly explain the slightly lower graft survival observed during the first year compared to the DJ group (P = 0.688).
To improve outcomes, logistical optimizations have been implemented at our center. Specifically, for recipients with a panel-reactive antibody (PRA) of 0% (at least 2 determinations in the past 6 months), a virtual crossmatch is performed. Hence the surgical procedure commences without awaiting the Complement-Dependent Cytotoxicity (CDC) or flow cytometry crossmatch results, leading to a reduction in the CIT. Furthermore, the protocol for lymph node transport from external donor hospitals has been refined. Lymph nodes are now harvested at the beginning of the donor procedure and immediately transferred to our center, enabling crossmatch testing to be completed prior to organ arrival.
To our knowledge, this constitutes one of the largest published series involving retrocolic graft positioning combined with DD for exocrine drainage. We deliberately focused on complications directly related to the DD itself, aiming to provide a targeted analysis within this specific area of study. Although the study is retrospective, single-center, and non-randomized, it benefits from the consistent application of clinical management protocols and a standardized surgical technique, which contribute to the homogeneity of the cohort.
Ultimately, DD represents a technically viable alternative in pancreas transplantation, with clinical outcomes comparable to other enteric drainage modalities. Its adoption broadens the spectrum of surgical options, particularly in retransplantation scenarios. Owing to its favorable technical profile and the added benefit of facilitating graft access for biopsy when needed, both endoscopic and percutaneous, duodenoduodenostomy stands out as a contemporary and relevant strategy within the array of available surgical approaches.
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In four phase 2 clinical trials, patients underwent imlifidase-enabled kidney transplantation, converting a positive crossmatch (+XM) to negative. Here, we present data from 39 patients enrolled in the 5-year follow-up extension trial. Patient survival, graft survival, renal function, delayed graft function (DGF) antibody mediated rejection (AMR) frequency, safety and presence of donor specific antibodies (DSAs) are presented. Data from the long-term follow-up trial (17-HMedIdeS-14); NCT 03611621) with planned visits at 1, 2, 3, and 5 years after imlifidase were combined with up to 6-month phase 2 data from 4 pivotal trials (13-HMedIdeS-02, 13-HMedIdeS-03, 14-HMedIdeS-04, 15-HMedIdeS-06). Five-year patient survival was 90% with 3 deaths occurring between 6 months and 1 year, with no deaths occurring subsequently. Death-censored graft survival was 82% (with 3 early graft losses and 3 graft losses between 2 and 5 years). Mean eGFR at 5 years was 50.1 (MDRD), 55.8 (CKD-EPI, 2021) and 52.5 (KRS, 2023) mL/min/1.73 m2 (N = 24 patients) among functioning grafts. DSA rebounded with levels progressively decreasing over time and no increase in DSA seen between 3 and 5 years. No AMR occurred between 3 and 5 years. Furthermore, no additional safety signals assessed as related to imlifidase were reported in this cohort. At 5 years, highly-HLA sensitized patients who underwent imlifidase desensitization prior to transplantation demonstrated excellent patient and graft survival, despite their high-risk immunological profile. Imlifidase offers a viable and effective treatment option for highly sensitized patients to achieve life-saving transplantation and continued optimism is warranted.
Clinical Trial
ClinicalTrials.gov (NCT02790437), EudraCT Number: 2016-002064-13.

[image: Infographic summarizing a five-year clinical follow-up of imlifidase-desensitized kidney transplant recipients, indicating 90 percent patient survival, 82 percent death-censored graft survival, and a mean eGFR of 50.1 milliliters per minute per 1.73 square meters. The study tracked 24 patients and shows a line graph of eGFR trends over five years, with stable kidney function and no late acute antibody-mediated rejections reported.]GRAPHICAL ABSTRACTKeywords: desensitization, highly sensitized patients, imlifidase, kidney transplantation, long-term follow-up
INTRODUCTION
Kidney transplantation is the preferred treatment option for patients with end-stage renal disease, however, it is not readily accessible to the highly sensitized patient population [1–3]. Prioritization within kidney allocation systems, transplantation through acceptable antigen mismatch programs, and living donor paired exchange programs have led to substantial increases in compatible transplants for all but the most highly sensitized [3]. Desensitization has been utilized as a strategy to increase the opportunity for transplantation in sensitized candidates who are biologically incompatible with a high percentage of available donors and therefore remain difficult to transplant, despite the different strategies. However, transplantation rates for patients with cPRA ≥99.9% are so low that these patients are more likely to die or be removed from the transplant list than ever receiving a life-saving kidney transplant [1–3]. Since there is currently no standard of care for desensitization, patients endure extensive wait times, which increase morbidity and mortality. There is a clear and persistent need for therapies that can reduce or eliminate the immunologic barrier to transplantation posed by HLA sensitization. Current desensitization therapies often take months to years to even show minimal effects on HLA antibodies in the most sensitized patients with patients often needing multiple desensitization approaches [1–7]. In addition, the paucity of literature describing long-term outcomes of these patients, introduces uncertainty when evaluating the benefits of desensitization transplantation versus the potential risks of a higher immunologic risk transplants [6, 7].
Imlifidase is a cysteine proteinase derived from immunoglobulin G (IgG)-degrading enzyme of Streptococcus pyogenes (IdeS), which effectively cleaves all preformed IgG, including anti-HLA antibodies, intravascular and extravascular, inhibiting complement-dependent cytotoxicity (CDC) and antibody-dependent cellular cytotoxicity (ADCC) within hours of administration. Thus, imlifidase opens up an antibody-free window to enable safe HLA-incompatible transplantation from both living and deceased donors [8–13]. An analysis at 3 years of the crossmatch positive population has been published previously, reporting on 39 patients receiving living- or deceased-donor kidney transplants across four pivotal phase 2 studies conducted in the United States and Europe [13]. Three years after imlifidase-enabled desensitization and transplantation, death-censored allograft survival was 84%, patient survival was 90% and mean eGFR (MDRD) was 50.1 mL/min/1.73 m2. The results demonstrated a consistent safety profile with the highest risk of antibody mediated rejection (AMR) seen during the first weeks following imlifidase enabled transplantation. To date, imlifidase (Idefirix®, Hansa Biopharma AB, Lund, Sweden), remains the only conditionally regulatory approved agent in EU/EEA, Australia, Israel, Switzerland and the United Kingdom for desensitization in adult kidney transplantation.
Here we report results of a 5-year long-term follow-up study in which these imlifidase-desensitized kidney transplant patients enrolled (17-HMedIdeS-14; NCT 03611621).
MATERIALS AND METHODS
A 5-year analysis of patient survival, graft survival, renal function, AMR frequency, safety and presence of donor specific antibodies (DSAs) is presented. From 2014-2017, 46 adult (18–70 years) patients at 6 transplant centers (Sweden 2, France 1 and US 3) received an imlifidase-enabled transplantation across four phase 2 clinical trials, with data collected up to 6-month post-transplant. Upon completion of the initial studies, patients were asked to participate in this non-interventional long-term follow up (LTF) study, in which collected standard of care follow-up data were collected annually. The LTF study (17-HMedIdeS-14; NCT 03611621) had planned data collection at 1, 2, 3, and 5 years after imlifidase and was combined with the phase 2, 6-month data. Only patients with a positive crossmatch (+XM) to their donor kidney prior to imlifidase treatment were included in the final analysis (N = 39 out of 46). All studies were conducted in accordance with the ethical principles that have their origins in the Declaration of Helsinki; all ethical and regulatory approvals were available before any patient was exposed to any study-related procedure. Each study was reviewed and approved by authorities and each center’s institutional review board before study initiation with all patients providing written informed consent.
Outcomes
Details of the methodology for clinical outcomes of patient survival, graft survival, graft function, DSA levels, anti-drug antibodies (ADA), HLA characteristics of the pooled analysis have been previously published [13]. Biopsy proven AMR was diagnosed according to Banff 2017 criteria. Estimated glomerular filtration rate (eGFR) was calculated from local serum creatinine measurements using three different methodologies: the four-variable modification of diet in renal disease, MDRD1, and the equations removing race as a variable, CDK-EPI (2021)2, as well as the KRS (2023)3
Statistical Methods
Survival analysis was performed using Kaplan-Meier methodology. Patients were censored at the last know visit or death. In addition, censoring was performed for loss to follow-up and death with a functioning graft with death only depicted in the graft-loss figures. DSA and eGFR were calculated according to linear model from 3 months up to 5 years. All statistical analyses were performed using R version 4.2.1 (R Core Team (2018), R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Demographic and Baseline Characteristics
The four pivotal trials included 46 patients, among which 39 were XM+ and included in the analysis. Subsequent or prior to completion of the parent trial, 12 patients did not actively enroll in the follow-up trial; 3 patients had died, 3 patients suffered graft loss in parent trial, 2 declined to participate in the LTF study and 4 could not be contacted. During years 2–5, 3 patients lost their grafts thus 24 patients could be followed up to 5 years.
The study population was predominantly Caucasian (77%), from the US (72%), EU (28%) who received a deceased or living donor kidney (DD, 82% and LD, 18%) (Supplementary Table S1). Mean age at transplant was 43.2 years (SD 13), with 69% of patients having had at least one transplant prior to imlifidase desensitization. Mean time on dialysis prior to the current transplant was 6.4 years (SD 5.6). All patients were highly sensitized, with a median cPRA of 99.62% (range 41.67%–100%).
Clinical Assessments
Three deaths occurred between 6 months and 1 year (one death was attributed to pseudomonas bacteremia/influenza, one due to cardiac arrest; while the cause of the third death was unknown), with no deaths occurring between 1 and 5 years. The 5-year patient survival was 90% (CI: 80%–100%, Figure 1A). No deaths were attributed to imlifidase or to graft failure.
[image: Two Kaplan-Meier survival curves display patient survival (panel A) and graft survival with death censored (panel B) over five years. Both plots show a starting cohort of thirty-nine, numbers at risk decrease over time, and shaded areas indicate confidence intervals.]FIGURE 1 | (A) Patient survival and (B) Graft survival (death censored) up to 5 years after transplantation. Visit window of the 5-year visit was ±6 months.Death censored graft survival at 5-year was 82% (CI: 70%–96%, Figure 1B) with 3 graft losses early in the studies attributed to one IgM mediated hyperacute rejection and two primary non-functioning grafts. No grafts were lost due to AMR throughout the trial period and DGF in patients with AMR was 47% compared to 42% in XM+ patients without AMR (Supplementary Table S1).
There was no difference in graft survival (death censored) between the patients experiencing AMR and the patient without (Figure 2). Two allograft losses occurred between 2 and 3 years, attributed to reduction of immunosuppression secondary to an infection in one patient and immunosuppression medication non-adherence in another. One graft loss occurred between 3 and 5 years due to a continuous decline in graft function over time from a transplant which initially struggled with acute tubular necrosis and delayed graft function. Data on 24 patients, was available who were followed for 5 years.
[image: Kaplan-Meier survival curve compares graft survival rates over five years between two groups: AMR=No (red line) and AMR=Yes (green line), showing slightly higher survival for AMR=Yes.]FIGURE 2 | Graft survival for AMR vs. no-AMR.eGFR for the patients is presented in Table 1; Figure 3, using the MDRD, the CKD-EPI (2021) and the KRS equations. For patients with a functioning graft and with available data, mean eGFR estimation at 5 years was 50.1 (MDRD), and 55.8 (CKD-EPI, 2021), and 52.5 (KRS) mL/min/1.73 m2 for the three equations respectively. At 5 years 79% (MDRD) of patients had an eGFR ≥30 mL/min/1.73 m2. The slope of the eGFR remained stable over time with an initial increase seen earlier in the transplantation course (Figure 3). The eGFR did not differ significantly at the 5-year visit between patients who experienced AMR compared to patients without AMR (Figure 4; Table 2).
TABLE 1 | eGFR up to 5 years using MDRD, CKD-EPI (2021) and KRS (2023).	Timepoint	eGFR (mL/min/1.73 m2)	iDSA (immunodominant DSA, MFI)
	MDRD
Mean (SD)	CKD-EPI
Mean (SD)	KRS
Mean (SD)	Immunodominant DSA
Mean (SD)	Class I
Mean (SD)	Class II
Mean (SD)
	Predose and Tx	8.4 (4.8), n = 22	8.8 (5.1), n = 22	8.5 (7.3), n = 22	9,772.7 (7,173.9), n = 22	8,884.7 (6,806.1), n = 10	10,512.7 (7,683.5), n = 12
	Month 6	53.5 (19.9), n = 23	58.4 (20.6), n = 23	56.3 (17.7), n = 23	5,420.8 (6,247.3), n = 20	2,499.6 (2,164.1), n = 9	7,810.9 (7,513), n = 11
	Year 1	56.9 (19.4), n = 24	63.1 (21.5), n = 24	58.7 (16.6), n = 24	1,427.3 (1,026.7), n = 6	1,886 (267.3), n = 2	1,198 (1,234), n = 4
	Year 2	55.5 (20.5), n = 24	60.5 (21.5), n = 24	57.7 (18.0), n = 24	4,209.2 (4,285.3), n = 12	731 (661.1), n = 3	5,368.7 (4,369.4), n = 9
	Year 3	54.5 (21.7), n = 23	59.5 (23.2), n = 23	56.5 (18.7), n = 23	1,783.2 (2,254.5), n = 17	907.2 (532.8), n = 8	2,561.9 (2,910), n = 9
	Year 5	50.1 (20.8), n = 24	55.8 (24.5), n = 24	52.5 (18.7), n = 24	2,522.6 (4,379.3), n = 15	543.3 (289), n = 6	3,842.1 (5,349), n = 9


DSA is evaluated as the Immunodominant DSA and separated by the class of the immunodominant DSA. Presented in the table are mean, standard deviation and the number of subjects evaluated at each timepoint and analysis.
[image: Line graph comparing estimated glomerular filtration rate (eGFR) over five years using CKD-EPI (red), KRS (blue), and MDRD (green) equations. All equations show initial eGFR increase then gradual decline with CKD-EPI consistently higher than KRS and MDRD. Error bars indicate variability.]FIGURE 3 | eGFR up to 5 years using the MDRD, CKD-EPI and KRS (2023). Colored lines and points are the mean, and the error bars are the standard deviation. Only subjects with measurements after the initial studies, i.e., at 1 year or later, included in the analysis (N = 25).[image: Line graph compares estimated glomerular filtration rate (eGFR) over five years in patients with and without AMR using three equations: CKD-EPI (red), KRS (blue), and MDRD (green). CKD-EPI consistently shows higher eGFR than the other equations, with values rising initially then stabilizing or slightly declining in both groups. Error bars are present for each data point.]FIGURE 4 | eGFR over time for patients experiencing an AMR and patients without AMR.TABLE 2 | eGFR at 5 years after transplantation for patients experiencing AMR vs. no-AMR.	eGFR equation (mean [SD])	AMR (N = 10)	No AMR (N = 14)	P-value
	MDRD	47.5 (21.8)	52 (20.7)	0.546
	CKD-EPI	53.2 (26.5)	57.7 (23.9)	0.703
	KRS	49.8 (19.4)	54.4 (18.6)	0.667


P-value calculated using Mann-Whitney U test.
Occurrence of DSA at 5 years was 27% and was defined as any DSA with an MFI ≥2,000 (Table 1). As previously described, the MFI remained low for approximately 1 week after imlifidase treatment, then rebounded to approximately 80% of pre-treatment levels, with the peak occurring 14 days post-treatment (Figure 5). Immunodominant Class II DSA was more prevalent than Class I. In general, the Class II DSA strength was higher pre-dose and with rebound after imlifidase dosing (Figure 5). After initial peak at 14 days post-treatment, the levels of DSA progressively decreased over time, which was sustained at 5 years with an MFI for Class I DSA below 1,000 and below 4,000 for Class II DSA. Patients who demonstrated no DSA at 6 months remained DSA rebound-free during the 5-year follow up. Only one patient developed de novo DSA during the study. DSA levels did not differ significantly at the 5-year visit between patients that experienced AMR compared to patients without AMR, with a median (range) of 1,838 (348; 17,630) MFI and 948 (258; 4,130) MFI, respectively. This patient with de novo DSA developed these antibodies after an infection 3-year post-transplant which required reduction in immunosuppression, and unfortunately the graft was subsequently lost.
[image: Line graph showing immunodominant donor-specific antibody (DSA) mean fluorescence intensity (MFI) over five years for three groups: all DSAs (black solid line), Class I (purple dashed line with triangles), and Class II (orange dashed line with diamonds). Class II DSA MFI remains higher throughout, while Class I steadily declines after year one. Error bars are included for each time point.]FIGURE 5 | All Immunodominant DSA and Immunodominant DSA per HLA class I and HLA class II. Black and colored lines and points are the mean, and the error bars are the standard deviation. Only subjects with centrally analyzed samples after the initial studies, i.e., at 1 year or later, included in the analysis (N = 22).Antibody Mediated Rejection (AMR)
Allograft rejection was required to fulfill the criteria outlined in the Banff 2017 criteria throughout the assessed period (biopsy taken at time of graft rejection episode, histological evidence of AMR on pathology and presence of detectable DSA). The majority of AMR occurred within the first month after transplantation (N = 11), with 4 additional AMRs recorded between 2 and 6 months from transplantation totaling an AMR rate in the first 6 months post-transplantation of 38%. In the extended follow up, 7 rejection episodes were reported, with 5 clinically suspected allograft rejections that did not meet study criteria (Banff 2017); one at 18 months post-transplant that was C4d negative/DSA negative, one at 24 months post-transplant that was C4d negative/DSA negative with pathology that did not meet criteria, one at 45 months post-transplant that was DSA negative and with inadequate biopsy for diagnosis, one at 57 months post-transplant diagnosed with no biopsy proven acute rejection (BPAR) with no additional data provided, and one at 60 months that was C4d negative/DSA negative which was not treated. Therefore, all histologically confirmed AMRs remained from the timeframe of the first few months following transplantation and were diagnosed and treated with standard available therapies as described previously [13]. The one biopsy confirmed acute rejection was recorded 9 months after transplantation and was a previous AMR recorded in the phase 2 trial. To date, no allograft losses attributable to AMR have been reported.
Safety
Adverse events assessed as related to imlifidase have been previously described and remain unchanged [10–13]. At 5 years, no additional safety signals assessed as related to imlifidase have been reported.
Comorbidities in the form of infections were reported in 18 of the 37 patients enrolled. The most common followed for 5 years, were urinary tract infection (37 occasions reported in 9 patients), nasopharyngitis (10 occasions reported in 3 patients), pyelonephritis (6 occasions reported in 3 patients), upper respiratory infection (5 occasions reported in 4 patients), and COVID-19 infection (4 occasions reported in 4 patients). In addition, 2 patients reported 6 events of urosepsis, 2 patients reported 2 events of sepsis, and 2 patients reported 2 events of pneumonia. No death or graft loss occurred due to infection beyond 6 months after transplantation. No BK virus infections were reported up to 5 years follow-up and 23/24 tested negative in PCR evaluation (<500 copies) at 5 years. There have been no reported malignancies in the patients during the long-term follow-up (data on file).
DISCUSSION
Kidney allocation systems are continually being reviewed and refined to balance both equity and utility for the scarce resource of deceased donor kidneys, with efforts to prioritize sensitized candidates when a compatible donor organ becomes available [14–19]. What remains consistent is a cohort of the most highly sensitized patients whose statistical probability of finding a compatible offer is so low, that desensitization to facilitate an HLA-incompatible transplant is the only path to the survival benefit afforded by transplantation instead of dialysis.
The ability of imlifidase to effectively cleave and reduce the entire spectrum of preformed IgG anti-HLA antibodies, regardless of intensity or subclass, might open up a new era in desensitization in transplantation [20, 21]. Compared to other desensitization methods, imlifidase provides within hours a near complete IgG antibody-free window, even in patients with positive cytotoxic crossmatches, and thus enables transplantation in both the living and deceased donor settings [22, 23]. Initially some expressed reservation regarding the broader use of imlifidase and incompatible transplantation due to speculation of early immunologically driven graft losses. Furthermore, the risk of increased cold ischemia time and thereby risk of higher DGF due to crossmatch evaluation before and after treatment, has been mentioned as a potential risk. DGF impact on long-term function remains unclear. However, in the present 5 years pooled data analysis this seems unlikely, as imlifidase-enabled transplant recipients continue to demonstrate sustained patient and graft survival with relative stability of allograft function despite the high-risk immunological profile, and in whom transplant may have not been possible otherwise.
Of the patients with a functioning graft and available data at 5 years, 79% had an eGFR above 30 mL/min/m2 with a mean eGFR of 50.1 mL/min/1.73 m2 (calculated by MDRD). Guidelines supporting the use of the most recent race-free transplant specific eGFR equation, eGFR calculations were also provided using the CKD-EPI (2021) and KRS equations for comparison [24, 25]. We believe this finding is important as many of the advantages of transplantation over dialysis are linked to adequacy of kidney allograft function and are lost with compromised eGFR [26–29]. In the current data, eGFR continues to be sustained, indicating low likelihood of chronic kidney disease progression or impending graft failure. The incidence of AMR was similar to those reported at 3 years and may be related to the overall pattern of declining DSA over time across both class I and class II antibodies. This is most probably due to continuous good immunosuppressive therapy, not triggering immunologic response and DSA increase which could be seen in a patient where immunosuppression was reduced, due to severe infection. Data up to 21 days post-transplantation confirms that when a rejection occurs, DSA rises during the early period of DSA rebound thus indicating AMR in a noninvasive test. The frequency or severity of early AMR was not substantially different from what is expected and reported in highly sensitized candidates receiving incompatible kidneys and few late AMRs were reported. Patients’ AMR were treated with available standard available therapies, and no grafts were lost due to AMR. The current data indicate that the challenge of AMR in these patients is manageable, and no greater with imlifidase desensitization than with other approaches to transplantation in this at-risk group of highly sensitized patients. The long-term safety profile of imlifidase was consistent with that described previously with no increase in safety signals as it relates to infection or malignancy over time (data on file).
Limitations of this 5-year analysis of four 6-month pivotal trials are the lack of following relevant kidney function tests such as proteinuria and lack of long-term protocol biopsies. Although early AMRs were diagnosed and treated early and successfully, this does not preclude the presence of chronic active AMR (caAMR) and the incidence of this remains largely unknown over the time studied. Clinical parameters of interest to understand granular details of renal function over time including presence of proteinuria, and levels and type of immunosuppression were not part of the original trial design as long-term management of allografts will vary and are subject to much heterogenicity in real-world settings. An additional limitation is the loss of data over time. As common with long-term follow up studies, attrition will inevitably occur and unfortunately, data for some outcomes of interest were unavailable for all patients.
In conclusion, efficacy and safety outcomes were assessed in imlifidase treated kidney-transplant recipients at 5 years after treatment. Data remains the best available long-term data in a cohort of patients who received a crossmatch positive, incompatible kidney at the time of transplantation. Imlifidase demonstrated outcomes at 5 years that are comparable to those seen with compatible transplantation and indicates imlifidase represents an important new therapy to create a temporary “antibody-free window” enabling HLA incompatible transplantation. Some challenges remain associated with this desensitization methodology, in particular the risk of early antibody rebound, but this does not invariably occur in all patients, and with proactive management, it can be managed successfully. This 5-year LTF study suggests good long-term outcomes are achievable and are certainly superior to those for HLA sensitized patients who remained on dialysis [28].
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Blockade of CD155 and CD276 by Monoclonal Antibodies Fosters Immune Tolerance and Promotes Stable Engraftment of iPSC-Derived Islets in Allogeneic Humanized Mice
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Induced pluripotent stem cell (iPSC)-derived pancreatic islets represent a promising therapeutic approach for restoring insulin independence in type 1 diabetes (T1D). However, their clinical success remains critically dependent on overcoming rejection mediated by innate and adaptive immune responses. Current immunosuppressive therapies pose significant long-term risks and only partially control alloimmune and autoimmune reactions. Targeted immunomodulation using monoclonal antibodies is a safer, more precise alternative. Here, we explored the impacts of blocking CD276 (B7-H3) and CD155 (PVR), activating ligands involved in immune recognition and regulation, on the survival and in vivo maturation of iPSC-derived endocrine progenitors (EPs) into functional pancreatic islets. Using a humanized mouse model, we demonstrated that dual blockade of CD276 and CD155 markedly reduced NK cell-mediated graft rejection, prevented CD14+ monocyte activation, and limited overall immune infiltration. In addition, CD155 blockade increased PD-1 levels on activated CD8+ T cells and significantly enhanced regulatory T cell (Treg) expansion and function, thereby promoting graft tolerance. Combined treatment prolonged engraftment and facilitated the maturation of EPs into functional, insulin-secreting cells, as indicated by increased human C-peptide levels and glucose responsiveness 4 weeks post-transplantation. Our findings highlight CD276/CD155 blockade as a novel immunomodulatory strategy to support tolerance and the functional maturation of iPSC-derived pancreatic grafts in T1D.
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INTRODUCTION
Induced pluripotent stem cell (iPSC) technology has ushered in a new era of regenerative medicine for treating type 1 diabetes (T1D), providing a potentially unlimited source of insulin-producing cells for transplantation and aiming to restore insulin independence [1–4]. Despite recent progress, the success of iPSC-derived β-cell transplantation still hinges on controlling complex immune responses [5, 6], requiring chronic immunosuppression to prevent rejection [7, 8]. However, standard regimens carry substantial long-term risks, including infections, malignancies, and metabolic complications [9], and they do not fully address the combined alloimmune and recurrent autoimmune responses typical of T1D recipients [10].
Innovative strategies have thus emerged to minimize or avoid chronic immunosuppression [11, 12]. These include genetically engineering stealthy, hypoimmunogenic stem cell-derived islets - which hold significant promise despite regulatory and safety challenges - and complementary approaches, such as the adoptive transfer of immunomodulatory cells or targeted induction therapies. Together, these methods aim to promote immune homeostasis and durable transplant tolerance by shifting from broad immunosuppression toward more precise immunomodulation.
Within this evolving landscape, monoclonal antibody (mAb) therapies that target specific immune pathways have long been considered an attractive strategy for preventing allograft rejection. For example, antibodies antagonizing the CD40/CD154 axis have been proposed to modulate alloimmune responses in preclinical animal transplant models [13, 14]. Although the early clinical development of anti-CD154 mAbs was halted after thromboembolic complications were reported in human studies [15], preclinical testing of anti-CD40 mAbs in rhesus macaques significantly reduced donor-specific antibody formation and prolonged islet survival [16]. Furthermore, anti-CD25 (basiliximab) is already used for induction therapy in islet transplantation for T1D patients [17, 18]. In renal allotransplantation, additional mAbs, such as anti-CD3 (OKT3) and anti-CD52 (alemtuzumab), have also reached clinical use, although with limited success [19, 20].
We previously demonstrated that genetically targeting the activating ligands CD276 (B7-H3) and CD155 (PVR) effectively prevents the recognition of MHC class I-deficient pancreatic cells by Natural Killer (NK) cells [21]. However, NK cells also contribute to allograft rejection through missing-self recognition in the context of Killer-cell Immunoglobulin-like Receptor (KIR)-HLA mismatches, where insufficient inhibitory signals due to mismatches promote NK-mediated graft loss [22, 23]. Activating ligands, such as CD276 and CD155, are crucial not only in direct NK cell recognition [21, 24, 25] but also in broader immune regulation [26–28]. These ligands play essential roles in modulating dendritic cell maturation [29, 30], macrophage-mediated recruitment and engulfment [31, 32], and lymphocyte T-cell activity [26, 33, 34], and thereby potentially impacting the entire immune response network [35]. In this study, we used monoclonal antibodies against CD276 and CD155, taking advantage of their prior preclinical and clinical development in oncology [36–40]. We assessed whether short-term peri-transplant administration of these targeted antibodies could foster immune tolerance by modulating key activating pathways, thereby improving engraftment and supporting the maturation of iPSC-derived pancreatic progenitors into functional islets.
MATERIALS AND METHODS
Peripheral Blood Mononuclear Cell Isolation, iPSC Line Generation, and Differentiation
Peripheral blood mononuclear cells (PBMCs) for mouse humanization and iPSC generation were isolated from healthy donors after informed consent using Ficoll-Paque separation. Four iPSC lines (AMF70.10, NL83.01, RP84.03, and AG89.04) were generated by reprogramming the donor-derived PBMCs with the CytoTune-iPS 2.0 Sendai Reprogramming Kit (Thermo Fisher Scientific). All lines were routinely screened for Mycoplasma using the MycoAlert Detection Kit (Lonza). Luciferase gene transduction was performed as previously described [21], and pancreatic differentiation followed established protocols [41].
NK Cell Isolation and Expansion
NK cells were isolated from freshly obtained donor PBMCs using the CD56+CD16+ NK Cell Isolation Kit (Miltenyi Biotec) and expanded for 12 days in NK MACS Medium (Miltenyi Biotec) supplemented with 5% human AB serum (Corning), 70 ng/mL IL-15, and 500 U/mL IL-2 (Peprotech).
KIR-HLA Interaction Scoring
We quantified donor NK cell-recipient iPSC compatibility using an additive score that integrates the inhibitory (L) and activating (S) KIR copy numbers with the recipient HLA-C group and Bw4 epitopes. Copy numbers were obtained from KIR genotyping (per gene), while the HLA-C group and Bw4-I80/T80 were derived from iPSC HLA typing. A positive total score (S > 0.0) indicates a net inhibitory match, a negative score (S < 0.0) indicates a net activating/missing-self-like mismatch, and a score of zero (S = 0.0) is neutral. The Bw4 weight was defined as:
WBW4=1.5nI80+1.0nT80
For C1/C1 recipients:
SC1/C1=+1K2DL2nC1+0.52DL3nC1−1K2DL1nC1−1K2DS2nC1+1K2DS1+nC1+0.5K2DS5nC1+1K3DL1wBw4−1K3DS1wBw4−0.1K2DS4fnC*04:01−0.05K2DS4fnA11+0.1K3DL2nA11
For C2/C2 recipients:
SC2/C2=+1K2DL1nC2−0.6K2DL2nC2−0.1K2DL3nC2−1K2DS1nC2+1K2DS2nC2−0.5K2DS5nC2+1K3DL1wBw4−1K3DS1wBw4−0.1K2DS4fnC*04:01−0.05K2DS4fnA11+0.1K3DL2nA11
Where “K” represents the copy number of the given KIR gene, and “n” represents the iPSC allele counts for the corresponding HLA determinant. Interaction weights were based on published KIR-HLA interactions and included a dedicated term for KIR2DS4-HLA-C*04:01 binding, along with additional terms for KIR2DS4 and KIR3DL2 in the presence of HLA-A*11:01.
In Vitro Cytotoxicity Assays
Endocrine progenitor (EP) clusters were cultured in suspension at 95 rpm in their specific medium, which was supplemented with 10 ng/mL IFN-γ and 50 ng/mL TNF-α (Peprotech). NK cells were pre-activated with 1,000 U/mL IL-2 and 20 ng/mL IL-12 (Peprotech). After overnight incubation, the iPSCs or the EP clusters were stained with 250 nM Incucyte Cytotox Green Dye (Sartorius) in complete NK MACS medium. The NK cell effectors were labeled with 5 µM Cell Proliferation Dye eFluor670 (Thermo Fisher Scientific). The effector and target cells were co-cultured at a 1:1 ratio in 96-well plates, with ≥3 target-only wells included to quantify basal cell death. The plates were then placed in the IncuCyte S3 Live-Cell Analysis System and analyzed using the associated software (Sartorius).
In Vivo Experiments
Female NOD-scid IL2Rgammanull (NSG) mice (age: 6–8 weeks old; weight: 20–24 g) were obtained from Charles River Laboratories, Italy. Female hIL-15 NOG mice (NOD.Cg-Prkdcscid Il2rgtm1Sug Tg (CMV-IL2/IL15)1-1Jic/JicTac) (age: 6–8 weeks old; weight: 20–24 g) were purchased from Taconic Biosciences. Female mice were chosen because males more often develop spontaneous dermatitis, which could confound symptoms of graft-versus-host disease (GvHD). Additionally, female mice exhibit more consistent human immune cell engraftment. The mice were humanized via an intravenous injection of 2.5 × 106 human PBMCs, with PBMC labeling using the IVISense DiR 750 Fluorescent Cell Labeling Dye (XenoLight, Revvity, Inc.) performed as needed, following the manufacturer’s instructions. After 14 days, the mice were infused with ∼800 clusters (100–120 μm in diameter) into the intermuscular space of their lower hindlimbs and were monitored for up to 4 weeks post-transplantation. All procedures were conducted under protocols approved and overseen by the Animal Care and Use Committee of the San Raffaele Scientific Institute.
In Vivo Imaging
D-luciferin potassium salt (PerkinElmer) was administered intraperitoneally to anesthetized mice at 150 mg/kg. The animals were imaged using the Lumina II IVIS system (PerkinElmer), acquiring both bioluminescence and fluorescence signals. Bioluminescence was quantified as maximum radiance expressed in photons/s/cm2/sr, whereas fluorescence was measured as average radiant efficiency ([photons/s/cm2/sr]/[µW/cm2]). Signal intensities within the defined Regions of Interest (ROIs) were quantified using Aura software (Spectral Instruments Imaging).
Flow Cytometry
Clusters were dissociated with trypsin (Lonza), and live cells were identified using the LIVE/DEAD Fixable Violet kit (Thermo Fisher Scientific). Surface staining was performed by incubating cells with antibodies for 30 min at 4 °C in FACS buffer (DPBS with 2% FBS and 2 mM EDTA). For intracellular staining, cells were fixed with Cytofix/Cytoperm (BD Biosciences) and permeabilized with Phosflow Perm Buffer III (BD Biosciences), then incubated for 45 min at 4 °C with intracellular antibodies. For the phenotyping of humanized mice, 50 µL of blood collected from the retro-orbital plexus was stained for 30 min at 4 °C, followed by red blood cell lysis with BD FACS™ Lysing Solution prior to analysis. The following conjugated antibodies were used: anti-B2M-APC (clone 2M2); anti- HLA-A, B, C-PE (clone W6/32), anti-CD45-PE/Dazzle™594 (clone HI30); anti-CD8-BV605 (clone SK1); anti-CD154-APC (clone 24–31) (all were obtained from Biolegend); anti-OCT3/4-AF647 (clone 40/Oct3); anti-CD184-PE (clone 12G5); anti-PDX-1-AF488 (clone 658A5); anti-NKX6.1-PE (clone R11-560); anti-insulin-AF647 (clone T56-706); anti-glucagon-BV421; anti-CD3-FITC/BUV395 (clone SK7); anti-CD4-PB (clone RP-T4); anti-CD56-PE (clone NCAM1); anti-HLA-DR-BV480 (clone G46-6); a-PD-1-R718 (clone EH12.1); anti-CD38-APC (clone HIT2); anti-CD223-BUV395 (clone T47-530), anti-FoxP3-R718 (clone 259D/C7); anti-Helios-PE (clone 22F6); anti-CD107a-APC-H7 (clone H4A3) (all were obtained from BD Biosciences); anti-CD4-PE-Vio770 (clone REA623); anti-CD14-VioGreen (clone TÜK4) (both were obtained from Miltenyi Biotec); anti-CD16-SuperBright436 (clone 3G8) (obtained from Invitrogen); and anti-CD69-StarBright UltraViolet 510 (clone FN50) (obtained from BioRad). The cells were acquired on the CytoFLEX LX flow cytometer (Beckman Coulter) using CytExpert, and the data were analyzed using FlowJo v10.
Glucose Tolerance Test and C-Peptide Measurement
An intraperitoneal glucose tolerance test (ipGTT) was performed on day 28. After a 4-h fast, the mice received a 2 g/kg intraperitoneal glucose bolus, and blood glucose was monitored at 0, 30, 60, 90, and 120 min. At the 90-min time point, blood was collected and plasma was isolated by centrifugation and subsequently analyzed for human C-peptide using a Mercodia ELISA. Absorbance was measured on a BioRad microplate reader.
Immunohistochemistry
Explanted grafts were fixed, processed, and paraffin-embedded. Sections were cut at 5 µm for histological analysis. Hematoxylin and eosin (H&E) staining was performed to visualize the grafts and assess their morphology. BOND™ Ready-To-Use Primary Antibody Insulin (Leica, clone 2D11-H5) was used to detect mature iPSC-derived islets. The slides were scanned using a Leica Aperio 200.
Statistical Analysis
All data are presented as the mean ± SEM unless otherwise specified. Comparisons between more than two independent groups were performed using one-way ANOVA with a Tukey’s post hoc test or a Kruskal-Wallis with Dunn’s test for non-parametric data. Longitudinal datasets were analyzed using two-way ANOVA followed by Holm-Šídák’s correction. Survival analysis was conducted using the Kaplan-Meier method with the log-rank (Mantel-Cox) test. Pairwise comparisons were made using a two-tailed unpaired or paired Student’s t-test, as appropriate. All analyses were performed using GraphPad Prism v10.
RESULTS
Blockade of CD276 and CD155 Dampens Missing-Self-Recognition and Killing of SC-Derived Pancreatic Endocrine Cells by KIR-HLA Mismatched NK Cells
First, we examined the contribution of the NKp30-CD276 and CD226-CD155 axes to missing-self recognition under KIR-HLA class I mismatch conditions using in vitro NK cytotoxicity assays. The NK cells derived from eight KIR-genotyped donors were matched or mismatched with four HLA-typed iPSC lines. Undifferentiated iPSC lines were then co-cultured with the NK cells, and NK-mediated killing events were recorded via live cell microscopy in the presence or absence of blocking mAbs (Figure 1A). The list of characteristics of both donor NK cells and iPSC lines used in these experiments, along with the matched/mismatched pairs based on KIR gene copy number and HLA haplotype, is reported in Supplementary Tables S1-S3.
[image: Figure with multiple panels showing an experimental workflow, bar graphs, microscopy images, time-course scatter plots, flow cytometry dot plots, and violin plots analyzing natural killer (NK) cell interactions and killing of induced pluripotent stem cell (iPSC)-derived endothelial progenitor cells under different conditions, including KIR-HLA matching, use of blocking antibodies, and quantification of cytolytic events. Panels collectively illustrate experimental design, quantification of NK-mediated killing, and effects of antibody treatments on cell populations and killing efficiency over time.]FIGURE 1 | Blockade of CD276 and CD155 reduces missing-self recognition and NK-mediated killing of iPSC-derived EPs. (A) Experimental workflow. Both iPSCs and iPSC-derived EP clusters were co-cultured with KIR-genotyped NK cells that were isolated and expanded from healthy donor PBMCs in the presence of IL-2 and IL-15. NK-mediated cytotoxicity was evaluated by live-cell imaging over 6 h, in the presence or absence of blocking mAbs targeting the NKp30/CD276 and CD226/CD155 axes. (B) Quantification of NK-mediated killing (% of dead target cells) under KIR-HLA-matched (white bars) or mismatched (colored bars) conditions, with the latter in the presence of α-NKp30, α-CD226, α-CD276, α-CD155, or both α-CD276 and α-CD155 mAbs. N = 6. *p < 0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) Representative time-lapse images of NK cell infiltration and EP cluster lysis under matched and mismatched conditions (green = dead cells, red = eFluor670-labeled human NK cells). (D) Kinetic analysis of dead cell area expressed as Green Calibrated Unit (GCU) per square micrometer per field of view, under matched versus mismatched conditions. The line represents the mean. N = 5. *p < 0.05, ****p < 0.0001 by two-way ANOVA followed by Šídák’s post hoc multiple comparison test. (E) Kinetic analysis of NK cell-mediated infiltration and killing measured as the co-localization of GCU and Red Calibrated Unit (RCU) per field of view, under matched versus mismatched conditions. The line represents the mean N = 5. *p < 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA followed by Šídák’s post hoc multiple comparison test. (F) Representative time-lapse images of NK cell infiltration and killing in untreated versus α-CD276 + α-CD155-treated EPs under mismatched conditions. (G) Kinetic analysis of dead cell area under untreated versus α-CD276 + α-CD155-treated EPs. The line represents the mean. N = 5. **p < 0.01, ****p < 0.0001 by two-way ANOVA followed by Šídák’s post hoc multiple comparison test. (H) Flow cytometry plots showing NK cell activation (HLA-DR+) and degranulation (LAMP-1+) under untreated versus α-CD276 + α-CD155 treated conditions. (I) Violin plots representing the quantification of HLA-DR+ and HLA-DR+/LAMP-1+ NK cells. N = 5. ****p < 0.0001 by two-tailed unpaired Student’s t-test.;As expected, KIR-HLA mismatching resulted in a significant three-to-fourfold increase in NK-mediated killing compared to matched pairs (11.1% ± 2.7% vs. 36.9% ± 6.4%; p < 0.0001). Blocking either NKp30 or CD226 with specific mAbs reduced the killing of mismatched cells (24.2% ± 4.2% with α-NKp and 18.1% ± 2.6% with α-CD226, respectively) (Figure 1B). Accordingly, blocking the activating ligands CD276 or CD155 on target cells reduced NK cell cytotoxicity by a similar amount as blocking their counterreceptors (26.7% ± 8.9% with α-CD276 and 16.5% ± 7.0% with α-CD155, respectively). Remarkably, the combination of CD276 and CD155 blockade had a synergistic effect, reducing NK-mediated killing of the mismatched iPSCs to levels comparable to those of KIR-HLA-matched pairs (11.1% ± 2.7% for matched vs. 40.9% ± 8.9% for mismatched vs. 9.6% ± 3.0% with α-CD276+α-CD155, respectively) (Figure 1B).
Previously, we demonstrated that both β2-microglobulin (B2M) and HLA class I molecules are dynamically regulated during pancreatic differentiation [21]. Consistent with prior findings, iPSC lines exhibited the highest B2M and HLA-A/B/C expression levels, while a marked downregulation was observed at the posterior foregut (PF) and EP stages. SC-islets displayed an intermediate and more heterogeneous expression profile, with a broader range of HLA class I surface levels among cells (Supplementary Figures S1A,B).
Since EP clusters show low HLA expression, potentially limiting T cell immunogenicity, we hypothesized that they might be susceptible to missing-self-recognition by NK cells. Supplementary Figures S1C–E illustrate changes in key differentiation markers at each stage. OCT4 was highly expressed in iPSCs and was rapidly lost after definitive endoderm (DE) induction, while CXCR4 and FOXA2 increased. Progression to the EP stage was associated with increased expression of the pancreatic lineage markers PDX1 and NKX6.1, along with the early endocrine markers INS and GCG (Supplementary Figure S1C). Coexpression of PDX1 and NKX6.1 in EP cells was confirmed by flow cytometry (Supplementary Figure S1D), and EP cluster morphology was documented by bright-field imaging (Supplementary Figure S1E). To evaluate the susceptibility of EP clusters to NK cell infiltration and killing in vitro, we performed live-cell imaging cytotoxicity assays under both KIR-HLA matching and mismatching conditions. In mismatched pairs, missing-self-recognition occurred, as evidenced by increased NK cell infiltration and EP cell killing. This was measured by a progressive rise in green fluorescence over time (Figures 1C,D) and increased co-localization of red-labeled NK cells with green fluorescence signals (Figure 1E). Importantly, treatment of HLA-mismatched EPs with α-CD276 and α-CD155 monoclonal antibodies significantly reduced cell death (Figures 1F,G), in addition to NK cell activation markers, including HLA-DR (68.4% ± 9.7% vs. 22.7% ± 4.2%; p < 0.0001) and the degranulation marker CD107a (LAMP-1) on activated HLA-DR+ cells (29.7% ± 5.1% vs. 7.5% ± 1.9%; p < 0.0001) (Figures 1H,I).
Dual Blockade of CD276 and CD155 Prevents Immune Rejection of EP Grafts in a Fully Humanized Mouse Model
Since CD276 and CD155 are expressed on both graft cells and immune cells, we next evaluated whether antagonizing them may provide graft tolerance by modulating immune cell activity other than direct graft targeting. NSG mice demonstrated sustained engraftment of T lymphocytes but limited NK cell and monocyte reconstitution (Supplementary Figure S2); therefore, we used hIL-15 NOG immunodeficient mice, which achieve superior humanization efficiency and improved engraftment of innate immune cells (Supplementary Figure S3). To evaluate the efficacy of blocking mAbs, mice were first injected intravenously with 2.5 × 106 human PBMCs and, 14 days later, transplanted with ∼800 clusters of luciferase-expressing iPSC-derived EPs into the intermuscular space of the lower hindlimbs. The mAb treatment regimen consisted of 5 intraperitoneal injections every 3 days, starting 2 days before transplantation and continuing up to 10 days post-transplantation, as outlined in Figure 2A. We tested two doses of α-CD276 (1.25 and 15 mg/kg), one dose of α-CD155 (2.5 mg/kg), and a combined treatment consisting of the highest dose of α-CD276 (15 mg/kg) plus α-CD155 (2.5 mg/kg). Humanized untreated mice rejected EP grafts within 7–10 days (Figures 2B,C). Notably, increasing doses of α-CD276 prolonged graft survival for 2 weeks (Figure 2C), but were associated with increased mortality due to an earlier onset of GvHD, as confirmed by log-rank trend analysis (p = 0.025) (Figure 2D). In contrast, treatment with α-CD155, either alone or in combination with α-CD276, ensured graft survival for up to 4 weeks at levels comparable to non-humanized mice (Figure 2C). Moreover, co-administration of α-CD155 mitigated the severe GvHD effects observed with α-CD276 alone, as mortality in the α-CD155-treated groups was comparable to that of untreated humanized mice (Figure 2D).
[image: Panel A displays a study timeline for mouse experiments involving hPBMC infusion, iPSC-derived cell transplantation, monoclonal antibody treatments, immune phenotyping, and in vivo imaging. Panel B shows bioluminescent images of mice over five time points for different treatment groups, with signal intensity indicating transplanted cell presence. Panel C presents a line graph depicting maximum radiance fold change over time across experimental groups, distinguishing treatments by color and symbol. Panel D includes three Kaplan-Meier survival curves comparing treatments, survival rates, and statistical significance at indicated time points.]FIGURE 2 | In vivo blockade of CD276 and CD155 enhances the survival of iPSC-derived EP grafts in a humanized mouse model. (A) Schematic overview of the experimental design for the in vivo evaluation of allograft rejection of iPSC-derived EPs in humanized hIL-15 NOG mice. (B) Representative bioluminescence imaging (BLI) of transplanted EP clusters at different time points (day 0 to day 28) in untreated mice or mice receiving α-CD276 and/or α-CD155 mAbs at the indicated doses. (C) Quantification of the BLI signal (max radiance, p/s/cm2/sr) over time, normalized to the signal on day 0. N = 5 mice per group. Statistical significance was determined by two-way ANOVA followed by Šídák’s post hoc multiple comparison test. (D) Kaplan-Meier survival curves of humanized mice under different treatment conditions (untreated, α-B7-H3, α-CD155, or combined therapy). Statistical significance was assessed using the log-rank (Mantel–Cox) test.In Vivo Imaging Reveals Reduced PBMC Accumulation at the Implant Site Under CD276/CD155 Blockade
The kinetics of immune cell infiltration and the impact of checkpoint blockade were longitudinally investigated by in vivo imaging combining bioluminescence (to track luciferase-expressing EP grafts) and fluorescence detection of DiR-labeled human PBMCs (Figure 3A). Humanized mice were treated intraperitoneally with α-CD276 (15 mg/kg), α-CD155 (2.5 mg/kg), or both antibodies in combination at the same doses.
[image: Panel A displays bioluminescent and fluorescence images of mice under different monoclonal antibody treatments at multiple time points, highlighting luciferase-expressing iPSC-derived pancreatic progenitor engraftment and XenoLight DIR-labeled human PBMC presence. Panel B presents a line graph of average radiance or total fluorescence over fourteen days, comparing groups receiving various monoclonal antibody regimens, untreated, not humanized, and untransplanted controls, illustrating treatment effects on cell viability and immune response.]FIGURE 3 | In vivo tracking of human PBMCs after iPSC-derived EP transplantation under CD276/CD155 blockade. (A) Representative bioluminescence imaging (BLI) of luciferase-expressing iPSC-derived EPs and XenoLight DiR-labeled human PBMCs in hIL-15 NOG mice. Images were acquired before transplantation (TX) and 7 and 14 days after under untreated or α-CD276, α-CD155, and combined mAb treatment conditions. (B) The average radiant efficiency [(p/s/cm2/sr)/μW/cm2)] of the graft area is expressed as a fold change compared to the signal recorded on day 0 to measure PBMC infiltration. Untransplanted humanized mice and non-humanized mice were used as controls. N = 3. Statistical significance between groups at each time point was assessed using a Kruskal-Wallis test followed by Dunn’s post hoc multiple comparison test.As early as day 4, untreated humanized mice showed progressive PBMC accumulation at the graft site, with the fluorescence signal increasing from 13.2 ± 5.0- to 66,537 ± 59,820-fold over background by day 14. Mice treated with α-CD276 alone showed delayed yet substantial infiltration (5,727 ± 3,284 fold), while α-CD155 alone more effectively reduced immune cell recruitment (208 ± 158 fold). Strikingly, the combined blockade of CD276 and CD155 limited the increase in PBMC-associated fluorescence on day 14 to ∼69-fold over the day 0 baseline. Although this signal remains higher than that observed in untransplanted (∼19-fold) and non-humanized (∼1.8-fold) mice at the same time point, the absence of further fluorescence amplification indicates that only a few immune cells reach the grafts, without evidence of sustained recruitment (Figure 3B).
No significant differences were observed between groups at early time points (day 4–10). On day 14, however, Kruskal-Wallis analysis revealed significant divergence in PBMC accumulation across experimental groups (H = 11.48, p = 0.043). Dunn’s post hoc comparisons revealed that PBMC infiltration in untreated mice (66,537 ± 59,820-fold) was significantly higher than in non-humanized (1.81 ± 0.54-fold; p < 0.001), untransplanted (19.2 ± 14.0-fold; p < 0.01), and dual mAb-treated mice (69.6 ± 49.1-fold; p < 0.05). Differences with α-CD276 (5,727 ± 3,284-fold) and α-CD155 (208 ± 158-fold) were not statistically significant after correction, although a downward trend was noted in the α-CD155 group (Figure 3B).
Anti-CD276 Prevents Innate Immune Cell Activation and Migration, While the CD155 Blockade Enhances T cell Exhaustion and Promotes CD4+ Treg Expansion
Next, we sought to investigate the mechanisms underlying the protective effects of α-CD276 and α-CD155 mAb treatments and their impact on immune cell activation and migration. According to in vitro experiments, we found that both α-CD276 and α-CD155 prevented the overexpression of the tissue migration marker CD69 on circulating CD56dimCD16+ NK cells (Figure 4A). Moreover, α-CD276, either alone or in combination with α-CD155, dampened CD14+ monocyte activation and migration, as confirmed by lower levels of HLA-DR+ and CD40L+ cells compared to the untreated group (Figure 4B), supporting the hypothesis that CD276 signaling contributes to monocyte infiltration into the grafts.
[image: Figure composed of multiple panels depicting experimental data on immune cell markers in response to various treatments. Panels A–D contain scatter plots showing percentages of specific T cell subpopulations before and after transplantation (TX), with distinct markers (CD69, HLA-DR, CD40L, LAG-3, PD-1, etc.), and statistical significance indicated. Panel E presents flow cytometry plots comparing untreated and α-CD155-treated CD4+ T cells for Foxp3 and Helios expression. Panel F displays a histogram of CD25 levels in regulatory T cells for mock versus α-CD155 treatment. Panel G shows a violin plot comparing Treg CD25 mean fluorescence intensity between mock and α-CD155 groups.]FIGURE 4 | Blockade of CD276 and CD155 modulates the activation of human immune cells. (A) Frequency of activated NK cells (CD56+CD16+CD69+) in the peripheral blood before and 7 days after EP TX in untreated or antibody-treated mice (α-CD276, α-CD155, or combination therapy). Data represent mean ± SEM. N = 4. ****p < 0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test. (B) Frequencies of activated monocytes, evaluated by expression of HLA-DR and CD40L, before and 7 days after TX. Data represent mean ± SEM. N = 4. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test. (C) Frequencies of activated CD8+ T cells (CD8+CD38+HLA-DR+) and PD-1+CD8+ T cells before, 7 days, and 12 days after TX. Data represent mean ± SEM. N = 4. *p < 0.05, ***p < 0.001, ****p < 0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test. (D) Frequency of CD4+ T cells expressing LAG-3 before and 7 and 12 days after TX. Data represent mean ± SEM. N = 4. *p < 0.05, ***p < 0.001, ****p < 0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test. (E) Representative flow cytometry plots of CD4+ T cells showing Tconv (Foxp3−Helios-) and Treg (Foxp3+Helios+) subsets under untreated and α-CD155-treated conditions. (F) CD25 expression on Foxp3+Helios+ Tregs under untreated and α-CD155-treated groups. (G) Violin plots showing the quantification of the CD25 Mean Fluorescent Intensity (MFI) on Foxp3+Helios+ Tregs. N = 5. ****p < 0.0001 by two-tailed unpaired Student’s t-test.However, high-dose α-CD276 alone did not prevent CD8+ T cell activation (Figure 3C). In contrast, α-CD155 treatment alone significantly increased the frequency of exhausted PD-1+CD8+ T cells (Figure 4C) and LAG-3+CD4+ T cells (Figure 4D) 12 days post-transplantation. The combination of α-CD276 and α-CD155 led to a slight but significant reduction in CD38+HLA-DR+CD8+ T cells at 12 days post-transplantation (Figure 4C) and an early increase in LAG-3 expression on total CD4+ T cells compared to the untreated group (Figure 4D). In line with recent studies showing that CD226 signaling negatively affects Treg stability [42, 43], blockade of its ligand CD155 resulted in a twofold increase in the percentage of total Tregs compared to the untreated mice (Figure 4E). Furthermore, evaluation of IL-2 Receptor alpha (IL-2Rα/CD25) on FoxP3+Helios+CD4+ Tregs revealed a significant upregulation of CD25 surface expression in the α-CD155-treated group compared to mock controls (735 ± 66.4 vs. 488 ± 53.6; p < 0.0001) (Figures 4F,G), supporting the hypothesis of an enhanced Treg suppressive ability in response to CD155 blockade, consistent with previous reports [44, 45].
EP Grafts Properly Mature Into Glucose-Responsive, Insulin-Secreting β Cells in mAb-Treated Humanized Mice
To assess the maturation and function of the iPSC-derived EP grafts, we monitored plasma human c-peptide levels for 4 weeks post-transplantation. A progressive increase in basal c-peptide levels was observed in both non-humanized and mAb-treated mice, indicating functional maturation. In stark contrast, humanized mice that did not receive CD276/CD155 blockade showed only a modest increase in c-peptide levels at 2 weeks (7.27 ± 8.11 pmol), followed by a complete loss at 4 weeks, consistent with the early rejection of endocrine cells and the failure of the grafts to mature (Figure 5A).
[image: Panel A is a bar graph showing human c-peptide levels in four groups at three timepoints, highlighting significantly increased levels in the α-CD276 + α-CD155 group at post-transplantation. Panel B includes a line graph of blood glucose over time and a bar graph of human c-peptide before and after stimulation, both demonstrating improved biomarker levels in the α-CD276 + α-CD155 group. Panel C presents microscopy images of tissue sections stained for H&E, human insulin, and human CD45, comparing not humanized, untreated, and α-CD276 + α-CD155-treated groups, with the treated group showing reduced immune infiltration and preserved insulin-positive cells.]FIGURE 5 | Functional assessment and maturation of EP grafts after transplantation (A) Quantification of circulating human C-peptide in the plasma of recipient mice at baseline (before TX), 2 weeks, and 4 weeks post-TX. Data represent mean ± SD. N = 4. **p < 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA followed by Tukey’s post hoc multiple comparison test. (B) Intraperitoneal glucose tolerance test (ipGTT) at 28 days post-TX. The left panel shows blood glucose concentrations in mg/dL over time; the right panel shows human C-peptide secretion at baseline and 90 min post-glucose challenge. Data represent mean ± SD. N = 4. ****p < 0.0001 by two-tailed paired Student’s t-test. (C) Representative histology of the graft site at 28 days post-TX in non-humanized, untreated, or treated mice receiving the combined α-CD276 and α-CD155 treatment. The H&E-stained section shows a pancreatic graft overlying host muscle fibers. Human insulin-positive endocrine cells and infiltrating CD45-positive immune cells are also visible. Scale bar: 100 μm.On day 28, an ipGTT was performed to evaluate glucose responsiveness. It should be noted that the glycemic curves shown are not intended to reflect graft functionality, as glycemia is predominantly controlled by endogenous murine islets in this setting. Both non-humanized and mAb-treated mice exhibited a significant rise in human c-peptide 90 min after glucose administration (196.5 ± 18.6 vs. 40.0 ± 5.88 pmol and 191.0 ± 35.2 vs. 30.2 ± 13.4 pmol, respectively; p < 0.0001), while the untreated humanized group showed a negligible response at 90 min post-ipGTT (1.02 ± 0.79 pmol), indicating an absence of functional endocrine cells (Figure 5B).
Histological analysis showed preserved graft architecture in non-humanized and mAb-treated mice, whereas untreated mice displayed tissue disorganization. Insulin-producing cells were found in both non-humanized and mAb-treated groups, but not in the untreated group, consistent with the c-peptide data. Moreover, human CD45 staining showed marked leukocyte infiltration in the grafts of the untreated mice, but not in the mAb-treated groups (Figure 5C). These findings indicate that dual blockade of CD276 and CD155 protects the grafts from early immune rejection, enabling in vivo maturation of EP cells into functional, glucose-responsive β-like cells.
DISCUSSION
Treatment with α-CD276 and α-CD155 blocking monoclonal antibodies in humanized hIL-15 NOG mice transplanted with iPSC-derived EPs significantly prevented immune activation and allorejection. Our study provides the first preclinical proof-of-concept for targeting stress-inducible ligands such as CD276 (B7-H3) and CD155 (PVR), as a strategy to promote graft tolerance through selective immunomodulation. These findings expand on previous evidence showing that both ligands mediate NK cell-driven missing-self recognition [21, 46] and broadly shape immune crosstalk during inflammatory responses [47, 48].
CD276, a B7-family immune checkpoint, has been extensively investigated in oncology; however, its function remains debated due to its dual activating/inhibiting effects [49]. Originally identified as a co-stimulatory molecule that interacts with NKp30, CD276 can deliver both activating and inhibitory signals through the TLT-2 (TREML2) receptor [50, 51]. While the function of TLT-2 in NK cells remains uncertain [52], its expression on monocytes, macrophages, and granulocytes has been linked to enhanced phagocytic activity and IL-6 production [32, 53]. In transplantation, CD276 has been implicated in both acute and chronic islet allograft rejection [54], but in fully MHC-mismatched models, it has also been associated with a Th2 shift and prolonged graft survival [55].
CD155 (PVR), a nectin-like co-stimulatory molecule, balances immune activation through interaction with both activating (CD226/DNAM-1) and inhibitory (TIGIT, CD96) receptors on NK and T cells [56]. Naturally expressed at low levels on epithelial, endothelial, and antigen-presenting cells, CD155 is rapidly upregulated in response to stress and inflammation [57, 58], and localizes to interendothelial junctions, where it regulates the diapedesis of CD226+ leukocytes; blocking either CD155 or CD226 arrests monocytes and prevents their trans-endothelial migration [59]. In renal transplantation models, both CD155 and CD112 are constitutive, but their role in acute rejection has not been demonstrated [60].
Dual blockade of CD276 and CD155 almost completely prevented the increase in NK cytotoxicity observed under KIR–HLA mismatch, confirming these ligands as dominant checkpoints for missing-self recognition. In particular, CD155 inhibition curtailed early alloreactivity by dampening CD226-driven cytotoxicity and expanding FOXP3+Helios+ Tregs. It increased Treg frequency and CD25 expression, enhancing their IL-2-dependent suppressive ability, while also inducing PD-1/LAG-3 on effector T cells. These effects align with evidence that blocking CD226 signaling promotes Treg differentiation [42, 43, 45] which in the transplant setting is essential for both immune tolerance and tissue repair/engraftment [61].
These actions generate a more balanced immune milieu in which innate and effector T cell responses are attenuated, while Treg-mediated regulation could be reinforced. This creates a permissive niche that supports the engraftment and in situ maturation of iPSC-derived pancreatic tissues. Notably, these benefits are achieved without broad immunosuppression, thus preserving systemic immune competence and avoiding the detrimental effects that conventional drugs exert on lymphocyte and tolerogenic functions [62, 63].
In vivo, treatment with these targeted mAbs prolonged EP graft survival for up to 4 weeks, reduced innate immune infiltration, and enabled differentiation into functional insulin-producing β-like cells. The translational relevance of this approach is strengthened by the availability of fully human or humanized antibodies that have already been evaluated in oncology trials [36, 38], providing a feasible path toward clinical applications. Importantly, by modulating immunity during the period when iPSC-derived pancreatic tissues temporarily downregulate HLA class I [21, 64], our approach safeguards the grafts without requiring lifelong immunosuppression. Since transient HLA class I downregulation also occurs in cardiac [65], hepatic [66], and neural derivatives [67], this strategy may have broad applicability across stem cell-based transplantation.
Nonetheless, some limitations must be acknowledged. First, the observation window was limited to 28 days due to the onset of GVHD in PBMC-humanized mice, which prevented long-term follow-up. As a result, we cannot assess long-term graft survival, chronic rejection, allo-sensitization, or the development of donor-specific antibodies. Alternative humanized models lacking murine MHC class I and II, such as NSG MHC I/II double-knockout mice [68], could help address these limitations by lowering GVHD incidence and enabling longer-term evaluation of graft outcomes.
Second, while our data demonstrate that CD276/CD155 blockade promotes the sustained engraftment and in vivo maturation of iPSC-derived EPs over 4 weeks, this early “tolerance-like” phenotype should not be interpreted as definitive evidence of long-term immune tolerance. Secondary challenges, such as donor-matched skin grafting or long-term re-exposure to antigen, will be needed to assess if durable, antigen-specific tolerance has been achieved.
Additionally, we observed that a high dose of α-CD276 mAb accelerated GvHD onset, highlighting a narrow therapeutic window requiring optimization in future dose-ranging studies. Given that the immunomodulatory effects of CD276/CD155 blockade are transient, the primary risk may lie in increased susceptibility to infection during the peri-transplantation period. However, the duration and extent of immune modulation after treatment withdrawal, especially regarding antiviral and anti-tumor surveillance, remain unclear, and pathogen-challenge or tumorigenicity assays will be essential to understanding the long-term effects of the immunomodulation.
In conclusion, dual blockade of CD276 and CD155 emerges as a rational, early tolerance-promoting strategy that tempers innate immune checkpoints while enhancing regulatory T cell function. This immunomodulatory platform supports the engraftment and functional maturation of stem cell-derived pancreatic grafts and may serve as a foundational component of next-generation cell therapies. Future studies should assess whether combining this approach with adoptive Treg therapy or gene-edited hypoimmunogenic iPSC derivatives can achieve durable, drug-free tolerance in large animal models and, ultimately, in clinical settings.
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The development of de novo donor-specific anti-HLA antibodies (dnDSA) after lung transplantation (LuTX) has been increasingly linked to the onset of antibody-mediated rejection (AMR), chronic lung allograft dysfunction (CLAD), and impaired long-term outcomes. However, the therapeutic impact of intravenous immunoglobulin (IVIG) therapy in patients with dnDSA remains unclear. We conducted a retrospective single-center study of LuTX recipients (2015–2019) who developed dnDSA post-transplantation and received IVIG-based therapy. Patients were classified as responders or non-responders based on post-treatment antibody clearance. Clinical, immunological and functional outcomes were compared. Among 47 patients with dnDSA and IVIG-based therapy, 23 (48.9%) achieved complete antibody elimination. Preemptive treatment, defined as initiation of IVIG therapy before onset of clinical symptoms, was found to be an independent predictor of antibody clearance (odds ratio 29.5; p = 0.013). Responders showed significantly lower baseline MFI. While differences in CLAD-free survival favored responders, they did not reach statistical significance. Preemptive IVIG therapy in asymptomatic dnDSA-positive LuTX recipients may enhance antibody clearance and reduce CLAD risk. These findings support early intervention strategies and underscore the need for prospective trials to define optimal therapeutic thresholds and timing.
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INTRODUCTION
Lung transplantation (LuTX) remains the only definitive therapeutic option for patients with end-stage lung diseases (ELD) who have exhausted all other treatment modalities [1–3]. While short-term outcomes have improved markedly over recent decades, largely due to advances and standardization in immunosuppressive regimens and perioperative care, long-term survival remains critically constrained [4–6]. One of the principal challenges in this field is the complex immunological interplay between donor and recipient, which manifests in various forms of allograft rejection and contributes significantly to graft failure and patient mortality [3, 7, 8]. Acute cellular rejection (ACR) is a well-recognized complication during the first year following transplantation. Although typically responsive to corticosteroid therapy and not often fatal in the acute phase, ACR has been linked to increased long-term risk of developing chronic lung allograft dysfunction (CLAD), the predominant cause of late graft failure [9–12].
Beyond cellular rejection, humoral responses have gained recognition as major contributors to graft injury. The development of donor-specific anti-HLA antibodies (DSA) post-transplant (de novo DSA) is increasingly implicated in the pathogenesis of CLAD and reduced allograft survival [13–15]. Notably, the presence of dnDSAs has been associated with increased risk for both acute and chronic rejection, including the emergence of antibody-mediated rejection (AMR), a distinct and often insidious form of immune-mediated injury [16, 17]. The immunological basis for these processes lies in the human leukocyte antigen (HLA) system, a highly polymorphic set of genes that encodes the major histocompatibility complex (MHC) proteins. These molecules play an essential role in presenting antigens to T and B cells. Mismatches between donor and recipient HLA profiles are a potent trigger of alloimmune responses [18]. Formation of anti-HLA antibodies, whether preformed or de novo, can initiate a cascade of immune events involving complement activation, endothelial injury and eventual tissue destruction [19].
The diagnosis of pulmonary AMR remains difficult, in part due to its heterogeneous clinical presentation and the lack of definitive biomarkers. The consensus guidelines propose a multifactorial diagnostic framework involving the presence of DSAs, histological evidence of capillaritis, complement deposition (specifically C4d), evidence of graft dysfunction, and the exclusion of other etiologies [20]. Notably, subclinical AMR, defined by immunologic and histologic findings in the absence of functional impairment, is increasingly recognized as an early phase in the spectrum of humoral rejection [21]. Current therapeutic approaches for AMR are largely derived from treatment protocols in kidney and heart transplantation. These include intravenous immunoglobulin (IVIG), therapeutic plasma exchange (tPE), B-cell depletion with rituximab, and more recently, proteasome inhibitors (carfilzomib) and complement-blocking agents (eculizumab) [22–24]. Despite these efforts, treatment outcomes remain inconsistent. Studies have demonstrated variable antibody clearance rates and a persistently high risk of CLAD and death in patients with clinically manifest AMR [25]. Emerging evidence suggests that preemptive intervention in patients with newly detected dnDSAs, before the onset of overt graft dysfunction, may hold promise [21, 26, 27]. These findings suggest that early immunologic intervention could interrupt the pathogenic cascade that leads to chronic dysfunction, marking a potential shift in clinical strategy from reactive to preventive care.
Despite this progress, many critical questions remain unanswered. There is no consensus on the optimal treatment regimen, and randomized controlled trials are lacking. Furthermore, predictive markers that could guide patient selection and treatment decisions remain elusive. The significant heterogeneity in clinical response underscores the need for further mechanistic studies and controlled trials to identify which patients are most likely to benefit from specific therapeutic interventions. Ultimately, improving long-term outcomes in lung transplantation will depend not only on controlling cellular rejection, but on understanding and modulating the humoral immune response with greater precision.
MATERIALS AND METHODS
This retrospective single-center study was conducted at the Division of Thoracic surgery, LMU University Hospital, Munich. It was approved by the institutional review board of the faculty of medicine, Ludwig-Maximilians University Munich (UE No. 22-0123) and conducted in accordance with the ethical principles of the declaration of Helsinki. Only adult patients who underwent LuTX between 2015 and 2019 were eligible for inclusion. For the purpose of this study, only individuals who developed dnDSA postoperatively were included in further analyses. Follow-up included routine clinical controls and HLA antibody screening at standardized intervals: 1, 3, 6, 12, 18, 24, 30, 36, and 48 months postoperatively. Immunosuppression followed a standard triple-drug regimen consisting of corticosteroids, tacrolimus and mycophenolate mofetil.
All included patients had undergone routine pre- and post-transplant immunological monitoring. Genotyping was performed using sequence-specific oligonucleotide probes (SSO; LabType, One Lambda, Canoga Park, CA, United States), targeting HLA-A, -B, -C, DRB1, -DRB3/4/5, and DQB1 loci. Antibody screening and identification were performed using Luminex-based bead assays (LABScreen™, One Lambda), enabling high-sensitivity detection of HLA class I and II IgG antibodies. Mean fluorescence intensity (MFI) values greater than 1,000 were considered positive.
Within the dnDSA-positive cohort, patients were retrospectively categorized based on their immunological response to IVIG therapy. The standard therapeutic approach at our center for newly detected dnDSA is to initiate IVIG at 1 g/kg body weight, followed by three subsequent doses of 0.5 g/kg at 4-week intervals. The subset of patients who received IVIG-therapy, was divided into two groups: (1) those who achieved complete elimination of dnDSA following treatment (responders), and (2) those with persistent antibodies after therapy (non-responders). Complete antibody elimination was defined as the absence of previously detected donor-specific HLA antibodies in follow-up screenings, without subsequent recurrence.
Bronchoscopic surveillance was performed at regular intervals during the first 2 years post-transplant and subsequently based on clinical indication. Transbronchial biopsies (TBB) and histological diagnosis of ACR followed the International Society for Heart and Lung Transplantation (ISHLT) criteria, classifying rejection grades A0–A4 and lymphocytic bronchiolitis grades B0–B2R [28]. The 2016 ISHLT consensus report provided the basis for defining antibody-mediated rejection (AMR), distinguishing between clinical AMR, marked by detectable declines in lung function, which may occur without symptoms, and subclinical AMR, in which lung function remains preserved despite immunologic evidence of rejection [19, 20]. Lung function testing (forced expiratory volume in the first second, FEV1) was conducted in parallel with antibody assessments. To evaluate treatment efficacy, FEV1 measurements taken before therapy (baseline) were compared to post-treatment averages within 1 year after treatment initiation. CLAD was defined according to international consensus guidelines [29]. In this study, only bronchiolitis obliterans syndrome (BOS) was used as a clinical endpoint and diagnosed based on sustained FEV1 decline in the absence of alternative explanations [30]. Clinical, immunological, and procedural data were extracted from institutional records and the ET-database, including demographic information, transplant type, donor characteristics and intraoperative parameters (e.g., allograft ischemia time).
Statistical Analysis
Statistical analyses were conducted using R (version 4.0.5) and RStudio (version 1.4.1106). Comparisons between groups were performed using the chi-square test or Fisher’s exact test for categorical variables and the Student’s t-test or Wilcoxon–Mann–Whitney test for continuous variables, as appropriate. Time-dependent outcomes were analyzed using Kaplan–Meier curves with log-rank tests. Logistic regression models were applied to identify factors independently associated with antibody elimination. Statistical significance was defined as a two-tailed p-value ≤0.05.
RESULTS
A total of 47 LuTX-recipients met the inclusion criteria and were enrolled in the analysis, among which 22 were female (46.8%) and 25 male (53.2%). The most common underlying disease was interstitial lung disease (ILD) (n = 21; 44.7%), followed by cystic fibrosis (CF) (n = 12; 25.5%) and chronic obstructive pulmonary disease (COPD) (n = 9; 19.1%). The median follow-up time post-transplantation was 18 months (range: 3–48 months). Antibody elimination was achieved in 48.9% of all patients (n = 23; responder), while 51% (n = 24; non-responder) exhibited persistent dnDSA throughout follow-up.
Responders vs. Non-Responders
As depicted in Table 1, comparison of demographic characteristics between responders and non-responders revealed no statistically significant differences in recipient or donor age, sex distribution, transplant indication or surgical approach. Both groups had similar proportions of bilateral versus single lung transplants and comparable ischemia times.
TABLE 1 | Non-Responders vs. Responders.	Non-responders and responders	Non-responders (n = 24)	Responders (n = 23)	(p)
	(mean)	(sd)	(mean)	(sd)
	Age (years)
	Recipient	51.2	12.1	46.8	15.2	0.28
	Donor	44.7	16.9	48.8	15.6	0.4
	Ischemia time (minutes)	522	125	510	128	0,75
		(n)	(%)	(n)	(%)	(p)
	Sex
	Female	11	45.8%	11	47.8%	1,00
	Male	13	44.2%	12	52.2%
	Underlying Diagnosis for LuTX
	ILD	11	45.8%	10	43.5%	1,00
	COPD	4	16.7%	5	21.7%
	CF	6	25.0%	6	26.1%
	other	3	12.5%	2	8.7%
	One-year Survival	20	83.3%	21	91.3%	0.66
	Lung Allograft Rejection
	ACR	8	33.3%	6	26.1%	0.75
	Clinical AMR	16	66.7%	1	4.3%	<0.001
	CLAD	7	29.2%	0	0.0%	0.009


ACR, acute cellular rejection; AMR, antibody-mediated rejection; CF, cystic fibrosis; CLAD, chronic lung allograft dysfunction; COPD, chronic obstructive pulmonary disease; LuTX, lung transplantation.
When analyzing HLA class distribution of dnDSA, it became apparent that non-responders were more likely to develop HLA class II antibodies (95.8%; n = 23 vs. 78.3%; n = 18 in the responder group); however, this difference did not reach statistical significance (p = 0.097). As shown in Figure 1, MFI prior to therapy was significantly higher in the non-responder group compared to responders (mean 11,683 ± 7,055 vs. 7,152 ± 5,912; p = 0.019). Notably, the time to development of dnDSA was also significantly longer in non-responders than in responders (median: 94 days (IQR 35-343) vs. 39 days (IQR 22-65); p = 0.0025).
[image: Box plot comparing MFI values between non-responders and responders, showing higher median and interquartile range in non-responders. Responders display two outliers above twenty thousand MFI.]FIGURE 1 | Mean fluorescence intensity (MFI).Lung Function
Baseline lung function, assessed by FEV1 prior to treatment, was retrospectively found to be significantly better in future responders (75.0% of predicted) than in non-responders (54.8%; p = 0.019). Lung function testing at 1 year following IVIG-therapy initiation, showed consistently higher FEV1 values (78.8% vs. 63.3%) in responders, although the difference between the groups was no longer statistically significant (p = 0.07). Figures 2, 3 illustrate FEV1 prior to and 1 year after IVIG-therapy.
[image: Boxplot comparing FEV1 percentages between non-responders and responders. Responders show a higher median and mean FEV1 value, with one outlier present. Y-axis is labeled FEV1 percent.]FIGURE 2 | FEV1 pre IVIG-therapy.[image: Box plot comparing FEV1 percent predicted between non-responders and responders. Responders show a higher median FEV1 and an outlier above one hundred twenty percent, with both groups displaying broad interquartile ranges.]FIGURE 3 | FEV1 1 year after IVIG-therapy initiation.Acute Cellular Rejection (ACR)
ACR was identified in a total of 14 patients, corresponding to 29.8% of the entire study cohort. Among these cases, the majority were categorized as grade A1 rejection, which is characterized histologically by minimal perivascular mononuclear infiltrates without evidence of tissue injury. These milder rejection episodes were evenly distributed across both study groups (6/23 in the responder group vs. 6/24 in the non-responder group). Notably, a single episode of grade A2 rejection and one episode of grade A3 rejection were each observed and both occurred within the non-responder group. When comparing the incidence of ACR between treatment groups, no statistically significant difference was observed: 6 out of 23 responders (26.1%) experienced ACR, compared to 8 out of 24 non-responders (33.3%) (p = 0.75). These findings suggest that the rate of ACR was comparable between groups, regardless of treatment response.
Antibody-Mediated Rejection (AMR)
The prevalence of AMR at the time of IVIG initiation differed between responders and non-responders (Figure 4). For clinical AMR, only 1 of 23 responders (4.3%) met the criteria for possible clinical AMR, compared to 16 of 24 non-responders (66.7%). In contrast, subclinical AMR was more frequent among responders: 22 responders were classified with subclinical AMR at baseline, whereas only 8 non-responders fell into this category. Clinical AMR was therefore predominantly observed in non-responders, while subclinical AMR was more commonly seen in responders. Multivariable logistic regression analysis identified preemptive treatment, defined as initiation of therapy during subclinical AMR prior to the onset of clinical symptoms, as a significant independent predictor of dnDSA clearance (odds ratio 29.5 (OR); p = 0.013). Other variables assessed, including age, sex, MFI levels, antibody class, and timing of dnDSA detection were not significantly associated with antibody elimination.
[image: Bar chart comparing non-responders and responders with clinical AMR (dark bars) and subclinical AMR (light bars). Non-responders show more clinical AMR, while responders show mainly subclinical AMR.]FIGURE 4 | Antibody-mediated rejection (AMR) pre IVIG-therapy.Chronic Lung Allograft Dysfunction (CLAD)
CLAD, defined according to standard criteria for BOS, was observed exclusively among patients in the non-responder group. A total of 7 non-responders (29.2%) were diagnosed with BOS during the observation period, whereas no responder developed this form of chronic allograft dysfunction. This difference was statistically significant (p = 0.009). Importantly, all cases of BOS were diagnosed prior to the initiation of IVIG therapy.
Survival
One-year post-transplant survival in the overall cohort was 87.2%. Of the ten patients who died, eight were from the non-responder group and two from the responder group. Both deaths among responders were attributed to causes not directly related to the transplant (intracranial hemorrhage and cardiac failure). Although 1-year survival was numerically higher in responders compared to non-responders (91.3% vs. 83.3%), the difference was not statistically significant (p = 0.66). A similar trend was observed in 1-year survival following dnDSA detection: 91.3% in responders versus 71.4% in non-responders (p = 0.13). Survival 1 year after initiation of IVIG therapy was also higher in responders (90.9%) compared to non-responders (66.7%), although this difference did not reach statistical significance (p = 0.11). Kaplan–Meier analysis demonstrated non-significant differences in survival between groups following dnDSA detection (log-rank p = 0.11) and IVIG initiation (log-rank p = 0.06). Overall survival probabilty showed no differences between the two groups (log-rank p = 0.2).
DISCUSSION
The development of dnDSA following LuTX and their association with the onset of CLAD, impaired graft function and reduced survival have been well documented in numerous studies over recent years [13–16, 19, 31]. To date, the management of AMR remains heterogeneous, with no standardized protocols or universally accepted treatment strategies in place [21, 26, 32].
Our findings are consistent with growing evidence in literature that early immunological intervention can mitigate the development of chronic allograft dysfunction and extend graft survival [20, 33, 34]. While IVIG is well established in the treatment of AMR, its role in asymptomatic dnDSA or subclinical AMR is less clearly defined. We demonstrated that early intervention, particularly in asymptomatic patients with subclinical AMR, may significantly improve dnDSA clearance rates and associated clinical outcomes. Preemptive therapy, defined as the initiation of treatment before the onset of clinical symptoms, proved to be an independent predictor of successful dnDSA elimination in multivariable analysis (OR 29.5; p = 0.013). This observation aligns with data from Ius et al. (2018), who reported a 92% clearance rate following preemptive IVIG therapy in asymptomatic recipients, with graft survival comparable to DSA-negative controls [21]. Hachem et al. (2010) similarly found that preemptive therapy with IVIG solely or IVIG in combination with Rituximab resulted in DSA clearance in 65% of patients. Furthermore, patients witnessing successful antibody-depletion were less likely to develop BOS throughout the follow-up period [32]. Recent evidence presented by McDermott et al. provides important insight [27]. In a cohort of asymptomatic LuTX-recipients with dnDSA, preemptive IVIG monotherapy resulted in substantial reduction in antibody strength, with complete clearance in more than half of the patients. Moreover, they observe a trend toward lower rates of subsequent ACR among patients achieving DSA clearance.
The timing of dnDSA detection also appeared to influence treatment success. In our cohort, responders exhibited significantly earlier detection and received treatment sooner (median 15.0 vs. 36.5 days), suggesting that patients with early-onset dnDSA may benefit more from antibody-directed intervention. These observations are supported by Ensor et al. (2017) and Vacha et al. (2017), who reported that earlier therapy initiation was associated with improved antibody clearance and better clinical outcomes. Delayed treatment may permit maturation of antibodies and acquisition of complement-binding properties, which are known to reduce responsiveness to desensitization [24, 25].
While MFI values were not independently predictive of treatment success, we observed significantly higher pre-treatment MFI levels in non-responders, with the median nearly double that of responders. This observation is consistent with findings by [21, 24], who reported that lower baseline MFI values were associated with a higher likelihood of antibody clearance [21, 24]. In contrast, Timofeeva et al. (2021) did not find a significant correlation between pre-treatment MFI levels and overall survival; however, they observed that lower post-treatment MFI values following therapeutic plasma exchange (tPE) were significantly associated with improved survival [35].
Clinically, lung function and survival outcomes tended to be more favorable in the responder group. However, these differences were not statistically significant, which may be attributable to small sample size and ceiling effects, as many responders already had preserved baseline FEV1 values. Both groups showed only modest relative improvements in lung function and therapy in responders was more likely aimed at preventing decline rather than reversing damage. Similar associations between DSA elimination and improved BOS-free survival have been reported in other studies [24, 32, 35].
This study has several limitations that should be considered when interpreting the findings. First, the retrospective and single-center design inherently limits the generalizability of the results and may introduce selection or information bias. Although the study was conducted at a high-volume transplant center over a 5-year period, the overall sample size remained relatively small, thereby limiting statistical power and increasing the risk of type II error, particularly in subgroup analyses and survival comparisons. Furthermore, the classification of treatment response was based solely on dnDSA elimination, without histopathologic correlates such as C1q-binding capacity or tissue deposition. Due to institutional standards, uniform C4d staining was not performed, which may limit the ability to fully characterize the histopathologic phenotype of AMR and subclinical graft injury. However, given the limited sensitivity and specificity of C4d staining in lung allografts and the variability in its expression across AMR phenotypes, as highlighted in the ISHLT consensus report and subsequent studies, we consider its absence to have limited clinical impact in the context of this study [19]. While our study focused on IVIG monotherapy, the heterogeneity of dnDSA profiles and immune status across patients suggests that individualized or combination therapies may be required, an area not addressed in this analysis.
All cases of BOS in our cohort occurred prior to IVIG initiation and exclusively among non-responders, which may reflect inherent biological or immunologic differences between patients who did and did not achieve dnDSA clearance. The question of whether this observation strengthens or weakens the association between IVIG therapy and DSA clearance cannot be answered in the retrospective analysis and requires prospective data. This temporal pattern limits the ability to directly attribute the absence of BOS in responders to the effect of IVIG therapy.
Given the retrospective nature of the study, it did not include a control group of dnDSA-positive patients who did not receive IVIG therapy. This design inherently limits the ability to fully distinguish treatment effects from the natural course of dnDSA evolution. Future prospective studies with appropriate control cohorts will be important to confirm the therapeutic impact of IVIG. Lastly, the observational nature of the study precludes causal inference, and although multivariable analysis was performed, unmeasured confounders may still influence the associations observed.
Taken together, our findings highlight the importance of early, preemptive intervention in lung transplant recipients with dnDSA, particularly those who are asymptomatic and have moderate antibody burden. While high MFI and class II specificity may suggest reduced clearance probability, they should not preclude therapeutic attempts when clinical stability allows. DSA elimination remains a critical therapeutic goal, not only to limit immunologic injury but also to preserve long-term graft function and survival. Our findings underscore the need for early detection and individualized intervention in dnDSA-positive patients. Prospective multicenter trials are essential to validate risk-adapted treatment algorithms and define standardized thresholds for therapeutic initiation.
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Donor-Specific Blood Transfusion Induces a Transfusion-Related Early Protective Effect in Murine Lung Transplantation
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Lung transplantation (LTx) remains limited by high immunogenicity and chronic rejection, yet the application of donor-specific blood transfusion (DSBT) in LTx has not been fully investigated. We established a murine orthotopic LTx model (BALB/c to C57BL/6N) to evaluate the safety and efficacy of DSBT administered 24 h prior to transplantation. Pre-transplant transfusion was well-tolerated showing no evidence of Transfusion-Related Acute Lung Injury (TRALI) or volume-overload injury. Radiographic analysis at POD 7 demonstrated that DSBT-treated grafts maintained significantly higher aerated lung volume compared to non-transfused controls. Flow cytometric analysis at the same time point revealed that these grafts were preferentially infiltrated by recipient-derived monocytes and type 2 conventional dendritic cells (cDC2s), while lymphoid cell counts remained comparable across groups in both the lung and spleen, indicating no systemic immune depletion. By POD 35, however, histological analysis revealed that the lung grafts were extensively destroyed by severe rejection. These findings demonstrate that a 24-h pre-transplant DSBT window improves early graft patency and modulating the localized myeloid landscape in a murine model. We conclude that DSBT serves as a safe and effective induction strategy to mitigate early inflammatory consolidation, providing a predictable temporal window for secondary immunomodulatory interventions in lung transplantation.

[image: Infographic illustrating the protective mechanism of donor-specific blood transfusion before murine lung transplantation. Key steps include monocyte recruitment, dendritic cell differentiation, reduced inflammation, improved airway aeration, and decoupling of CD4 T cells, leading to immunomodulation.]GRAPHICAL ABSTRACTKeywords: allograft rejection, donor-specific blood transfusion, immune regulation, immunosuppression, lung transplantation
INTRODUCTION
According to the latest report of the International Society for Heart and Lung Transplantation (ISHLT), the 5-year survival rate for lung transplantation is approximately 59%, which is the lowest among all solid organ transplants [1, 2]. Lung transplant patients require lifelong immunosuppression to suppress the intense immune response elicited by major histocompatibility complex (MHC) incompatibility, which is significantly more intense in the lung than in the other solid organs. Despite being the ultimate treatment for end-stage pulmonary disease, its long-term success is hindered by the fragile balance between the necessity for profound immunosuppression carrying risks of nephrotoxicity, malignancy, and opportunistic infection versus the persistent threat of chronic allograft rejection [3, 4]. The future of lung transplantation depends on strategies that expand the therapeutic window by promoting graft acceptance and simultaneously limiting the need for profound immunosuppression and its associated complications.
Donor-specific blood transfusion (DSBT), the infusion of fresh donor whole blood containing all blood cell types and plasma proteins into the recipient prior to transplantation, has been reported to improve graft acceptance and potentially induce a tolerogenic state [5]. Since its first application in canine allogeneic kidney transplantation in 1964 and in human kidney transplantation in 1980, multiple studies including our Leuven Immunomodulatory Protocol in intestinal transplantation have demonstrated that DSBT can prolong graft survival and reduce the required dosage of postoperative immunosuppressants [6–9]. However, the application of DSBT remains unexplored in the context of LTx, and its underlying immunomodulatory mechanisms in the pulmonary environment remain largely elusive.
In this proof-of concept study, we first evaluated the safety of DSBT by investigating its impact on pulmonary integrity and systemic hematological profiles in a murine model. Furthermore, we established the first murine orthotopic LTx model of DSBT preconditioning to analyze its effects on graft and immune cell dynamics, providing a novel framework for understanding the regulation of lung allograft rejection.
MATERIALS AND METHODS
Blood Transfusion and Orthotopic Left LTx Mouse Model (Figure 1)
The project was approved by the Ethical Committee for Animal Research at KU Leuven (P015/2024). Eight-to 12-week-old BALB/c (H2Kd) and C57BL/6N (H2Kb) mice were purchased from Janvier Labs (Le Genest-Saint-Isle, France). All animals were housed in a conventional facility with individually ventilated cages and had access to standard chow and water ad libitum.
[image: Flowchart illustration depicts two experimental workflows involving mice: WP1, Transfusion (Control, Iso-transfusion, and Allo-transfusion groups) and WP2, D-1 DSBT plus Orthotopic Left Lung Transplantation (Control plus LTx and DSBT plus LTx groups). For each group, specific interventions such as transfusion and transplantation are indicated by icons and arrows, with subsequent outcome measurements at various time points involving MicroCT, blood sampling, histology, and flow cytometry as shown by labeled icons. Group sizes and experimental days are specified throughout.]FIGURE 1 | Study design. WP1: safety of 0.2 mL blood transfusion via tail vein in mouse model; WP2: efficacy of DSBT in orthotopic left lung transplant mouse model. DSBT: donor-specific blood transfusion; LTx: lung transplantation; POD: post-operative day.WP1. Transfusion:
	Donor: C57BL/6N (iso-transfusion, n = 6)
	or BALB/c (allo-transfusion, n = 6)
	Recipient: C57BL/6N
	Control: C57BL/6N non-transfused mice (n = 6)

Donor mice were anesthetized using 5.0% isoflurane (Iso-Vet, Piramal Critical Care, the Netherlands) in room air, intubated, and maintained under anesthesia with 2.0% isoflurane. Ventilation was provided using a microventilator (UNO microventilator, the Netherlands) at a respiratory rate of 120 breaths per minute with a tidal volume of 275–300 μL. Inferior vena cava was exposed by laparotomy, and 0.8–1.0 mL of whole blood (for three recipients) was collected into a heparinized centrifuge tube which was stored at 4 °C fridge until transfusion.
Recipient transfusion mice were anesthetized with 3.0% isoflurane in room air. A total of 0.20 mL of whole blood was withdrawn into an insulin syringe (0.3 mL U-100 30 G, BD, USA) and administered via the lateral tail vein. The interval between blood collection and transfusion did not exceed 30 min.
All mice that received transfusion only were euthanized on day 7, and the left lung was procured for histological analysis.
WP2. D-1 DSBT + Orthotopic Left LTx:
	Experiments were randomized.
	Donor: BALB/c (blood and lung)
	Recipient: C57BL/6N with DSBT 24 h prior to LTx (D-1 DSBT + LTx, n = 11)
	Control: C57BL/6N non-transfused mice (Control + LTx, n = 11)

The surgical procedure for murine orthotopic left LTx was performed as previously described in our review on murine LTx [10]. Briefly, both donor and recipient mice were anesthetized with isoflurane and connected to a ventilator.
Procurement: A total of 100 μL of heparin (LEO Pharma, Denmark) was injected into the inferior vena cava, followed by perfusion of the heart–lung bloc with 2–3 mL of sterile 4 °C saline via the pulmonary artery. The left pulmonary artery, bronchus, and pulmonary vein were carefully dissected and cuffed using 24-, 20-, and 22-gauge cuffs, respectively. The donor lung was stored at 4 °C fridge until implantation.
Transplantation: In the recipient, the left hilum was exposed, and the vessels were occluded using 9-0 slip knot sutures. The anastomoses were performed in the sequence of bronchus–vein–artery, deviating from the previously reported artery–bronchus–vein sequence, to optimize surgical outcomes. The second warm ischemic time (removal of the graft from cold storage to reperfusion) should be less than 20 min to maintain a low-inflammatory baseline and minimize confounding effects from ischemia-reperfusion injury. The native left lung was removed, and the thoracic incision was closed using 6-0 or 7-0 running sutures.
Postoperative care: For analgesia, buprenorphine (0.1 mg/kg Vetergesic, Ecuphar, Netherlands) was administered subcutaneously twice daily until postoperative day (POD) 3. To prevent graft rejection, recipients received subcutaneous injections of methylprednisolone (1.6 mg/kg; SoluMedrol, Pfizer, Belgium) and cyclosporine (10 mg/kg; Sandimmun, Novartis, Belgium) once daily starting from POD 1. All recipients were euthanized on POD 35, and the left lung grafts were procured for histological analysis.
Endpoints
Clinical Endpoints
During the follow-up period, all animals were monitored and weighed daily. Euthanasia was performed if any of the following endpoints were met: 1) irreversible body weight loss exceeding 20%; 2) complete loss of appetite or inability to drink; 3) severe respiratory or circulatory distress, including gasping, edema, or cyanosis of the extremities; or 4) abnormal behavior or movement, such as hyperactivity, lethargy, or abnormal muscle tone.
Blood Sample Analysis (WP1)
The complete blood count by facial vein phlebotomy collection was conducted using hematology analyzer (Element HT5, Heska, US) according to the machine manual on Day 1, 3 and 7 after transfusion.
In Vivo microCT Imaging (WP1&2)
For transfusion-only recipients, in vivo microCT scans were performed on Day 1, 3, and 7.
For transplant recipients, scans were conducted on POD 3, 7, 14, and 35. Recipients presenting with complete consolidation of the left lung graft within the first 3 days, suggestive for technical failure [primary graft dysfunction (PGD) or severe inflammation] were excluded and replaced by new animals.
During scanning, animals were anesthetized with 2.0% isoflurane in pure oxygen and positioned supine. Imaging was performed with SkyScan 1278 in vivo microCT scanner (Bruker, Belgium). Scanning and reconstruction (NRecon, v1.7.0.4; CTan software, v1.16.8.0, Bruker, Belgium) parameters were set according to our protocol [11]. Pixel with a gray value of 0–80 is defined as aerated lung tissue. The number of voxels and mean gray value were further calibrated to volume in mL and density in Hounsfield Units (HU).
Histological Analysis (WP1&2, n = 6)
Histological analysis was performed on POD 35 according to our established protocol [11]. At the time of sacrifice, lungs were ventilated in vivo and perfused with saline via the pulmonary artery, followed by perfusion with 4% paraformaldehyde (PFA). The trachea was ligated under full inflation, and the lungs were fixed in 4% PFA at 4 °C for 12–24 h.
Lung grafts were processed into 4 μm formalin-fixed paraffin-embedded sections and stained with hematoxylin and eosin [WP1, n = 6; WP2, n = 6 (Leica, Germany), H&E] and Masson’s trichrome kit [WP2, n = 6 (Sigma-Aldrich, US)] following the manufacturer’s instructions. All sections were blindly evaluated by experienced pulmonary pathologists according to ISHLT grading system for cellular rejection [12].
The percentage of collagen deposition in lung sections stained with Masson’s trichrome was quantified using QuPath software (v0.6.0) with the Pixel Classifier Tool.
Flow Cytometry Analysis (WP2, n = 5)
Flow cytometry analysis was performed on POD 7 according to our established protocol [13]. At the time of euthanasia, the recipients were anesthetized via an intraperitoneal injection of xylazine (100 mg/kg; Xyl-M, VMD, Belgium) and ketamine (10 mg/kg; Nimatek, Dechra, Belgium). To distinguish marginated circulatory cells from tissue-resident cells, 50 μL of CD45.2 antibody solution (0.2 mg/mL in PBS) was injected into the inferior vena cava. Five minutes later, the lung graft and spleen were harvested and processed into single-cell suspension. Absolute cell numbers in the lung and spleen were quantified using a flow cytometer (BD LSRFortessa™; Water Biosciences, US). The gating strategy (Supplementary Material 1) included total viable cells (Live/Dead negative), myeloid cells, lymphoid cells, and cell chimerism (H2Kb/d). Data were analyzed using FlowJo software (v10.6.0, Waters Biosciences, US).
Statistical Analysis
Data were analyzed using GraphPad statistical software (v10.2.1, Prism, US) and SPSS (v20.0.0, IBM, US). Mixed-effects model with multiple comparisons (mean ± SD, for longitudinal data), Mann-Whitney U tests [Median (Min-Max), for non-normal distribution data], Chi-square test (for categorical variables) and Kaplan-Meier analysis (for graft survival) were used to compare intergroup differences. A P-value <0.05 was considered significant. In cases where non-parametric analysis failed to reach significance but suggested a clear distributional trend, we applied bootstrapping techniques (10,000 iterations) to re-evaluate the comparative differences with increased statistical power.
RESULTS
Transfusion
Mice Remained Clinically Stable After Transfusion (Figure 2A)
Before transfusion, the weight of iso-transfusion mice was 26.58 ± 4.59 g, and that of allo-mice was 23.02 ± 3.03 g (P = 0.180). On Day 7, the weight of iso-mice increased by 4.0%–27.43 ± 3.55 g, and the weight of the allo-mice increased by 2.3%–23.50 ± 2.82 g (P = 0.093). All mice remained clinically stable during observation with no development of organ dysfunction or reaching humane endpoints.
[image: Panels showing data on the effects of iso-transfusion and allo-transfusion in mice. Panel A: Line graph shows mean weight over seven days post-transfusion, with iso-transfusion group (blue) maintaining higher weights than allo-transfusion (red). Panel B: Three bar charts compare RBC, Hb, and PLT counts across control, iso-transfusion, and allo-transfusion groups at multiple time points. Panel C: Line graph tracks lymphocyte and monocyte evolution in both transfusion groups over seven days. Panel D: Four grouped bar charts display WBC, Neu, Lym, and Mon counts with statistical significance annotations indicated by asterisks.]FIGURE 2 | Mice remained clinically stable after transfusion, and no transfusion-related hemolysis occurred. A transfusion-related effect was observed since Day 1. (A) recipient weight change after transfusion which slightly increased in both Iso- (4.0%) and Allo-transfusion (2.3%) group; (B) the stable level of hemoglobin and red blood cell and platelet count in evidence of no occurrence of hemolysis or coagulation disorder; (C) visualization of the trend of lymphocyte and monocyte; (D) the significant decrease of white blood cell count (and lymphocyte) on Day 1 and the increase (white blood cell, lymphocyte and monocyte) on Day 3. Moreover, the lymphocyte and monocyte count showed a different evolution pattern in Iso-vs. Allo-transfusion on Day 7. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Hb: hemoglobin; Lym: lymphocyte; Mon: monocyte; Neu: neutrophil; PLT: platelet; RBC: red blood cell; WBC: white blood cell.No Transfusion-Related Hemolysis Occurred and a Transfusion Effect on White Blood Cells was Observed (Figures 2B–D)
Compared with the control group, there were no significant changes in red blood cell, platelet counts or hemoglobin level during the 7-day follow-up in either group.
White blood cells count decreased significantly on Day 1 from 8.922 × 103/μL to 2.990 × 103/μL in the iso-transfusion group (P < 0.001) and to 3.625 × 103/μL in the allo-group (P < 0.001). By Day 3, white blood cells count recovered to 8.200 × 103/μL in the iso-group (P > 0.999) and to 7.752 × 103/μL in the allo-group (P = 0.986). On Day 7, white blood cells count in the allo-group remained comparable to baseline (7.298 × 103/μL, P = 0.834), whereas a significant decline was observed in the iso-group (5.595 × 103/μL, P = 0.030).
Lymphocytes count exhibited a similar trend, with a significant decrease on Day 1 (control: 7.738 × 103/μL; iso-: 2.317 × 103/μL, P < 0.001; allo-: 2.602 × 103/μL, P < 0.001), a recovery on Day 3 (iso-: 6.573 × 103/μL, P = 0.953; allo-: 5.963 × 103/μL, P = 0.512), and a divergent trend on Day 7 (iso-: 4.458 × 103/μL, P = 0.008; allo-: 5.522 × 103/μL, P = 0.196).
Monocytes count did not change significantly on Day 1 (control: 0.118 × 103/μL; iso-: 0.067 × 103/μL, P > 0.999; allo-: 0.125 × 103/μL, P > 0.999) but increased on Day 3 (iso-: 0.470 × 103/μL, P = 0.001; allo-: 0.400 × 103/μL, P = 0.013). This increase persisted until Day 7 in the allo-group (0.387 × 103/μL, P = 0.021) but returned to baseline in the iso-group (0.243 × 103/μL, P = 0.843).
Neutrophil counts showed a pattern similar to monocyte, but this did not reach statistical significance at any time point.
No Transfusion-Related Acute Lung Injury Occurred (Figure 3)
MicroCT imaging revealed normal lung morphology at all time points in both the iso-transfusion and allo-transfusion groups (Figure 3A). No evidence of transfusion-related acute lung injury (TRALI) was observed in either group as lung grafts cellular rejection all graded as A0 (Figure 3B). There were no signs of consolidation indicative of edema, pneumonia, or pleural effusion, as reflected by stable left lung volumes (iso-vs. allo-: Day 1: 0.162 ± 0.012 mL vs. 0.149 ± 0.024 mL; Day 3: 0.160 ± 0.013 mL vs. 0.156 ± 0.022 mL; Day 7: 0.141 ± 0.016 mL vs. 0.152 ± 0.019 mL; all P > 0.05) and density (iso-vs. allo-: Day 1: -393.9 ± 28.6 HU vs. −423.4 ± 26.0 HU; Day 3: -421.9 ± 37.9 HU vs. −429.1 ± 28.4 HU; Day 7: -401.3 ± 12.2 HU vs. −397.7 ± 17.2 HU; all P > 0.05) throughout the follow-up period (Figure 3C).
[image: Figure presenting comparative analysis of mouse lung conditions among control, iso-transfusion, and allo-transfusion groups using CT scan, histology images, and quantitative graphs. Panel A displays CT scans for each group over time. Panel B shows corresponding lung histology with indicators for tissue structures. Panel C provides box plots for total lung volume (TLV) and lung density, comparing iso- and allo-transfusion across days one, three, and seven.]FIGURE 3 | No transfusion-related acute lung injury occurred after DSBT. Representative pictures of (A) in vivo microCT and (B) hematoxylin and eosin (H&E) stain, magnification ×20, [▲] indicates vessels, [*] indicates airways, [■] indicates parenchyma; (C) evolution of total lung volume (TLV) and mean density of left lung.D-1 DSBT + Orthotopic Left LTx
The Protective Effect of DSBT Was Biphasic as the Most Obvious on POD 7 but not Observed by POD35 (Figures 4, 5)
The median interval between DSBT and LTx was 26.1 (24.2–27.9) hours. The cold ischemia time, defined as the duration from pulmonary artery flush to retrieval from refrigeration, was 69 (48–100) minutes in the control group and 55 (51–61) minutes in the DSBT group. Warm ischemia time, was similar between groups: 16.5 (10–20) minutes in the control group and 16.5 (14–20) minutes in the DSBT group (P = 0.842). The total surgical duration was comparable in both group [control: 65 (51–74) vs. DSBT: 64 (55–70) minutes (P = 0.732)].
[image: Panel A displays CT scan images of mouse lungs post-transplant at four time points for two experimental groups, with colored borders indicating lung aeration and consolidation. Panel B shows a line graph comparing graft survival rates over time between groups. Panel C presents lung density trends as a line graph, with two lines for each group. Panel D is a bar graph illustrating lung volume measurements, with bars grouped by time point and treatment, further subdivided into aerated and non-aerated volumes. Color coding and legends clarify data representation throughout.]FIGURE 4 | The evolution of the density and volume of left lung graft on condition of no acute complication on POD 3#. The protective effect of DSBT was the most obvious on POD 7 but not observed by POD35 in mouse lung transplantation. (A) representative pictures of in vivo microCT image of each recipient on POD 7, 14 and 35, image with clear lung markings on the left side was labelled with green, partial consolidation with yellow and full consolidation with red. (B) (functional) graft survival if no full consolidation image on CT; evolution of left lung graft’s (C) mean density and (D) volume. *P < 0.05. ALV: aerated lung volume; DSBT: donor-specific blood transfusion; NALV: non-aerated lung volume, TLV: total lung volume; POD: post-operative day. #POD3 images of two mice of DSBT group was missing due to a mechanical issue. They were still included in the study because of their stable status, no abnormal activity and good lung aeration images on POD7 (they would not recover if full consolidation happened on POD3).[image: Panel A and B show two groups, Control plus LTx and D-1 DSBT plus LTx, with representative gross and microscopic images of tissue sections stained to show pathological features, including cellular rejection and collagen deposition, with scale bars of two hundred fifty micrometers. Panel C presents a bar chart of cellular rejection grades, highlighting similar severe rejection in both groups. Panel D shows a bar graph comparing percentage collagen deposition between groups, with means and individual data points, indicating no significant difference.]FIGURE 5 | Histological analysis of the left lung graft on POD 35 after lung transplantation. The protective effect of DSBT was not observed by POD 35. Representative pictures of macroscopic view (left, labelled with white frame), hematoxylin and eosin staining (middle) and Masson’s trichrome (right, collagen dyed in blue) of (A) moderate rejection (cellular rejection grade A3) and (B) severe rejection in left lung graft (cellular rejection grade A4); (C) cellular rejection grade of left lung graft; (D) collagen deposition in left lung graft measured by QuPath.Three surviving recipients in each group were excluded due to complete consolidation of the left lung graft observed by microCT on POD 3 and were replaced by no-consolidated mice. No animals reached criteria for euthanasia during the 35-day follow-up period.
On POD 7, microCT scans (n = 6, Figure 4A) revealed complete graft consolidation in 33.3% of mice in the control group, whereas 100% of mice in the DSBT group showed well lung aeration (P = 0.455). By POD 14, the proportion of functional grafts remained higher in the DSBT group compared with the control group (83.3% vs. 50%, P = 0.546). On POD 35, 50% of the left lung grafts remained functional in both groups (Figure 4B, Kaplan-Meier curve P = 0.489).
Total left lung volume (TLV) is presented as side-by-side stacked bars, partitioned into aerated (ALV) and non-aerated (NALV) fractions in longitudinal assessment of microCT on POD 3, 7, 14, and 35 (Figures 4C,D). The DSBT group exhibited a significantly more stable TLV trajectory compared to the decline observed in the control group during the early post-operative phase (Interaction P = 0.024). Notably, at POD 7 and POD 14, DSBT-treated lungs maintained a higher proportion of functional ALV while effectively limiting the expansion of pathological NALV (Interaction P = 0.034).
Histological assessment (n = 6) on POD 35 showed comparable cellular rejection grades [control vs. DSBT: (A3 n = 1, A4 n = 5) vs. (A3 n = 1, A4 n = 5), P = 1.000; Figure 5C] and similar fibrosis scores (collagen deposition, control vs. DSBT: 10.01% vs. 11.91%, P = 0.699; Figure 5D).
Increased Infiltration of Pro-Reparative Monocyte-cDC2 Axis With Concomitant Suppression of Systemic Immune Activation on POD 7
Given that the most pronounced protective effect of DSBT was observed on POD 7, we performed a detailed flow cytometric analysis of lung grafts and recipient spleens (n = 5 per group) to explore the underlying mechanisms. In the DSBT group, the total count of intragraft recipient-derived CD45+ immune cells was significantly higher than in control group (8.08 × 106 vs. 5.82 × 106, P = 0.032, Figure 6A). This increase was primarily driven by a robust expansion of CD11b+ Ly6Chi Ly6G− monocytes (2.53 × 105 vs. 1.05 × 105, P = 0.008). Notably, these infiltrating monocytes were predominantly of the pro-reparative CD206+ M2-like subset (13.58 × 104 vs. 3.80 × 104, P = 0.008). Beyond monocyte expansion, we observed a distinct lineage bias in the DSBT group: infiltrating myeloid cells preferentially differentiated into potentially immunoregulatory cDCs, specifically CD11b+ XCR1-cDC2s (3.58 × 105 vs. 1.15 × 105, P = 0.048), rather than pro-inflammatory plasmacytoid dendritic cells (pDCs. Intragraft pDC/cDC ratio:0.008 vs. 0.020, P = 0.008, Figure 6B) [14]. Furthermore, the DSBT group exhibited a markedly lower neutrophil-to-monocyte ratio (NMR, 0.618 vs. 2.354, P = 0.008), suggesting a shifted inflammatory milieu that favors monocyte-mediated regulation over neutrophil-driven injury. Crucially, despite the increased graft cDC2 infiltration, the ratio of splenic CD4+ T cells-to-graft cDC2s was significantly reduced in the DSBT group (2.198 vs. 5.819, P = 0.032), indicating a functional cDC2-CD4+ T cell decoupling. No significant differences were observed in the absolute counts of other donor- or recipient-derived myeloid or lymphoid cell subsets (Figure 6C, Supplementary Material 2), underscoring the specificity of the DSBT-induced myeloid recalibration.
[image: Panel of grouped box-and-whisker plots compares cell counts and ratios for multiple immune cell types between Control plus LTx (grey) and D-1 DSBT plus LTx (pink) across three sections labeled A, B, and C. Section A features individual cell types such as CD45+, neutrophils, monocytes, macrophages, dendritic cells (cDC1, cDC2, pDC), and lymphocyte subsets (CD4+, CD8+ T cells, NK cells, B cells), with significant differences marked by asterisks. Section B shows ratio comparisons including graft pDC/cDC, graft neutrophil/monocyte, and spleen CD4+/graft cDC2. Section C replicates many cell type comparisons of section A with minimal significant differences. Axes are labeled “Cell Count” or “Ratio,” and significance indicators include ns, *, and **.]FIGURE 6 | DSBT treatment recalibrated the intragraft myeloid landscape and induces functional immune decoupling by POD 7. Flow cytometric analysis was performed on left lung graft and recipient spleen on POD 7 (n = 5). (A) recalibration of the myeloid pool in lung grafts. DSBT treatment significantly expanded the recipient-derived CD11b+ Ly6Chi Ly6G− monocyte population, particularly the pro-reparative CD206+ M2-like subset. Despite this influx, the downstream interstitial macrophage pool remained stable, and increased infiltrating CD11b+ XCR1- cDC2s remain functionally controlled without further upregulation of MHC-II or PD-L1 expression. (B) lineage bias in monocyte differentiation. Within the graft, infiltrating monocytes preferentially shifted toward a potentially immunoregulatory cDC2 fate rather than a pro-inflammatory pDC lineage (decreased pDC/cDC and NMR). (C) systemic immune quiescence in the spleen. The localized accumulation of cDC2s and M2-like monocytes in the graft did not translate into systemic CD4+ or CD8+ T cell activation *P < 0.05, **P < 0.01, ns: no significance. cDC: conventional dendritic cell; pDC: plasmacytoid dendritic cell; LTx: lung transplantation; MFI: mean fluorescent intensity; NK cell: natural killer cell; Treg: regulatory T cell; NMR: neutrophil-to-monocyte ratio.DISCUSSION
In this study, we established a novel preconditioning platform for murine LTx and identified a distinct biphasic immune response induced by DSBT, integrating the foundational DSBT principles of Fabre et al. with the surgical precision of Okazaki’s cuff-technique [15, 16]. Our data demonstrate that DSBT provides a transient period of graft protection characterized by preserved parenchymal aeration and a recalibrated myeloid landscape on POD 7. However, this effect eventually faded out by a rejection flare-up by POD 35. Rather than viewing the late failure merely as a therapeutic limitation, we propose that DSBT acts as a powerful spatiotemporal modulator that converts chaotic acute injury into a predictable “Window of Opportunity for Immunologic Engagement (WOFIE),” a conceptual framework to describe the essential engagement between the host immune system and the allograft required for tolerance induction [17].
From a translational perspective, the primary concern regarding DSBT is the potential induction of Transfusion-Related Acute Lung Injury (TRALI). According to the “two-hit” hypothesis, TRALI requires an initial priming of the host environment (first hit) followed by the activation of neutrophils by transfused components (second hit) [18]. In our model, the absence of evidence of diffuse alveolar damage suggests that DSBT, when administered 24 h prior to surgery, does not incite TRALI-like acute injury. This safety profile is likely attributed to the low-inflammatory threshold at the time of transfusion as prioritized in the Leuven Immunomodulatory Protocol [19, 20]. By bypassing systemic inflammatory priming during the transfusion window, DSBT appears to serve as a safe pre-conditioning intervention that favors homeostatic recalibration over hyperacute sensitization.
The 24-h interval between DSBT and LTx likely orchestrates the homing of DSBT donor cells to secondary lymphoid organs and a systemic recipient myeloid recalibration rooted in the concept of “trained immunity” [21]. As the primary biological filter for intravenous cargo, the spleen likely serves as the sensory hub for this process. While we observed quantitative stability in the splenic compartment (Figure 6C), its specialized microenvironment is evolutionarily optimized to process blood-borne antigens and initiate systemic tolerogenic signals. Recent evidence has identified a robust spleen-bone marrow axis. The splenic sensing of peripheral immunomodulation which could be the immunogenic components in DSBT in this study triggers the release of systemic mediators that migrate to the bone marrow to recalibrate hematopoietic stem and progenitor cells (HSPCs) [5, 22, 23]. This process likely biases the bone marrow output toward monocyte-dendritic cell progenitors (MDPs) over the pro-inflammatory granulocyte-monocyte progenitor (GMP) lineage [24, 25].
In contrast to the pro-inflammatory role of GMP-derived neutrophils inducing acute lung injury, MDP-derived cells appear predisposed toward a reparative and homeostatic phenotype following DSBT. This systemic recalibration manifests at POD 7 as a robust expansion of recipient-derived CD11b+ Ly6Chi CD206+ M2-like monocytes (P = 0.008) and CD11b+ XCR1- cDC2s (P = 0.048), coupled with a significant reduction in the intragraft NMR (P = 0.008). Consistent with the findings of Menezes et al., who demonstrated that the intrinsic heterogeneity of Ly6Chi monocytes dictates their developmental fate toward either dendritic cells or macrophages [26], our data suggest that DSBT effectively “primes” the monocyte pool toward a cDC2-lineage bias. This deliberate expansion of the pro-reparative monocyte pool, coupled with the numerical stability of mature macrophage populations (P = 0.548), suggests that DSBT does not merely suppress inflammation, but rather re-engineers the graft’s cellular architecture. Building on the “niche occupancy” theory, we propose that these primed monocytes, rapidly recruited via the instantaneously re-established vascular inflow, likely compete with neutrophils for limited interstitial niches [27]. By effectively “out-crowding” pro-inflammatory effectors, this expanded monocyte pool fosters a transiently quiescent, tissue-reparative microenvironment.
We hypothesize that these cells may exist in a functionally quiescent or immature state. This is underscored by the striking numerical homeostasis of the intragraft mature M2 macrophage population (P = 0.691), the significant expansion or stochastic surges of which is typically associated with clinical rejection [28, 29]. While the stable level of MHC-II and PD-L1 on surface of cDC2s suggests that cDC2 could maintain tissue stability through a “low-signal” phenotype [30], literature further indicates that downregulated costimulatory molecules (e.g., CD40, CD80, and CD86) or reduced CCR7 expression typically restricts cDC2 migration and limits “Signal 2” to T cells [31, 32]. Furthermore, specific subpopulation (such as IFNAR1hi TNFR2+ cDC2s, iR2D2) are known to be potent sources of IL-10 and IFN-β, which can foster pulmonary homeostasis by inducing regulatory T cells (Tregs), modulating T-helper cell polarization, or mediating antigen-specific T-cell hyporesponsiveness [8, 33]. Within our WOFIE framework, the expansion of this phenotypically stable high-volume cDC2 pool and the arrested differentiation of M2-like monocytes into mature macrophages likely functions as a “local buffer” that prevents early inflammatory signals from escalating into adaptive rejection on POD 7, effectively buying time before the subsequent lymphatic reconnection.
While pulmonary vasculature is restored immediately during surgery, the transection of lymphatic vessels creates a temporary state of “spatial immune decoupling” by precluding the migration of activated APCs to mediastinal draining lymph nodes (dLNs). This anatomical barrier initially favors the DSBT effect because donor antigens in DSBT circulate hematogenously prior to surgery, they preferentially home to the spleen and dLNs [34]. It establishes a regulatory baseline through sub-clinical desensitization. Following LTx, the paralysis of lymphatic efflux reinforces this protection by physically trapping mature APCs within the graft and preventing them from cascade amplifying immune response in dLNs. However, as lymphangiogenesis typically restores connections by POD 14, a “dual anatomical-molecular floodgate” is opened [35, 36]. The synergy of physical reconnection and the molecular upregulation of CCR7 on the backlog of intragraft APCs triggers a synchronized surge into the dLNs. This concentrated influx eventually overwhelms the DSBT-mediated desensitization, leading to the fulminant adaptive response observed on POD 35.
The uniqueness of the lung’s immunological trajectory becomes particularly evident when evaluated against the homeostatic frameworks of other solid organs. Unlike the liver, which possesses an intrinsic filtration and tolerogenic system via Kupffer cells and LSECs rich in immunoregulatory cytokines like IL-10 and TGF-β [37, 38], or the intestine, which utilizes localized gut-associated lymphoid tissue (GALT) networks for in situ regulation [39], the lung relies heavily on extrinsic regulation via dLNs [40, 41]. This underscores why the reconnection of lymphatic vessels abruptly shut WOFIE in the lung unlike successful experience in the liver or intestine transplant. Furthermore, the decay of protection on POD 35 may reflect the rapid turnover kinetics of the systemic myeloid reservoir, where the initial DSBT-conditioned regulatory niche is eventually replaced by a secondary wave of recipient monocytes derived from de novo hematopoiesis, primed by persistent graft inflammatory signals.
Several limitations warrant consideration. First, the small sample size (n = 5–6) reflects the inherent technical complexity of the murine orthotopic LTx model. Second, while the 24-h preconditioning window presents logistical challenges, it remains manageable via hypothermic preservation strategy [42]. Third, future lineage-tracing and intravital microscopy are needed to definitively confirm the MDP origin and migration kinetics of the observed cDC2s. Furthermore, experiments involving a third-party (non-donor) mouse strain are necessary to confirm whether the observed protective effect is strictly donor-specific. Finally, the failure to induce permanent tolerance—as achieved in other organ models—highlights the need for further optimization of DSBT parameters (e.g., timing, adjunct immunosuppression, and duration) specifically tailored to the lung’s unique immunological environment.
In summary, our findings represent the first successful establishment of a DSBT preconditioning protocol in a murine orthotopic LTx model. We demonstrate that this strategy safely and effectively induces a transfusion-related early protective effect, characterized by preserved graft function and a recalibrated myeloid landscape during the critical first postoperative week. Our hypothesis-generating work establishes a critical baseline for the refinement of DSBT protocols, aiming to achieve sustained graft protection and minimize the requirement for long-term immunosuppression. The predictable nature of this 7-day temporal window provides a foundational platform and a novel translational framework for managing the high immunogenic hurdles inherent to clinical LTx.
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SUPPLEMENTARY FIGURE S1 | Gating strategy for flow cytometric analysis of immune cells in the left lung graft and recipient spleen on POD7 after lung transplantation (n=5). Donor- or recipient-derived cells were separated via MHC-I (H2Kd/H2Kb) on cell surface. Because the alveolar macrophage is only in the lung graft, the gate of lung interstitial macrophage is the same for all macrophages in the spleen. cDC: conventional dendritic cell; pDC: plasmacytoid dendritic cell; ILC: innate lymphoid cell; LTx: lung transplantation; MHC: major histocompatibility complex; NK: natural killer cell; Treg: regulatory T cell.
SUPPLEMENTARY FIGURE S2 | Flow cytometric analysis of donor-derived cells in left lung graft and recipient spleen on POD7 after lung transplantation (n=5). No significant deviation between the control and DSBT group was observed by POD 7. Donor-derived immune cells in the (A) left lung graft and (B) spleen. *Donor- or recipient-derived alveolar macrophages are excluded from the study because these cells are autofluorescent, which were gated before separating circulating/tissue cells and BALB/c/C57BL/6N); **Cell population for median absolute count <50 is excluded from the study due to interference from the background noise. cDC: conventional dendritic cell; pDC: plasmacytoid dendritic cell; LTx: lung transplantation; Treg: regulatory T cell.
FOOTNOTES
Abbreviations:ALV, aerated lung volume; APC, antigen-presenting cell; CCR7, C-C chemokine receptor type 7; CT, computed tomography scan; DSBT, donor-specific blood transfusion; GMP, granulocyte-monocyte progenitor; H&E, hematoxylin and eosin staining; HSPC, hematopoietic stem and progenitor cell; IL-10, interleukin-10; ILC, innate lymphoid cell; INF-β, interferon beta; ISHLT, International Society for Heart and Lung Transplantation; LTx, lung transplantation; MDP, monocyte-dendritic cell progenitor; MFI, mean fluorescent intensity; MHC, major histocompatibility complex; NALV, non-aerated lung volume; NMR, neutrophil-to-monocyte ratio; PFA, paraformaldehyde; POD, post-operative day; TGF-β, transforming growth factor beta; TRALI, transfusion-related acute lung injury; Treg, regulatory T cell; TLV, total lung volume; WOFIE, window of opportunity for immunologic engagement; cDC, conventional dendritic cell; dLN, mediastinal draining lymph node; pDC, plasmacytoid dendritic cell.
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This study evaluates changes in cellular immunity components, from chronic kidney disease stage V (CKD-V) to long-term transplantation (lKTx). We applied flow cytometry to determine total, CD4+, CD8+, CD28− T-lymphocytes, Natural killer cells (NK) and regulatory T-lymphocytes (Tregs), in peripheral blood of 56 patients with CKD-V, 207 patients on hemodialysis (HD), 149 recently transplanted (rKTx), 26 lKTx patients and 49 healthy volunteers as a control group (CG). Lymphocyte proportion decreased in CKD vs. CG [20.2 (14.4–25.8) vs. 29.7 (24.4–38.1)%, p < 0.001] without further deterioration in HD [19.9 (15.3–23.7)%, p = 0.83 vs. CKD-V] and increased in rKTx [24.7 (20–32.6)%, p < 0.001 vs. HD], and lKTx [25.5 (21.9–35)%, p = 0.16 vs. CG]. Similar kinetics were observed in CD4+ subpopulations, however CD8+ T-cells gradually increased from CG to lKTx. NK remained stable in CKD-V and HD, reduced in rKTx, and marginally increased in lKTx. Tregs gradually declined until HD and suboptimally improved with transplantation. CD28− subpopulations largely increased in lKTx, compared with HD [CD4+CD28−: 12.6 (4.7–27.6) vs. 6 (2.1–13.2)%, p = 0.006, CD8+CD28−: 68.4 (54.4–90.3) vs. 45.5 (28.4–58.9)%, p < 0.001], independently of age for CD8+CD28− (p = 0.33). Cellular immunity subpopulations show significant changes in the spectrum of CKD, with transplantation restoring total lymphocytes and CD4+ T-cells, but not Tregs and NK. LKTx was associated with a large increase in CD28− subpopulations.
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INTRODUCTION
Chronic kidney disease (CKD) is characterized by phenotypic and functional alterations of cellular elements of immune system, leading to relative immunodeficiency in these patients. This is clinically expressed as increased susceptibility in infections, decreased response to vaccination, as well as increased risk for neoplasia, potentially due to altered immune surveillance [1–3]. As a result, patients in hemodialysis (HD) have a greater mortality rate, with life expectancy being as low as 25%–30% compared to healthy individuals of the same age [1].
CKD has an impact on all cellular populations of acquired immunity, with T cells being the most well studied. One main alteration is the loss of CD28 expression on their surface [4]. CD28 is a transmembrane protein that provides the second signal in the immune synapse between T cell and antigen-presenting cell and thus is indispensable for T cell activation [5]. Failure of CD28 to bind to its ligands CD80 and CD86, during T cell receptor recognition of antigen presented on HLA molecule, leads to impaired of T cell activation and anergy [6]. Moreover, other lymphocytic populations such as regulatory T cells (Tregs) and natural killers (NK) have been described to be altered in CKD patients [7].
The substitution of kidney function with kidney transplantation improves immune function, potentially partially restoring the above-described cellular alterations. However, these alterations have not been adequately described in the whole cohort of CKD (pre-HD, HD, short- and long-term kidney transplantation). The purpose of the present study was to evaluate changes in cellular immunity elements from non-dialysis stage V CKD to long lasting kidney transplantation.
PATIENTS AND METHODS
Study Design
This is an observational study conducted in the First Department of Nephrology of Aristotle University of Thessaloniki, in collaboration with the Department of Immunology, National Histocompatibility Center, of General Hospital of Thessaloniki “Hippokration”, from June 2021 to June 2024. Four groups of patients were included in the study; patients with CKD stage V not yet in dialysis (estimated glomerular filtration rate - eGFR: <15 mL/min/1.73 m2) – CKD-V group; patients in chronic maintenance hemodialysis for at least 1 year – HD group; recently transplanted patients (1 year since kidney transplantation) – rKTx group; long transplanted patients (>17 years since kidney transplantation) – lKTx group. The cut-off of 17 years was the average predicted 3rd quantile of living and deceased donors graft survival in years, as reported in a large study published in 2021 [8]. All transplanted patients had received an ABO and HLA compatible graft, with no detectable anti-HLA antibodies against donor’s HLA molecules.
Demographic, clinical and laboratory characteristics, medication, and also, hemodialysis prescription data (for those on HD), were recorded on the day of enrollment. For all patients IgG antibodies levels against cytomegalovirus were measured. Patients eligible for the study were Caucasians, adults, with a minimum of 12-month follow-up in our department. All patients should be in stable treatment for the last 3 months, with well controlled hypeparathyroidism and anemia. Patients undergoing hemodialysis were on a chronic maintenance thrice a week program with Kt/V >1.2, with satisfactory regulation of biochemical parameters, according to international guidelines. For rKTx and lKTx patients, eGFR should be >30 mL/min/1.73 m2 calculated using the equation CKD-EPI 2021 for creatinine. Patients were excluded in case of a recent infection or vaccination (<3 months), active malignancy, autoimmune, or hematologic disorder (<5 years), or prior immunosuppressive therapy within the past year (excluding steroids, MMF, and cyclosporine or tacrolimus for transplant patients). Moreover, we excluded transplanted patients receiving agents other than those mentioned in the following section, such as everolimus or belatacept, or patients on a corticosteroid sparing scheme. Forty-nine age- and sex-matched healthy volunteers were used as a control group (CG). In all patient groups and the CG, we assessed immune phenotype with flow cytometry in peripheral blood samples, as described in the relevant section.
Treatment Protocols
All transplanted patients had received standardized immunosuppressive treatment according to the Transplant Clinic protocol. Induction therapy consisted of basiliximab or anti-thymocyte globulin (ATG), according to the following. The standard induction regimen consisted of two doses of basiliximab 20 mg (administered 60 min before and on day 4 post-transplant) and two doses of methylprednisolone 500 mg, 12 and 1 h before transplantation. Patients in medium immunological risk, for example patients with history of donor specific antibodies (DSA) positivity, high expected cold ischemia time or marginal donor, received induction therapy with 1.5 mg/kg ATG for 4 days to a total dose of 6 mg/kg. Maintenance therapy included methylprednisolone (125 mg intravenously on day one and then 16 mg orally until day 14, with a gradual tapering until day 42), tacrolimus (plasma levels 6–8 ng/mL for the first year), and mycophenolate mofetil (2 g per day until day 14 and then 1 g daily). Patients with T-cell mediated rejection episodes received ATG, whereas patients with antibody mediated rejection episodes received corticosteroids and/or plasma exchange, depending on the indication.
All study participants signed an informed consent prior to enrollment. The study was conducted in accordance with the Declaration of Helsinki and was approved by the Bioethics Committee of the Aristotle University of Thessaloniki (no. 2348/24-11-2019)
Flow Cytometry
Immune phenotype examination was performed with flow cytometry on whole blood samples collected in K2EDTA tubes, within a short period after collection and in any case in no more than 12 h. Analysis was performed on a Navios EX Flow Cytometer (Beckman Coulter), according to the manufacturer’s instructions, using the following conjugated antibodies: CD45 PC7 (Clone J33), CD3 FITC (Clone UCHT1), CD16-CD56 PE [CD16: Clone 3G8, CD56: Clone N901(NKH-1)], CD4 APC (Clone 13B8.2), CD8 PC5.5 (Clone B9.11), CD4 FITC (Clone SFCI12T4D11), CD25 PC5 (Clone B1.49.9), and FOXP3 PE (Clone 259D, intracellular staining). Percentages of CD4+ (CD3+CD4+), CD8+ (CD3+CD8+), regulatory (CD4+CD25+FOXP3+) T lymphocytes as well as NK cells (CD3−CD16+CD56+) and CD28− (CD4+CD28− and CD8+CD8−) T cells were determined. The total lymphocyte count was also determined from a blood count in the same sample. Gating strategy is shown in Figure 1 and was manually adjusted in each case.
[image: Flow cytometry gating strategy diagram showing sequential dot plots used to identify and quantify lymphocyte subsets, including singlets, lymphocytes, NK cells, CD3+CD4+ T cells, CD3+CD8+ T cells, normal T-regs, and subpopulations based on CD28 and CD8 expression, with labeled gating regions and directional arrows indicating analysis pathways.]FIGURE 1 | Gating strategy.Singlets discrimination was performed with plotting forward scatter integral (FS-INT) versus forward scatter Time of Flight (FS-TOF). Events deviating from the singlet line were considered cell aggregates and discarded from analysis. Compensation settings were determined before experimental analysis, by using single stained control samples. One sample for each conjugated antibody was analyzed separately to measure the spectral overlap of each fluorochrome’s emission into other detectors and mathematical compensation was applied and adjusted manually to correct the spillover. No viability check was needed, as the analysis was performed in fresh blood samples.
Statistical Analysis
Statistical analysis was performed with Statistical Package for the Social Sciences (SPSS) for Windows, version 25 (IBM, NY, United States). Continuous variables are presented as median (25th – 75th percentile). Quantitative variables were compared with Mann-Whitney U-test between two groups, or with Kruskal-Wallis H-test among multiple groups. The χ2 test was used to compare differences in non-quantitative variables between two groups. Correlation between two continuous variables was assessed using the Spearman test. The result was considered significant when R was greater than the critical value for the degrees of freedom. Linear univariate regression was used to predict simple models after logarithmic transformation of the data, and linear multivariate analysis was applied to find independent factors associated with a variable. Statistical significance was considered at a p value of <0.05. Finally, in cases of comparison of more than two different populations, the Bonferroni correction was applied.
Given the use of non-parametric tests between CG, HD and lKTx patients and for a significance level of 0.005 (after Bonferroni correction) with 80% power, the expected effect size for the variable “CD8+CD28− T cells percentage” was estimated based on a previous similar study [9], corresponding to a moderate effect (Cohen’s d ≈ 0.48, corresponding to r ≈ 0.23). Based on this effect size, the adequate sample size for the lKTx group was calculated to N = 121 patients. Due to practical limitations, the sample size for lKTx patients (N = 26) in this study is smaller than the calculated one. Accordingly, the findings of the present study referring to the lKTx group should be interpreted with caution and considered exploratory.
RESULTS
Patients’ Demographics
In total, 438 patients were included in the study, aged 54 (42–62) years. Out of them 56 were patients with CKD-V, 207 patients on HD for at least 1 year, 149 rKTx patients (1 year post-transplantation), and 26 lKTx patients (>17 years post-transplantation). The sex and median age of the patients did not differ among groups [58 (39–69) years for CKD-V, 55 (43–62) years for HD, 51 (41–57) years for rKTx and 58 (45–66) years for lKTx patients, p = 0.788] The control group included 49 healthy individuals aged 53 (39–64) years. Patients’ demographics are demonstrated in Table 1. In the rKTx group, 22 patients had received ATG as an induction treatment, as described above. Moreover, seven patients had a rejection episode during the first year, 5 out of which had biopsy-proven T cell mediated rejection and received ATG for treatment. All these patients had received ATG for induction. The rest two patients had antibody mediated rejection and were treated with plasma exchange, corticosteroids and intravenous immunoglobulin. In the lKTx group, one patient had a T cell mediated rejection episode and he was treated with ATG both for induction and rejection. Another one patient had an antibody mediated rejection and was also treated with corticosteroids and plasma exchange. Moreover, in the same group, two patients were not on calcineurin inhibitors at the time of flow cytometry analysis, for three and 5 years, because of chronic toxicity. Moreover, three of the patients in the rKTx cohort had a PCR proven CMV reactivation. All of these patients were already CMV seropositive at transplantation.
TABLE 1 | Patients’ demographics.	Patients’ characteristics	CKD-V	HD	rKTx	lKTx
	Patients	Ν	56	207	149	26
	Median age, years	58 (39–69)	55 (43–62)	51 (41–57)	58 (45–66)
	Sex, male/female	32/24	123/84	99/50	12/14
	Cause of CKD
	Primary glomerulonephritis	11	49	42	11
	Hypertension	16	33	26	5
	Diabetes mellitus	16	28	11	3
	Polycystic kidney disease	5	21	27	4
	Obstructive nephropathy	0	14	18	1
	Other	0	12	11	0
	Unknown	8	50	14	2
	Treatment modality
	Online hemodiafiltration	​	54	​	​
	Median dialysis vintage	​	84 (19–126)	84 (24–126)	30 (16–65)
	Comorbidities
	Hypertension	50	143	115	24
	Cardiovascular disease	11	54	45	18
	Diabetes mellitus	16	30	27	7
	Dyslipidemia	21	77	64	20
	History of kidney transplantation (%)	-	35	-	-
	ATG treatment, N (%)	​	​	22 (14.7)	5 (19.2)
	Preemptive Ktx	​	​	12	3
	Live donor	​	​	44	16
	Delayed graft function	​	​	22	2
	Rejection episode	​	​	7	2
	Retransplantation (%)	​	​	13 (8.7)	4 (15.3)
	Pre-transplantation anti-HLA sensitization (PRA >5%)	​	​	56	11


Continuous variables are reported as median (25th – 75th percentile), CKD-V: chronic kidney disease stage V, HD: hemodialysis, rKTx: recent kidney transplantation, lKTx: long-term kidney transplantation.
Differences in Lymphocytic Subpopulations Among Patients
Table 2 shows the differences of lymphocytic cell subsets in patients’ groups, compared to the CG. In the following comparisons of lymphocyte subpopulations, the level of statistical significance was set at p < 0.005, after Bonferroni correction. Total lymphocyte percentage was reduced in patients with CKD-V compared to CG, 20.2 (14.4–25.8) vs. 29.7 (24.4–38.1)%, respectively, p < 0.001, without further substantial deterioration after dialysis initiation [19.9 (15.3–23.7)% in HD, p = 0.83 compared to CKD-V]. Kidney transplantation resulted in an early increase in total lymphocyte percentage during the first year, 24.7 (20–32.6) vs. 19.9 (15.3–23.7)% in rKTx and HD respectively, p < 0.001, with no increase lKTx 25.5 (21.9–35)%, p = 0.27 compared to rKTx and p = 0.16 compared to CG (Table 2). Similar kinetics were observed in CD4+ subpopulation proportion (Figure 2A), however, with CD8+ T lymphocytes percentage presenting a gradual upward tendency which was significant in the rKTx group compared to CG, CKD-V and HD [29.6 (24.3–38.3) in rKTx vs. 21.9 (17.1–31.1)% in CG, p < 0.001, vs. 23.3 (20.1–31.9)% in CKD-V p < 0.001, vs. 24.8 (19.1–30.6)% in HD, p < 0.001, (Figure 2B). Similar kinetics were observed in the total counts of total lymphocytes and CD4+ T cells, whereas the total count of CD8+ T cells was reduced in HD in comparison to HC and peaked in the lKTx group (Supplementary Table S1; Supplementary Figure S1).
TABLE 2 | Differences in proportions of lymphocytic subpopulations among healthy controls and patient groups of different stage of chronic kidney disease.	Cell population, %	CG	CKD-V	KD	rKTx	lKTx	p
	​	Ν = 49	Ν = 56	Ν = 207	Ν = 149	Ν = 26	​
	Total lymphocytes	29.7 (24.4–38.1)	20.2 (14.4–25.8)a	19.9 (15.3–23.7)a	24.7 (20–32.6)a,b,c	25.5 (21.9–35)b,c	<0.001
	CD4+	50.6 (45.1–55.1)	48.1 (38.7–52.8)	43.2 (37.4–52.1)a	45.3 (38.1–53.8)	53.1 (43.1–59)c	<0.001
	CD8+	21.9 (17.1–31.1)	23.3 (20.1–31.9)	24.8 (19.1–30.6)	29.6 (24.3–38.3)a,b,c	27.3 (24.7–34.4)	<0.001
	NK	10.9 (9.4–15.8)	12.2 (9.9–19.8)	17.6 (11.8–24.3)	8.9 (5.6–14.7)c	9.5 (5.1–14.3)c	<0.001
	Tregs	5.9 (4.4–7.4)	6 (3.7–7.9)	4.4 (2.9–5.9)a,b	4.2 (3.2–5.3)a,b	2.8 (1.7–3.7)a,b,c,d	<0.001
	CD4+CD28−	3.5 (1.4–6,8)	3.8 (1–11.9)	6 (2.1–13.2)a	4.6 (1.5–11.1)	12.6 (4.7–27.6)a,b,c,d	<0.001
	CD8+CD28−	38 (24.4–49.8)	49.3 (24.2–63.7)a	45.5 (28.4–58.9)a	39.1 (26.7–59.9)	68.4 (54.4–90.3)a,b,c,d	<0.001


CG: control group, CKD-V: chronic kidney disease stage V, HD: hemodialysis, rKTx: recent kidney transplantation, lKTx: long-term kidney transplantation.
a Statistical significance from CG.
b Statistical significance from CKD-V.
c Statistical significance from HD.
d Statistical significance from rKTx. For the above comparisons statistical significance level has been set to <0.005 after Bonferroni correction.
[image: Two violin plots compare the percentages of T lymphocyte subpopulations across five patient groups: CG, CKD-V, HD, rKTx, and IKTx, with group colors indicated in a legend. Panel A shows CD4+ T lymphocytes percentages, and Panel B shows CD8+ T lymphocytes percentages. Boxplots within violins display data distributions, with statistical significance indicated above each group comparison.]FIGURE 2 | (A) CD4+ and (B) CD8+ T cell proportion kinetics in different CKD stages. CG: control group, CKD-V: chronic kidney disease stage V, HD: hemodialysis, rKTx: recent kidney transplantation, lKTx: long-term kidney transplantation. The arrows indicate groups with statistically significant differences between the examined parameters, after Bonferronni correction.HD patients presented a significant increase of NK proportion compared to CG [17.6 (11.8–24.3) vs. 10.9 (9.4–15.8)% respectively, p = 0.009]. In the rKTx group, NK were found to have significantly decreased in comparison to HD [8.9 (5.6–14.9) vs. 17.6 (11.8–24.3)%, p < 0.001], without difference from CG (p = 0.07) and lKTX patients (p = 0.70) (Figure 3A). The count of NK cells was found to reach a nadir in the group of rKTx, but the fluctuations were not significant after Bonferroni correction (Supplementary Table S1; Supplementary Figure S2).
[image: Violin plots compare proportions of natural killer cells (panel A) and regulatory T lymphocytes (panel B) among five patient groups: CG, CKD-V, HD, rKTx, and IKTx. Statistically significant differences are indicated with p-values above plots.]FIGURE 3 | (A) Νatural killer cells and (B) regulatory T cell proportion kinetics in different CKD stages. CG: control group, CKD-V: chronic kidney disease stage V, HD: hemodialysis, rKTx: recent kidney transplantation, lKTx: long-term kidney transplantation. The arrows indicate groups with statistically significant differences between the examined parameters, after Bonferronni correction.Treg percentage was found to be within normal range in CKD-V patients [6 (3.7–7.9) vs. 5.9 (4.4–7.4)%, for CKD-V and CG, respectively, p = 0.76] but showed a decline after HD initiation, 4.4 (2.9–5.9)%, p < 0.001 compared to CKD-V. One year after kidney transplantation, Treg percentage remained stable [4.2 (3.2–5.3)%, p = 0.30, in comparison to HD, but a further decline was observed in long-term transplantation 2.8 (1.7–3.7)%, p < 0.001 in comparison to rKTx (Figure 3B). The Treg count decreased gradually from CG to HD, following the total lymphocyte decrease. However, a slight but significant increase was observed in Treg count after transplantation, despite the drop in their proportion (Supplementary Table S1; Supplementary Figure S2).
The percentage of CD28− T cell subpopulations increased in HD patients compared to CG, with CD8+CD28− increasing already before dialysis initiation, in the latest stages of CKD-V, 38 (24.4–49.8), 49.3 (24.2–63.7) and 45.5 (28.4–58.9)% for CG, CKD-V and HD respectively, p = 0.049 for CKD-V vs. CG and p = 0.026, for HD vs. CG. In the CD4+CD28− subpopulation, the increase was observed only after HD initiation, 3.5 (1.4–6.8), 3.8 (1–11.9) and 6 (2.1–13.2)%, for CG, CKD-V and HD respectively, p = 0.64 for CKD-V vs. CG and p = 0.02 for CKD-V vs. HD. However, the above changes were not significant after Bonferonni correction. Kidney transplantation resulted in restoration of CD4+CD28− and CD8+CD28− to normal levels already from the first year after transplantation. However, in the group of long-term transplanted patients, an increase in both CD28- subpopulations was observed to levels considerably higher even than from those of HD patients, CD4+CD28-: 12.6 (4.7–27.6) vs. 6 (2.1–13.2)%, for lKTx and HD respectively, p = 0.006, CD8+CD28-: 68.4 (54.4–90.3) vs. 45.5 (28.4–58.9)% for lKTx and HD respectively, p < 0.001 (Figure 4). The steep increase of CD28− T cell subsets in lKTx patients was also significant when total cell counts were examined (Supplementary Table S1).
[image: Two violin plots labeled A and B compare distributions of CD4+CD28- T cells (%) and CD8+CD28- T cells (%) respectively among five patient groups: healthy controls (HC), chronic kidney disease (CKD-V), hemodialysis (HD), recent kidney transplant (rKTx), and long-term kidney transplant (lKTx). Significant p-values (p<0.001, p=0.001, p=0.006) are shown for group comparisons above each plot.]FIGURE 4 | (A) CD4+CD28− and (B) CD8+CD28− T cell proportion kinetics in different CKD stages. CG: control group, CKD-V: chronic kidney disease stage V, HD: hemodialysis, rKTx: recent kidney transplantation, lKTx: long-term kidney transplantation. The arrows indicate groups with statistically significant differences between the examined parameters, after Bonferronni correction.Patients Sex, Age, Previous CMV Infection and Renal Function Were the Main Parameters Associated With the Immune Phenotype
Immune phenotype differed significantly between male and female patients in the HD group. Women had an increased total lymphocyte proportion in comparison to men [21.4 (17.5–25.9) vs. 18.1 (14.6–22.4)%, p < 0.001] which was due to increased CD4+ T cell proportion [46.5 (38.1–53.8) vs. 42.3 (36–49)%, p = 0.038], but not CD8+ T cells [24.3 (20.3–29.2) vs. 25.3 (18.1–31.6)%, p = 0.99)]. Moreover, NK were decreased in women on HD [14.5 (10.3–20.7) vs. 19.3 (14.4–26.6)%, p < 0.001], with no differences in the rest of analyzed cell subsets. Sex remained significant after inclusion of age and CMV status in a multivariate model only for total lymphocytes percentage (95% CI: 0.025–0.321, p = 0.023) and NK (95% CI: -0.587 – -0.071, p = 0.013) but not for CD4+ T cells percentage (95% CI: -0.034 – 0.182, p = 0.178). In comparison, in the CG, only CD4+ T cell proportion differed between male and female patients [46.2 (39.2–53.6) vs. 43.9 (37.5–47.9)% for females and males respectively, p = 0.028].
Patients’ age was a significant predictor of the percentage of CD8+CD28− T cells in all patient groups studied, as well as in healthy volunteers, except for the lKTx group (Figure 5). The linear regression data are shown in Table 3. In kidney transplant patients, both rKTx and lKTx, age was an independent predictor of the percentage of CD4+CD28− T cells (Table 3). In the rKTx group, age was an independent predictor for several T cell populations, such as total lymphocytes percentage (r = −0.31, R2 = 0.097, 95% CI: −0.275 – −0.088, p < 0.001), NK percentage (r = 0.26, R2 = 0.071, 95% CI: 0.066–0.276, p = 0.002) CD4+ T lymphocytes count (r = −0.4, R2 = 0.16, 95% CI: −15.34 – −6.92, p < 0.001) and Tregs count (r = −0.31, R2 = 0.09, 95% CI: −0.685 – −0.216, p < 0.001). In the lKTx group, NK proportion depended also on the age (r = 0.49, R2 = 0.21, 95% CI: 0.073–0.643, p = 0.016).
[image: Five scatterplots labeled A to E display the percentage of CD8+CD28- T lymphocytes versus age in years, each with individual data points, best fit lines, and R squared values indicating linear trend strength.]FIGURE 5 | Correlation of CD8+CD28− T cell proportion with age in different CKD stages. (A) control group, (B) chronic kidney disease stage V, (C) hemodialysis, (D) recent kidney transplantation, (E) long-term kidney transplantation.TABLE 3 | Uni- and multivariate linear regression for predictions of CD4+CD28− and CD8+CD28− T cell percentage, based on age, in patient groups of different stages of chronic kidney disease.	Patient group	Univariate linear regression	Multivariate linear regression
	B	R2	95% CI	p	B	95% CI	p
	CD4+CD28−	​	​	​	​	​	​	​
	CG	0.04	0.002	−0.018 – 0.024	0.791	–	–	–
	CKD-V	0.31	0.1	0.002–0.048	0.036	0.56	−0.003 – 0.091	0.058
	HD	0.09	0.008	−0.006 – 0.024	0.226	–	–	–
	rKTx	0.30	0.09	0.015–0.046	<0.001	0.25	0.005–0.046	0.014
	lKTx	0.47	0.22	0.009–0.083	0.018	0.48	0.007–0.085	0.024
	​	​	​	​	​	​	​	​
	CD8+CD28−	​	​	​	​	​	​	​
	CG	0.33	0.11	0.002–0.02	0.02	–	–	–
	CKD-V	0.48	0.23	0.009–0.029	0.001	0.68	−0.029 – 0.083	0.22
	HD	0.37	0.14	0.01–0.02	<0.001	0.32	0.004–0.022	0.005
	rKTx	0.33	0.11	0.008–0.022	<0.001	0.30	0.005–0.023	0.004
	lKTx	0.04	0.002	−0.017 – 0.14	0.839	–	–	–


CG: control group, CKD-V: chronic kidney disease stage V, HD: hemodialysis, rKTx: recent kidney transplantation, lKTx: long-term kidney transplantation. In the multivariate linear regression models anti-CMV antibodies titres and eGFR were included.
Anti-CMV IgG antibodies levels could predict the percentage of CD4+CD28− and CD8+CD28− T lymphocytes in HD patients, (r = 0.29, R2 = 0.08, 95% CI: 0.001–0.007, p = 0.011 and r = 0.28, R2 = 0.08, 95% CI: 0.000–0.03, p = 0.015 respectively). However, in multivariate regression including age, the antibody levels did not remain statistically significant for the prediction of CD8+CD28− T lymphocytes and age remained the only independent factor. Correlation of anti-CMV IgG antibody levels with the percentage of CD4+CD28− T lymphocytes, (r = 0.31, R2 = 0.1, 95% CI: 0.002–0.007, p = 0.002) was also observed in rKTx patients but not in the lKTx group (r = 0.071, R2 = 0.1, 95% CI: -0.002 – 0.029, p = 0.072). In multivariate analysis, both antibody levels and age remained independent factors for the percentage of CD4+CD28− T lymphocytes. Finally, eGFR was not a predictor of the percentage of CD28− T lymphocytes in either of the groups of transplanted patients.
Dialysis vintage (DV) was associated negatively to the total lymphocytes proportion in HD patients (r = −0.18, R2 = 0.035, 95% CI: -0.002 – 0.000, p = 0.016), affecting mainly CD4+ T cells (r = −0.22, R2 = 0.052, 95% CI: −0.002 – 0.000, p = 0.003), but not CD8+ T cells (r = 0.06, R2 = 0.004, 95% CI: −0.001 – 0.001, p = 0.468). NK were positively associated to DV (r = 0.19, R2 = 0.038, 95% CI: 0.000–0.004, p = 0.017), while Tregs decreased as DV increased (r = −0.17, R2 = 0.028, 95% CI: -0.003 – 0.000, p = 0.031). CD4+CD28− T cells proportion was also affected (r = 0.17, R2 = 0.03, 95% CI: 0.000–0.009, p = 0.035), but not CD8+CD28− T cells proportion (r = −0.08, R2 = 0.007, 95% CI: -0.001 – 0.003, p = 0.297). However, in the multivariate models including sex, age and CMV status, DV was significant for none of the analyzed cell subsets. This effect of DV in total lymphocytes and CD4+ T cells was also retained during the first year of transplantation, but was not significant in multivariate analysis or lKTx patients.
Estimated GFR was a predictor of CD4+ and CD8+ T cell proportion (r = 0.21, R2 = 0.045, 95% CI: 0.001–0.005, p = 0.012 and r = 0.17, R2 = 0.029, 95% CI: −0.006 – 0.000, p = 0.043, respectively) and Tregs count (r = 0.21, R2 = 0.047, 95% CI: 0.002–0.012, p = 0.01) in rKTx patients, but this correlation did not remain significant in multivariate analysis including age and anti-CMV antibodies levels.
ATG Treatment Affects Immune Phenotype
History of ATG treatment in the transplant patient groups had impact on phenotype of T cells. In the rKTx groups N = 22 patients had received ATG for induction therapy. These patients had a lower CD4+ T cell proportion in comparison to patients who had not received ATG [36.9 (29.6–45.9) vs. 47.7 (40.2–53.9)% respectively, p = 0.003], as well as more CD8+ T cells [38 (25.9–46.3) vs. 28.9 (24.1–36.8)% respectively, p = 0.037], and more CD8+CD28− T cells [49 (37–69) vs. 37 (24–57)% respectively, p = 0.013] (Supplementary Table S2). However, in the multivariate linear model with age, sex and CMV status as confounding factors, ATG treatment significantly affected only the CD4+ T cell proportion (95% CI: -0.367 – -0.09, p = 0.002), along with age, but neither of CD8+ or CD8+CD28− T cells, and age was a significant factor for CD8+CD28− T cells percentage. In the lKTx group no difference was found in the immune phenotype according to ATG treatment (N = 5 patients had received ATG, data on Supplementary Table S2). In order to increase the generalizability of the study and eliminate the impact of ATG treatment on lymphocytic subsets, we performed the comparisons of the examined subsets among the patients groups, after excluding the ATG treated patients. The kinetics of subpopulations were not substantially altered, as shown in the Supplementary Table S3.
DISCUSSION
In this study, changes in specific lymphocyte subpopulations were examined across the spectrum of CKD, from the pre-end stage to long-term transplantation. One of the main conclusions was that CKD, especially in the end-stage, is associated with lymphopenia and a decrease in CD4+ T lymphocytes, perhaps with a disruption in the ratio between them. Moreover, successful kidney transplantation was found to restore total lymphocyte counts, as well as CD4+ to normal levels especially in the long term, with a gradual increase of CD8+ T lymphocyte proportion, up to the first-year post-transplantation. However, in the setting of lKTx no improvement in CD28− T cell proportion was found, but rather a great increase.
Changes in CD4+ and CD8+ T lymphocyte populations in CKD have been described in several studies, without their findings being consistent [4]. In a study published in 2004, an increase in total lymphocytes and CD4+ T cell counts was described as early as 4 weeks after kidney transplantation [10]. However, the underlying mechanism is not well understood, as data on the recovery of thymic function after transplantation are insufficient [11, 12]. It is worth noting that in another more recent study, it was shown that CD4+ T cell counts were lower compared to patients with CKD or healthy subjects, despite an increase in total T cell counts, 3 years after transplantation [13]. Nonetheless, it is not clear whether this numerical amelioration is accompanied by functional restoration. Chronic exposure to the uremic milieu may deeply affect lymphocytic function, a change that has not been proven to reverse after transplantation. It is interesting that old CD4+ T cells have compromised metabolic pathways due to dysfunctional mitochondria accumulation and are not able to cover their energy demands after activation [14]. Moreover, their capacity to form immunological synapses with antigen-presenting cells is severely reduced [15].
The literature regarding alterations of Tregs after kidney transplantation remains very restricted. One study published in 2019 reports low levels of Tregs in the first 6 months after kidney transplantation, followed by a gradual recovery to near baseline levels during the first year [16]. In addition, the study by Wang et al. reported a further decrease in the number of Tregs after transplantation compared with CKD [13], but these findings were not confirmed by our study. It is likely that increased immunosuppression during the early period after transplantation plays a role in this phenomenon [17].
Reduced levels of Tregs likely have an important clinical role, as they have been associated with an increased risk of acute rejection and chronic graft dysfunction [18, 19]. Decreased proportions of Tregs have been reported in stable kidney graft recipients under immunosuppressive treatment [20]. However, the same study presents differences in the functional state of Tregs, highlighting the role of Foxp3 demethylation in these cells, which may be capable of inducing tolerance in neighboring effector T cells, reducing their reactivity [21]. This ability is impaired by the proinflammatory state in the setting of transplantation, potentially under the effect of interleukin (IL) 6 [21]. IL-6 can be secreted independently of CD28 costimulation, but in T cells, CD28 signaling acts as a major amplifier of IL-6 production [22]. Moreover, experimental inhibition of IL-6 resulted in increase in Tregs frequency and function, and prolonged graft survival [21]. Whether loss of CD28 expression is associated with an improvement in Tregs number and function remains to be clarified, but is supported by our data (Supplementary Figure S3).
Data on NK changes in CKD and after kidney transplantation are even more limited. In a study published in 2016, a low frequency of NK was associated with immune risk phenotype (IRP) in transplant recipients both before and 1 year post-transplantation [23]. Although no specific immune phenotype was associated with opportunistic infection, the latter was more frequent in patients with IRP. The relationship between NK phenotype and IRP in dialysis patients was also reported by Dewolfe et al. The authors associated NK frequence and distinctive phenotypic characteristics of NK with IRP + status in dialysis patients [24]. Moreover, another small study found no difference in NK cell proportions or counts between healthy women and those who had undergone transplantation [25]. Adequate NK function may be of great interest in the context of transplantation. Besides immunosurveillance, NK have been shown to eliminate senescent T cells in vitro and in vivo [26], which secrete pro-inflammatory mediators, resulting in low-level chronic inflammation, associated with tissue dysfunction. It is worth noting that senescent T cells do not originate only from the recipient, but also senescent T cell from the graft may participate to increased inflammatory activity [26].
Despite age being a significant factor affecting T cell subsets in healthy individuals [27], data on the role of age in immune phenotype of CKD patients remain inconclusive [4, 7]. However, it has been reported that after transplantation, only younger individuals were capable of restoring, at least partially, the proportion of naïve T cells [28]. Moreover, expansion of the terminally differentiated T cell subset, expressing CD57 epitope, has been found to elderly kidney transplant recipients 1 year after transplantation and was associated with CMV infection [29]. This “memory expansion” of terminally differentiated cells occurs already during the first year after transplantation, and may not be related to clinical infection or viremia [30]. These cells are deemed senescent as their express several senescence features, among other telomere attrition [4, 29]. Our findings regarding age-dependent acceleration of senescence in recent transplant recipients are not discordant to these previous findings, as expression of CD57 interrelates to loss of CD28 expression, and the resulting cells are considered highly senescent [4, 31]. However, Schaenman et al. found no significant difference in CD28− T cell percentage between young and elder kidney graft recipients [28].
One of the most interesting findings of our study was the prominent increase in CD28− T cell subsets in kidney graft recipients after long-term transplantation, which was found to be independent of age. Similar results were reported in another study, in kidney grafts recipients, at least 4 years post-transplantation [32], with CD8+CD28− T cells expressing innate-like receptors [9]. However, it is unclear whether CD28− T cell subset expansion, due to other reasons, leads to increased graft survival, or transplantation per se results in accumulation of CD28− T cells. We are inclined to believe for the latter mechanism for several reasons. Firstly, CD28− T cell proportion showed a downward tendency during the first year after transplantation, and in any case their proportion did not increase. Secondly, principal mechanism of CD28 loss is the repeated activation of the memory cell, leading to downregulation of transcription factor for CD28 [33], thus we can hypothesize that the longer the antigenic stimulation, the more prominent the CD28 loss [34]. Tolerance to the graft has been associated with the recipient age, with younger recipients having a greater risk to develop de novo Donor Specific Antibodies than elder patients [35]. Moreover, upregulation of CD28 expression in older individuals resulted in acceleration of graft rejection, in experimental animal models [36]. However, in our study, age was not found to be a confounding factor for CD8+CD28− T cells proportion.
Transplant therapy regimen was found to affect immune phenotype in the rKTx group. ATG has been shown to induce apoptosis in CD4+CD28− T cells, a T cell subset known for apoptosis deficits, rather than in CD4+CD28+ T cells, shortly after administration, in a small study published in 2012 [37]. However, levels of this T cell subset did not differ between patients with or without ATG administration, 1 year after transplantation. Of note, it has been postulated that one mechanism of increase of highly differentiated cell subsets, such as CD28−, is the rapid cell proliferation after cell elimination [38]. The same mechanism is also proposed by Lee et al. who associated ATG treatment with decreased CD4+ and increased CD28− T cells, without reporting any correlation with patients’ age. This latter study also suggests severe functional deficits in lymphocytes of ATG treated patients, that may last for up to 1 year after transplantation [39]. Nonetheless, according to our findings, CD28− T cell expansion appears to be independent of treatment regimen in lKtx recipients. Similar results were reported by another study, for CMV responsive memory cells, which is a subset that tends to expand over time [30, 40].
Other immunosuppressive agents, widely used in transplantation, may have impact on CD28− T cell subsets. It has been reported that kidney graft recipients have increased proportions of CD28− T cells, even in the absence of CMV infection [41]. Even though these cells are deemed to be prone in apoptosis, their survival may increase in the presence of IL-6 and 15 [21, 42–44]. Il-15 may also promote CD28 expression loss in vitro [45]. Increased secretion of IL-6 may begin shortly after transplantation due to ischemia-reperfusion injury, innate immune system activation, and alloreactions against class II HLA molecules [21]. Whether the persistence of these reactions for years can lead to CD28− T cell expansion is not clear. Moreover, CD28 signaling is key to IL-2 production, which is reported to be low in KTx patients [41, 46]. Treatment with tacrolimus has been associated with low IL-2 secretion in old CD4+ but not CD8+ T cells [47]. Moreover, cyclosporine A was reported to reduce telomerase activity, in T cell, in vivo [32]. Even though CD28− T cells are characterized by reduced telomerase activity, it is not clear whether cyclosporine A could also decrease CD28 expression.
We acknowledge several limitations in our study. Even though the examined populations were age and sex matched, we could not include comparable number of individuals in each patient group, and as a result some populations, such as lKTx patients, are under-represented. Moreover, this is a single center study and therefore, the generalizability of the results may be limited. The design of the study also reduces reliability of the results, as a longitudinal examination of the same patients at different timepoints would offer a better insight in the immune alterations. Despite the numerical changes in the NK cells found, no data on intensity of CD56 expression were available, as the reagent used was a combined CD16-CD56 antigen. Dim or bright expression of CD56 has been associated with functional differences. Finally, this study did not demonstrate any potential molecular mechanisms leading to these observations, nor associated the findings with clinical characteristics of the patients, such as rejection episodes or opportunistic infections. Especially for the lKTx cohort, CD28− T cell expansion may predispose to cardiovascular and infectious complications [48].
Overall, our results indicate a significant fluctuation of the phenotype of cellular immunity components across the range of CKD. Receiving a kidney graft is capable of restoring some of these alterations shortly after transplantation, however the long-term antigenic stimulation in lKTx patients is associated with senescent T cell subsets expansion.
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Cytomegalovirus (CMV) infection following solid organ transplant (SOT) is associated with increased mortality risk. In the phase 3 SOLSTICE study (NCT02931539), more transplant recipients achieved CMV clearance after 8 weeks with maribavir than investigator-assigned therapy (IAT). In SOLSTICE, SOT recipients with refractory CMV infection were randomized 2:1 to receive maribavir or IAT for 8 weeks. This post hoc analysis assessed the impact of CMV clearance at Week 8 on mortality at Week 20. Patients who achieved CMV clearance at Week 8 were categorized as responders, and patients without CMV clearance, or who received maribavir rescue or alternative treatment, were categorized as nonresponders. All-cause mortality was assessed at Week 20 for responders and nonresponders using the Kaplan-Meier method with log-rank test. The analysis included 211 SOT recipients: 97 responders and 114 nonresponders. Week 20 all-cause mortality was significantly higher in nonresponders than responders (p = 0.0024). No deaths were reported in the responder group, and 10 deaths were reported in the nonresponder group (3 receiving IAT, 7 receiving maribavir). Median (range) time from treatment start to death was 30.5 (3–123) days. This analysis is consistent with other studies showing an increased risk of mortality with post-SOT CMV infection.

[image: Infographic illustrating a study of 211 solid organ transplant recipients divided into 97 responders with cytomegalovirus clearance and 114 nonresponders without clearance at week eight. Zero deaths occurred in responders, while nonresponders had ten deaths. Serostatus D+/R– was 85.6% in responders and 81.6% in nonresponders. Twenty-week all-cause mortality was significantly lower in recipients clearing cytomegalovirus.]GRAPHICAL ABSTRACTKeywords: SOT (solid organ transplant), survival, anti-CMV therapy, maribavir, antiviral
INTRODUCTION
Transplantation is a life-saving procedure with mean survival after solid organ transplant (SOT) estimated at 20–27 years for kidney and liver transplants, 15–16 years for heart transplants, and 9 years for lung transplants [1]. The most common causes of death in SOT recipients are cancer, graft failure, infection, and cardiovascular disease [2]. Studies of mortality in SOT recipients have identified several risk factors, including older age, male sex, acute rejection, low platelet count, and post-transplant infection [3–7].
Cytomegalovirus (CMV) is one of the most common pathogens associated with infection in SOT recipients [7, 8]. Data from a systematic review estimates the incidence of CMV infection between 5.2% and 76.4% dependent on the transplanted organ and treatment strategy [9]. Importantly, post-SOT CMV infection is associated with an increased risk of graft loss and mortality [7, 8, 10].
Established antiviral agents for management of post-SOT CMV are ganciclovir and its oral prodrug valganciclovir, despite the high incidence of myelosuppression with these agents [11–14]. Alternatively, in (val)ganciclovir resistant or refractory cases, intravenous foscarnet can be used. However, foscarnet is associated with nephrotoxicity and electrolyte depletion, thereby compromising patient safety [12, 14, 15].
First approved in 2021, maribavir is an oral treatment for post-transplant CMV infection/disease that is refractory (with or without resistance) to prior antiviral drugs or intolerant to treatment (in certain countries) [16–18]. The phase 3 SOLSTICE study compared maribavir with investigator-assigned therapy (IAT; valganciclovir/ganciclovir, foscarnet, or cidofovir) in patients with refractory post-transplant CMV infection, with or without genotypically documented resistance [19]. The results showed that significantly more patients receiving maribavir achieved CMV clearance at the end of Week 8 compared with IAT (55.7% vs. 23.9%; adjusted difference [95% confidence interval (CI)]: 32.8% [22.80–42.74]; p < 0.001) and achieved CMV clearance and symptom control at the end of Week 8 that was maintained through Week 16 (18.7% vs. 10.3%; adjusted difference [95% CI]: 9.5% [2.02–16.88]; p = 0.01). Moreover, in the SOT population, a higher proportion of maribavir-treated patients achieved these endpoints across transplant organ types [20]. Maribavir-treated patients also had less neutropenia and less acute kidney injury compared with valganciclovir/ganciclovir- and foscarnet-treated patients, respectively [19]. Here we present data from a post hoc analysis of the SOLSTICE study designed to assess the impact of CMV viremia clearance at Week 8 on Week 20 mortality among SOT recipients with refractory CMV infection.
PATIENTS AND METHODS
Full details of the SOLSTICE study (ClinicalTrials.gov: NCT02931539) have been published previously [19]. In brief, SOLSTICE was a phase 3, randomized, open-label, multicenter study. Transplant recipients (SOT or hematopoietic cell transplant) were aged ≥12 years with CMV DNA ≥910 IU/mL at screening and were refractory (with or without resistance) to their most recent CMV treatment. Patients were randomized 2:1 to receive maribavir 400 mg twice daily or investigator’s choice of monotherapy or combination therapy with ganciclovir/valganciclovir, foscarnet, or cidofovir for 8 weeks, with an additional 12 weeks of follow-up. The primary endpoint was confirmed CMV viremia clearance at the end of Week 8 [19].
In the present post hoc analysis, patients were categorized based on whether they achieved the primary endpoint. Responders were defined as patients with plasma CMV DNA below the lower limit of quantification (137 IU/mL) in 2 consecutive post-baseline samples, separated by ≥5 days at Week 8. Nonresponders were defined as patients who did not achieve CMV clearance at Week 8 (including those with missing virologic data) or who received maribavir rescue or alternative treatment before the end of Week 8.
All-cause mortality at Week 20 was plotted for responders and nonresponders (to maribavir or IAT) using the Kaplan-Meier method with log-rank test. Recipient characteristics were summarized using descriptive statistics and compared between responder and nonresponder groups using the chi-square test. Multivariate analyses were conducted using Cox proportional hazards model for Week 20 mortality. Analyses were conducted using SAS® 9.4.
RESULTS
The 211 SOT recipients from the SOLSTICE study were included in the analysis, of whom 97 were categorized as responders and 114 as nonresponders (Supplementary Figure S1). Baseline characteristics were broadly similar; the only statistically significant difference in baseline characteristics between responders and nonresponders was transplanted organ (p = 0.0170) (Table 1). Most patients were kidney or lung recipients, and the majority had donor-positive/recipient-negative (D+/R−) CMV serostatus. More recipients in the nonresponder group had high CMV DNA levels (≥91,000 IU/mL) than responders (n = 21, 18.4% vs. n = 13, 13.4%).
TABLE 1 | Baseline characteristic of solid organ transplant recipients in the SOLSTICE study.	Characteristic	Responders (n = 97)	Nonresponders (n = 114)	p-value
	Age, median (range), years	56 (25–77)	55 (19–79)	0.5701a
	Sex, n (%)			0.3195
	 Male	70 (72.2)	75 (65.8)	
	 Female	27 (27.8)	39 (34.2)	
	Transplant type, n (%)			0.0170
	 Kidney	61 (62.9)	53 (46.5)	
	 Heart and/or lung	29 (29.9)	56 (49.1)	
	 Other	7 (7.2)	5 (4.4)	
	Graft status at baseline, n (%)			0.1236
	 Functioning	85 (87.6)	103 (90.4)	
	 Functioning with complications	12 (12.4)	8 (7.0)	
	 Other	0	3 (2.6)	
	Retransplant			0.0681
	 Yes	8 (8.2)	19 (16.7)	
	 No	89 (91.8)	95 (83.3)	
	CMV serostatus, n (%)			
	 D+/R−	83 (85.6)	93 (81.6)	
	 D+/R+	7 (7.2)	12 (10.5)	
	 D−/R−	6 (6.2)	4 (3.5)	
	 D−/R+	1 (1.0)	3 (2.6)	
	 Missing	0	2 (1.8)	
	CMV DNA levels at randomization, n (%)			0.3278
	 Low (<9,100 IU/mL)	45 (46.4)	42 (36.8)	
	 Intermediate (≥9,100 to <91,000 IU/mL)	39 (40.2)	51 (44.7)	
	 High (≥91,000 IU/mL)	13 (13.4)	21 (18.4)	
	Cardiovascular disease			0.8529
	 Yes	7 (7.2)	9 (7.9)	
	 No	90 (92.8)	105 (92.1)	
	Diabetes			0.2250
	 Yes	2 (2.1)	6 (5.3)	
	 No	95 (97.9)	108 (94.7)	
	Anti-lymphocyte use			0.7220
	 Yes	32 (33.0)	35 (30.7)	
	 No	65 (67.0)	79 (69.3)	


a Analysis conducted for <65 vs. ≥65 years.
CMV, cytomegalovirus; D, donor; R, recipient.
In SOT recipients, 20-week all-cause mortality was significantly lower in responders than in nonresponders (p = 0.0024) (Figure 1). By Week 20, no deaths were reported in responders compared with 3 deaths in nonresponders who received IAT and 7 deaths in nonresponders who received maribavir (Table 2). Cox regression analysis did not show any significant risk factors for death among baseline characteristics for viral load, cardiovascular disease, diabetes, induction therapy, or retransplant (Figure 2). Median (range) CMV viral load at the last measurement was 2,001.5 IU/mL (68.5–67,539.0) in nonresponders who died compared with 68.5 IU/mL (68.5–621,920.0) and 68.5 IU/mL (68.5–38,733.0) in nonresponders and responders, respectively, who survived (Table 3).
[image: Kaplan-Meier survival curve comparing cumulative probability of all-cause mortality over 140 days between nonresponders and responders to CMV viremia clearance. Nonresponders, shown in red, exhibit higher mortality than responders, shown in blue. Log-rank test p-value is 0.0024, indicating a significant difference. Number at risk for each group is displayed below the x-axis.]FIGURE 1 | Cumulative probability of all-cause mortality at Week 20 in solid organ transplant recipients categorized by viremia clearance at Week 8. CMV, cytomegalovirus.TABLE 2 | Mortality outcomes at Week 20 in SOT recipients categorized by viremia clearance at Week 8.	Cytomegalovirus viremia clearance status	Participants n/N	Events n (%)a	Time to event, median (range), days
	Nonresponders
	 Investigator-assigned treatment	51/69	3 (5.9)	38.0 (17.0–106.0)
	 Maribavir	63/142	7 (11.1)	24.0 (3.0–124.0)
	Responders
	 Investigator-assigned treatment	18/69	0	–
	 Maribavir	79/142	0	–


SOT, solid organ transplant.
a Denominator is number of participants in each response category within each treatment group (n).
N, total number of SOT, recipients in each treatment group; n, number of participants in each response category within each treatment group.
[image: Forest plot visualizing hazard ratios and ninety-five percent confidence intervals for five variables: viral load, cardiovascular disease, diabetes, induction therapy, and retransplant, with corresponding hazard ratios and confidence intervals noted on the right.]FIGURE 2 | Cox regression analysis showing hazard ratios and 95% confidence intervals (CIs) for risk factors associated with mortality in transplant recipients with CMV. Transplant type was excluded from this analysis due to the small sample size within each category.TABLE 3 | CMV viral load (IU/mL) at last measurement.	Treatment	Responders	Nonresponders
	Died	Survived	Died	Survived
	Maribavir, n	0	79	7	56
	 Median (range)	-	68.5 (68.5–3,071.0)	2,730.0 (68.5–67,539.0)	68.5 (68.5–27,871.0)
	IAT, n	0	18	3	48
	 Median (range)	-	68.5 (68.5–38,733.0)	1,882.0 (1,132.0–2,121.0)	68.5 (68.5–621,920.0)
	Total, n	0	97	10	104
	 Median (range)	-	68.5 (68.5–38,733.0)	2,001.5 (68.5–67,539.0)	68.5 (68.5–621,920.0)


One of the deaths was considered related to maribavir by the investigator due to a drug interaction with posaconazole causing sudden cardiac death by arrhythmia. Other causes of death included respiratory failure (n = 3) and pulmonary embolism (n = 2). CMV infection contributed to cause of death in 4 participants. The characteristics of recipients who died and causes of death are shown in Table 4. Of the 10 recipients who died, 6 were male, and the median (range) age was 60.5 (28–77) years. Two recipients had received more than 1 transplant before study entry. Eight of the 10 recipients had cardiovascular comorbidities. No patients had a recent history of organ rejection, and all had functioning transplants at baseline. CMV serostatus was D+/R− in 8 of 10 (80%) patients who died, similar to the percentage of D+/R− in the cohort as a whole. The group who died included 1 patient who had received rescue therapy with maribavir after foscarnet. The median (range) time from SOT to treatment start was 253 (72–549) days, from treatment start to treatment end was 15 (2–58) days, from treatment start to death was 30.5 (3–123) days, and from treatment end to death was 9 (1–72) days. Only 2 of the patients who died completed the treatment course; of the 8 who discontinued, 5 were due to death.
TABLE 4 | Patient characteristics of nonresponders who died.	SOT type	CMV serostatus, D/R	CV comorbidities	CMV syndrome	Viral load categorya	Lymphocyte count at baselineb	Study drug	Length of Tx, days	Time from SOT to Tx start, days	Time from Tx start to death, days	Time from Tx end to death, days	Cause of death
	Kidney	+/−	Y	N	I	0.1	GCV	8	279	38	30	CMV-related pneumonia
	Lung	+/−	Y	N	L	1.1	FSC	16	165	17	1	Respiratory failure
	Kidney	+/+	Y	N	H	0.2	FSC	34	253	106	72	Unknownc
	Heart	−/+	Y	Y	L	0.8d	MBV	47	116	48	1	Cardiac arrest
	Lung	+/−	N	Y	L	0.7	MBV	2	123	3	1	Deep vein thrombosis with probable progression to pulmonary embolus
	Lung	+/−	Y	N	I	1.7	MBV	58	549	94	36	Respiratory failure
	Kidney	+/−	N	Y	I	0.6	MBV	4	319	7	3	Drug-drug interaction with an outcome of sudden deathe
	Kidney	+/−	Y	N	I	0.1	MBV	8	253	23	15	Respiratory failure/CMV syndrome
	Heart	+/−	Y	N	L	0.6	MBV	14	434	15	1	Massive pulmonary embolism
	Heart	+/−	Y	N	I	0.9f	MBV	56	72	123	67	Extensive venous thrombosis


CMV, cytomegalovirus; CV, cardiovascular; D/R, donor/recipient; FSC, foscarnet; GCV, ganciclovir; H, high; I, intermediate; L, low; MBV, maribavir; N, no; NA, not applicable; QTc, corrected QT, interval; Tx, treatment; Y, yes.
a Baseline plasma CMV DNA, viral load was defined as low, <9,100 IU/mL; intermediate, ≥9,100 to <91,000 IU/mL; or high, ≥91,000 IU/mL.
b Baseline measurement taken 1 day from the first dose of treatment.
c Foscarnet-treated patient qualified for maribavir rescue (inadequate response and toxicity) [19] and developed CMV, encephalitis 2 days after maribavir initiation, patient died (cause unknown) 49 days after last dose of maribavir.
d Measurement taken 15 days from first dose of treatment.
e The investigator interpreted this event as sudden cardiac death due to arrhythmia and reported it as possible drug interaction. The patient had also received voriconazole, posaconazole, and domperidone. In studies of healthy adults, doses of maribavir up to 1,200 mg were not shown to prolong QTc [21].
f Measurement taken −1 day from the first dose of treatment.
DISCUSSION
This post hoc analysis of data from the phase 3, randomized SOLSTICE study showed that SOT recipients with refractory CMV infection who achieved CMV clearance at Week 8 had a significantly reduced probability of 20-week all-cause mortality than those without CMV clearance.
The present study adds to the body of evidence confirming that post-transplant CMV infection is a known risk factor for mortality in SOT recipients [4, 7, 22]. For example, a retrospective analysis of 1,454 renal transplant recipients showed that CMV disease was associated with a 2.5-fold increase in risk of death (p < 0.001) [4]. Similarly, a retrospective study of 88 lung transplant recipients showed that CMV disease was associated with a 4.2-fold increase in mortality (p = 0.002), whereas CMV infection and disease were associated with a 3.8-fold increase in mortality (p = 0.001) [7]. In a longitudinal study of CMV infection and viral load in 2,510 sequential kidney transplant recipients, CMV infection was associated with a significantly increased risk of death (p = 0.0056) [22].
Cox regression analysis did not identify any significant risk factors for mortality among the following baseline characteristics: viral load, cardiovascular disease, diabetes, induction therapy, and retransplant. As expected, median CMV viral load at latest measurement was higher in patients who died than in those who survived.
In the present analysis, 9 of the 10 recipients who died received transplants from CMV-positive donors. It is known that CMV-positive donor status is associated with a higher risk of CMV infection [22] and mortality [23, 24]. A high proportion of the recipients who died in this analysis also had cardiovascular comorbidities, which are known risk factors for mortality following SOT [25, 26]. In this analysis, only 2 recipient deaths were caused by cardiac arrest, one of which was due to drug interactions. In this case, the investigator assigned the sudden cardiac death as possibly related to maribavir. However, doses of maribavir up to 1,200 mg in healthy adults have been shown not to prolong QTc [21]. The patient had also received posaconazole, voriconazole, and domperidone. Domperidone is associated with an increased risk of sudden cardiac death and arrhythmia and should not be taken with voriconazole [27, 28]. Half of the deaths in this analysis were due to respiratory failure and pulmonary embolism. Three patients receiving maribavir experienced thrombosis or pulmonary embolism; however, none of these were deemed as related to maribavir. Baseline characteristics of nonresponders included higher proportions of lung or heart transplants and intermediate/high viral loads. Chi-square analysis showed a significant difference between responders and nonresponders for kidney, heart or lung, and other transplanted organs.
The association between CMV clearance and mortality in the present analysis does not necessarily mean that CMV clearance was the sole reason for reduced mortality. All-cause mortality is likely to be driven by multiple factors, and CMV clearance at 8 weeks of treatment may be a marker of the patient’s general health, disease severity, or immune status. However, it does appear that failure to clear CMV identifies a group with an increased risk of death potentially due to other causes not directly related to CMV. Therefore, the nonresponder group may merit close follow-up and preventive care from the standpoint of cardiovascular issues and venous thromboembolism, as well as ongoing anti-CMV treatment.
Data from this post hoc analysis should be interpreted with caution, as mortality was not the primary endpoint of the SOLSTICE study. Moreover, the number of patients included in the analysis may not provide adequate power and may not reflect a thorough assessment of the underlying cause of mortality [29]. The potential for selection bias should also be taken into consideration.
In conclusion, achievement of viremia clearance at Week 8 was associated with a significantly reduced probability of mortality at Week 20. While many factors likely affect mortality in transplant recipients with refractory or resistant CMV infection, these findings suggest that achieving and maintaining CMV clearance in this complex patient population is a contributing factor to survival. Application of these findings to clinical practice is worthy of further study.
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The rising prevalence of Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD) and Hepatocellular Carcinoma in the elderly population has increased the demand for liver transplantation (LT) in patients over 70 years. Advanced age, however, is still considered an independent risk factor. This study aims to evaluate post-transplant oucomes in patients aged over 70 years, traditionally viewed as an age limit for transplant. We retrospectively analyzed 584 LT recipients (36 aged ≥70, 548 aged <70). Viral cirrhosis was more frequent in the younger group (36.1% vs. 13.1%), while MASLD was more common in those over 70 (25% vs. 13.1%) (p = 0.013). Model for End-Stage Liver Disease (MELD) scores were lower in patients over 70 (13, IQR 9–17) compared to the younger group (15, IQR 10–23) (p = 0.032). Propensity score matching (3:1 ratio, without replacement) was performed based on MELD and cirrhosis etiology. After matching, no significant differences were found in postoperative outcomes, overall survival, or graft survival. Our findings demonstrate that carefully selected patients over 70 can achieve post-transplant outcomes comparable to younger patients. Advanced age alone should not be considered an absolute contraindication; instead, a comprehensive, multidimensional assessment is essential to identify suitable candidates.
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INTRODUCTION
Liver transplant (LT) is the only curative treatment for end-stage liver disease (ESLD). Globally, along with a longer life expectancy, the prevalence of Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD) and Hepatocellular Carcinoma (HCC) is rising in patients older than 65 years old [1–3], resulting in an increased number of liver transplants performed in this group. This trend is observed both in the United States and in Europe [4–7]. Notably, older LT candidates often show multiple comorbidities, independently from liver disease, that negatively influence post-transplant outcomes [8, 9]. Despite the increasing amount of literature addressing this topic, findings remain inconclusive. Some studies have reported poorer outcomes associated with older age, including higher graft loss and reduced survival, in particular in patients with high Model For End-Stage Stage Liver Disease (MELD) scores [10, 11]. Conversely, other works have proved that liver transplantation in selected patients aged 70 and older is safe and feasible, showing graft survival and overall survival rates similar to younger cohorts [12–14] [15]. Importantly, the guidelines from American Association for the Study of Liver Diseases and the American Society of Transplantation do not consider age over 70 years old a contraindication to LT, in the absence of significant comorbidities [16].
This heterogeneity in published results probably reflects differences found in previous analyses in study design, patient selection and institutional practices.
Emerging evidence suggests that, rather than chronological age alone, the severity of comorbidities and liver disease and the general functional status of the patients represent more reliable prognostic indicators of post-transplant outcomes, underscoring the importance of careful selection in achieving favorable results.
We present our experience with LT recipients aged ≥70 years. This study aims to describe the characteristics of our cohort of recipients aged over 70 and evaluate their post-transplant outcomes in comparison to younger recipients.
MATERIALS AND METHODS
Study Design and Setting
Between January 2018 and November 2023, all consecutive adult recipients who underwent cadaver-donor LT in our center were included. We divided the entire cohort in two groups based on age at LT: younger than 70 years old and aged 70 years old or older (Figure 1).
[image: Flowchart illustrating a propensity score matching study design comparing patients under seventy years old and over seventy years old. Initial groups: under seventy, five hundred forty-eight cases (ninety-three point eight percent), and over seventy, thirty-six cases (six point two percent). After matching at a ratio of three to one, there are one hundred eight under seventy (seventy-five percent) and thirty-six over seventy (twenty-five percent). Matching variables are diagnosis and MELD.]FIGURE 1 | Study design and Propensity score.This study was approved by the Institutional Review Board of our hospital.
Data Collection and Clinical Variables
Data were collected prospectively and retrospectively analyzed. Recipient variables included demographics, MELD score at LT and urgent LT (defined, in our national practice, as MELD ≥28), indication for LT, comorbidities, and modified Charlson Comorbidity Index (high modified Charlson Comorbidity Index was defined as mCCI >1) [17].
Donor variables included demographics, donation type, whole or split liver graft, and cold ischemia time (CIT). Postoperative outcomes included complications (defined as major if Clavien-Dindo grade ≥2 [18]), Early Allograft Dysfunction (EAD) [19], Comprehensive Complication Index (CCI), 90-day mortality, 90-day readmission, patient survival and graft survival. During the study period, orthotopic liver transplantation was preferably performed with preservation of the inferior vena cava, with few cases performed with vena cava replacement. Over the years, an increasing number of Extended Criteria Donor (ECD) grafts were treated with Hypothermic Oxygenated perfusion (HOPE), which is at present our standard preservation technique with ECDs [20]. Regarding the cardiological assessment, all LT candidates underwent a standardized preoperative cardiological evaluation, including transthoracic echocardiography and Doppler ultrasound of the supra-aortic vessels. Coronary computed tomography angiography (CCTA) was indicated in patients presenting with one major or two minor cardiovascular risk factors.
Major risk factors included: age >50 years, diabetes mellitus, history of angina, myocardial infarction, stroke, transient ischemic attack, heart failure, or chronic kidney disease.
Minor risk factors included: smoking, hypercholesterolemia, hypertension, chronic alcohol consumption, and male sex >40 years or female sex >45 years.
When CCTA findings were inconclusive or suspicious for significant coronary artery disease, invasive coronary angiography was performed. Coronary stent placement was undertaken in the presence of significant stenosis, provided that the patient could complete at least 6 months of dual antiplatelet therapy before transplantation.
Stress echocardiography and/or myocardial scintigraphy were performed in selected cases, depending on patient suitability for the test and the availability of nuclear medicine facilities.
CT scans at the time of LT in the group over 70 years old were evaluated for assessing sarcopenia. Psoas Muscle Area (PMA) (mm2) is defined as the cross-sectional area of the left and right psoas muscles at the level of the third lumbar vertebra (L3). We employed as PMA cut-offs to define sarcopenia values < 1,561 mm2 in men and <1464 mm2 in women [21] The Psoas Muscle Index (PMI) was obtained as PMA (cm2) divided by square height (m2). We employed as PMI cut-offs to define sarcopenia values <340 mm2/m2 in men and <264 mm2/m2 in women [22].
Multidisciplinary Board and Selection Process
Each candidate undergoes a final evaluation by a multidisciplinary board. Candidate assessment involves transplant surgeons, hepatologists, transplant anesthesiologists, radiologists, and psychologists. Additional evaluation by other specialists are requested in case of complex cases. Final eligibility is based on a comprehensive evaluation of the comorbidities, functional status, cognitive integrity, oncologic considerations (if applicable), and expected post-transplant benefit.
Objectives
The primary endpoint of the study was to evaluate post-transplant mortality, overall patient survival and graft survival comparing recipients aged 70 or older with those younger than 70.
The secondary endpoint was to evaluate postoperative complications.
Statistical Analysis
Categorical variables were reported as absolute numbers and percentages and compared using the Chi-square test or Fisher’s exact test, as appropriate. Continuous variables were expressed as medians with interquartile ranges (IQR) and compared using the Mann–Whitney U test. A two-tailed p-value <0.05 was considered statistically significant. Statistical analyses were performed using STATA 18.
Patients of both groups were matched using the propensity score method (PSM) as described by Rubin and Rosenbaum [23]. The propensity score for an individual was calculated given the covariates of LT indication and MELD score, the two variables that differed significantly between the two groups. A 3:1 matching was performed without replacement to minimize conditional bias (Figure 1). For each recipient in the younger group, an elderly recipient with a minimum difference on the propensity score was matched.
RESULTS
Entire Cohort Characteristics
Within the cohort of 584 patients, the elderly group (n = 36, 6.2%) showed a median age of 71 (70–72 IQR), whereas the younger than 70 years group (n = 548, 93.8%) showed a median age of 58 (52–63 IQR) (Table 1).
TABLE 1 | Preoperative and donor Parameters before and after PSM.	Preoperative parameters	Before PSM	After PSM
	Under 70 Yo	Over 70 Yo	Total	p-value	Under 70 Yo	Over 70 Yo	Total	p-value
	(N = 548)	(N = 36)	(N = 584)	(N = 108)	(N = 36)	(N = 144)
	Recipient age, years	58 (52–63)	71 (70–72)	58 (53–64)	<0.001	56 (48–63)	71 (70–72)	61 (52–70)	<0.001
	Recipient gender male	364 (66.4%)	20 (55.6%)	384 (65.8%)	0.183	67 (62.0%)	20 (55.6%)	87 (60.4%)	0.491
	BMI	25 (23–28)	25 (22–28)	25 (23–28)	0.363	26 22.29	25 (23–29)	26 (22–29)	0.458
	mCCI >1	67 (12.2%)	7 (19%)	113 (26%)	0.207	5 (6.8%)	7 (19.4%)	12 (10.9%)	0.045
	Liver transplant indication
	 Viral	198 (36.1%)	5 (13.9%)	203 (34.8%)	0.013	22 (20.4%)	5 (13.9%)	27 (18.8%)	0.633
	 Alcohol-related liver disease	126 (23.0%)	7 (19.4%)	133 (22.8%)		17 (15.7%)	7 (19.4%)	24 (16.7%)	
	 MASLD	72 (13.1%)	9 (25.0%)	81 (13.9%)		19 (17.6%)	9 (25.0%)	28 (19.4%)	
	 Other	152 (27.7%)	15 (41.7%)	167 (28.6%)		50 (46.3%)	15 (41.7%)	65 (45.1%)	
	Hepatocellular carcinoma	224 (40.9%)	13 (36.1%)	237 (40.6%)	0.573	44 (40.7%)	13 (36.1%)	57 (39.6%)	0.623
	TIPS	33 (6.0%)	1 (2.8%)	34 (5.8%)	0.418	4 (3.7%)	1 (2.8%)	5 (3.5%)	0.623
	Portal hypertension	354 (83.9%)	18 (81.8%)	372 (83.8%)	0.798	56 (71.8%)	18 (81.8%)	74 (74.0%)	0.344
	Cirrhosis related complications
	 Ascites	255 (57.2%)	14 (63.6%)	269 (57.5%)	0.550	52 (60.5%)	14 (63.6%)	66 (61.1%)	0.785
	 Hepatic encephalopathy	172 (49.6%)	7 (38.9%)	179 (49.0%)	0.377	33 (47.8%)	7 (38.9%)	40 (46.0%)	0.498
	 Jaundice	210 (49.8%)	9 (40.9%)	219 (49.3%)	0.418	27 (34.6%)	9 (40.9%)	36 (36.0%)	0.587
	 Coagulopathy	237 (56.8%)	13 (59.1%)	250 (56.9%)	0.835	38 (48.7%)	13 (59.1%)	51 (51.0%)	0.39
	 Esophageal varices	109 (26.3%)	4 (18.2%)	113 (25.9%)	0.395	18 (23.4%)	4 (18.2%)	22 (22.2%)	0.605
	Comorbidities
	 Respiratory	99 (23.5%)	8 (32.0%)	107 (24.0%)	0.334	20 (23.8%)	8 (32.0%)	28 (25.7%)	0.411
	 Renal	79 (18.5%)	4 (15.4%)	83 (18.3%)	0.694	7 (8.2%)	4 (15.4%)	11 (9.9%)	0.286
	 Cardiological	213 (47.8%)	12 (54.5%)	225 (48.1%)	0.534	41 (47.7%)	12 (54.5%)	53 (49.1%)	0.565
	 Coronarography	17 (3.1%)	2 (5.5%)	19 (3.2%)	0.422	4 (3.7%)	2 (5.5%)	6 (4.1%)	0.63
	 Diabetes	143 (31.2%)	13 (46.4%)	156 (32.0%)	0.093	29 (31.9%)	13 (46.4%)	42 (35.3%)	0.159
	MELD at LT	15 (10–23)	13 (9–17)	15 (10–23)	0.032	12 (10–15)	13 (9–17)	12 (9–16)	0.149
	Urgent LT	90 (16.4%)	4 (11.1%)	94 (16.1%)	0.401	5 (4.6%)	4 (11.1%)	9 (6.25%)	0.164
	Platelets (103/mmc)	82.5 (49–138.5)	113 (65–149.5)	84 (50–139)	0.078	82.5 (49–138.5)	113 (65–149.5)	84 (50–139)	0.814
	Sodium (mmol/L)	137 (134–139)	137.5 (134.5–139.5)	137 (134–139)	0.541	137 (134–139)	137.5 (134.5–139.5)	137 (134–139)	0.752
	Albumin (g/dL)	3.5 (3–4)	3.7 (3.3–3.9)	3.5 (3–4)	0.2068	3.5 (3.1–4)	3.7 (3.3–3.9)	3.6 (3.2–4)	0.558
	Previous abdominal surgery	334 (61.1%)	22 (61.1%)	356 (61.1%)	0.995	77 (72.0%)	22 (61.1%)	99 (69.2%)	0.222
	Donor parameters
	Donor age, years	64 (49–76)	64.5 (56.5–75)	64 (50–76)	0.420	67 (48.5–78)	64.5 (56.5–75)	67 (52–78)	0.358
	Donor gender male	307 (56.0%)	17 (47.2%)	324 (55.5%)	0.303	62 (57.4%)	17 (47.2%)	79 (54.9%)	0.288
	Donor BMI	25 (23–28)	25 (23–28)	25 (23–28)	0.2	26 (23–29)	25 (23–29)	25 (23–29)	0.456
	DCD	60 (10.9%)	5 (13.9%)	65 (11.1%)	0.587	22 (20.4%)	5 (13.9%)	27 (18.8%)	0.388
	Extended criteria donor	465 (84.9%)	29 (80.6%)	494 (84.6%)	0.34	93 (86.1%)	29 (80.6%)	122 (84.7%)	0.422
	Split donor graft	20 (3.65%)	0	20 (3.42%)	0.243	5 (4.6%)	0	5 (4.5%)	0.189
	Donor bilirubim	0.78 (0.49–1.1)	0.49 (0.4–0.87)	0.75 (0.48–1.1)	0.242	0.7 (0.5–1.1)	0.5 (0.4–0.9)	0.7 (0.5–1.1)	0.22
	Donor GOT (U/L)	31 (20–61)	28 (20–51)	31 (20–61)	0.693	37 (23–70)	28 (19–50)	34 (22–68)	0.436
	Donor GPT (U/L)	25 (15–53)	22 (14–39)	24 (14–52)	0.699	34 (15–63)	21 (13–39)	30 (15–61)	0.401
	Donor Sodium (mmol/L)	149 (144–156)	149 (144–161)	149 (144–156)	0.372	147 (142–155)	149 (144–161)	147 (142–156)	0.146
	Cold ischemia time, minutes	390 (350–450)	372 (340–445)	390 (350–450)	0.203	380 (335–422)	372 (340–445)	375 (337–430)	0.818
	HOPE	225 (41%)	18 (50%)	243 (41%)	0.292	38 (35.2%)	18 (50%)	56 (38.89%)	0.864


Continuous Values Expressed as Median (IQR), categorical values expressed as number (%). Abbreviations: mCCI, Modified Charlson Comorbidity Index; DCD, Donor after Cardiac Death; HOPE, Hypothermic Oxygenated Perfusion; GOT, Glutamic Oxaloacetic Transaminase; GPT, Glutamate Pyruvate Alanine Aminotransferase.
Recipients’ Characteristics
The majority of patients were male, with a higher percentage in the younger group (66.4% vs. 55.6%, p = 0.183) without a statistically significant difference. Median BMI was 25 in both groups (p = 0.363) (Table 1). The two groups differed significantly in cirrhosis etiology and median MELD score. Viral cirrhosis was the most frequent indication in the younger group (n = 198, 36.1% vs. n = 5, 13.9%, p = 0.013). MASLD was more frequent in the elderly group (n = 72, 13.1% vs. n = 9, 25%, p = 0.013). The elderly group had a significantly lower median MELD score (15 vs. 13, p = 0.017).
Clinically significant portal hypertension was present in 81.8% of the elderly group and in 83.9% of the younger group (p = 0.798). Diagnosis of Hepatocellular Carcinoma (HCC) did not differ between elderly and younger groups (36.1% vs. 40.9%, p = 0.573).
Complications of Cirrhosis and Laboratory Values
There were no statistically significant differences in terms of cirrhosis-related conditions between the two populations (Table 1). Ascites was the most frequent complication of cirrhosis in both groups (63.9% vs. 57.2%, p = 0.550). Encephalopathy, jaundice, and esophageal varices were slightly less frequent in the elderly population, but without reaching statistical significance (38.9% vs. 49.6%, p = 0.377; 40.9% vs. 49.8%, p = 0.418; 18.2% vs. 26.3%, p = 0.95, respectively).
Presence of coagulopathy was similar between the two groups (59.1% vs. 56.8%, p = 0.835).
Sodium and albumin levels were comparable between the elderly and the younger groups [137.5 mmol/L IQR (134.5–139.5) vs. 137 mmol/L IQR (134–139), p = 0.54; 3.7 g/dL IQR (3.3–3.9) vs. 3.5 IQR (3–4), p = 0.206].
Comorbidities
Respiratory, renal and cardiological comorbidities, and diagnosis of diabetes were similar between the two groups (Table 1). Cardiological comorbidities were the most common in both groups and, although they did not show statistically significant difference, were slightly higher in the elderly group, as well as diabetes and respiratory comorbidities (54.5% vs. 47.8%, p = 0.534; 46.4% vs. 31.2%, p = 0.093; 32% vs. 23.5%, p = 0.334, respectively). Pre-transplant coronarography rate was comparable between groups (5.5% vs. 3.1%, p = 0.422). The rate of previous abdominal surgery was equal (61.1% vs. 61.1%, p = 0.995). Before PSM analysis, mCCI >1 was slightly higher in the elderly group compared to the younger group, but without reaching statistical significance (19% vs. 12.2%, p = 0.207).
Specific Cardiological Comorbidities and Sarcopenia of the Elderly Group
Regarding specific history of cardiological comorbidities, 2 patients had history of myocardial infarction treated with PCI (n = 2, 5.6%) and 2 patients had history of atrial fibrillation. Coronary computed tomography angiography (CCTA) was performed in 21 patients, accounting for 58.3% of the group. Median Coronary Calcium Score (Agatston score) was 56 (IQR 0–989) (Table 2).
TABLE 2 | Comorbidities and Sarcopenia scores of Elderly recipients.	Comorbidity	Frequency (%) or median
	Hypertension	17 (47.2%)
	Dyslipidemia	14 (40.0%)
	Smoking	20 (55.5%)
	Non-hepatic malignancy	2 (5.6%)
	Chronic obstructive pulmonary disease (COPD)	9 (25.0%)
	History of myocardial infarction (MI)	2 (5.6%)
	History of percutaneous coronary intervention (PCI)	2 (5.6%)
	Atrial fibrillation (AF)	2 (5.6%)
	Coronary computed tomography angiography (CCTA)	21 (58.3%)
	Coronary calcium score (agatston)	56 (0–989)
	Psoas muscle area, (mm2)	1,700 (1,300–2,390)
	Male, (mm2)	2,130 (1,600–2,500)
	Female, (mm2)	1,300 (1,000–1,600)
	Psoas muscle index, mm2/m2	625 (445–801)
	Male, mm2/m2	763 mm2/m2 (555–849)
	Female, mm2/m2	470 mm2/m2 (410–625)
	Sarcopenia (defined by PMA) (n,%)	13 (36.1%)
	Male (n, %)	5 (22.73%)
	Female (n, %)	8 (57.14%)
	Sarcopenia (defined by PMI) (n,%)	0%


Continuous Values Expressed as Median (IQR), categorical values expressed as number (%).
In the elderly cohort, median PMA was 1,710 mm2 (IQR 1,300–2,390), lower in females than males (1,300 vs. 2,130 mm2). Median PMI was 6.25 mm2/m2 (IQR 4.45–8.01), also lower in females than males (4.70 vs. 7.63 mm2/m2). Using PMA cut-offs, 13 patients (36.1%) were classified as sarcopenic (8 females, 5 males), whereas no patients met sarcopenia criteria using PMI cut-offs.
Donor Characteristics
There were no statistically significant differences between the elderly and the younger group regarding the donor’s characteristics (Table 1). Median donor age was 64.5 years (IQR 56.5–75) in the elderly group vs. 64 years in the younger group (IQR 49–76) (p = 0.420), median donor BMI was 25 in both groups (IQR 23–28) (p = 0.2). Most of the grafts were classified as Extended criteria donors in both groups (n = 29, 80.6% vs. n = 465.84.9%, p = 0.489). Rate of DCD donors were comparable between the 2 groups (13.9% vs. 10.9%, p = 0.587). Median cold ischemia time was slightly lower in the elderly group, but without reaching statistical significance (372 min vs. 390 min, p = 0.203).
The use of Hypothermic oxygenated perfusion (HOPE) was comparable between the elderly and the younger group (50% vs. 41%, p = 0.292). The number of LT with split graft was 20 (3.65%) in the younger group, compared to 0 (0%) in the elderly group, without reaching statistical significance (p = 0.243).
Postoperative Outcomes, Graft and Overall Survival
There were no significant statistical differences between the elderly group and the younger group regarding postoperative parameters (Table 3). The rate of major complications was similar between the two groups (22.2% vs. 35.8%, respectively, p = 0.099), as was CCI (29.6, vs. 30.2, p = 0.526).
TABLE 3 | Postoperative parameters before and after PSM.	Post-operative parameters	Before PSM	After PSM
	Under 70 Yo	Over 70 Yo	Total	p-value	Under 70 Yo	Over 70 Yo	Total	p-value
	(N = 548)	(N = 36)	(N = 584)	(N = 108)	(N = 36)	(N = 144)
	Early allograft disfunction	154 (28.1%)	7 (19.4%)	161 (27.6%)	0.26	33 (30.6%)	7 (19.4%)	40 (27.8%)	0.197
	Hepatic artery thrombosis	6 (1.1%)	0 (0.0%)	6 (1.1%)	0.528	1 (0.9%)	0 (0.0%)	1 (0.7%)	0.566
	Re-transplantationa	21 (3.8%)	1 (2.8%)	22 (3.8%)	0.748	7 (6.5%)	1 (2.8%)	8 (5.6%)	0.401
	Re-laparotomy	78 (14.7%)	4 (11.4%)	82 (14.5%)	0.84	11 (10.3%)	4 (11.4%)	15 (10.6%)	0.848
	Biliary complication	55 (10.3%)	1 (2.9%)	56 (9.8%)	0.152	10 (9.3%)	1 (2.9%)	11 (7.7%)	0.213
	Cardiac complication	50 (11.4%)	1 (4.5%)	51 (11.0%)	0.319	8 (9.4%)	1 (4.5%)	9 (8.4%)	0.464
	Postoperative infection	225 (41.9%)	14 (40.0%)	239 (41.8%)	0.825	40 (38.1%)	14 (40.0%)	54 (38.6%)	0.841
	Pneumonia	47 (10.5%)	4 (18.2%)	51 (10.9%)	0.261	7 (8.1%)	4 (18.2%)	11 (10.2%)	0.165
	Acute cellular rejection	29 (5.4%)	0 (0.0%)	29 (5.1%)	0.158	7 (6.6%)	0 (0.0%)	7 (5.0%)	0.119
	Readmission by 30 post-operative day	113 (26.0%)	7 (31.8%)	120 (26.3%)	0.548	23 (27.7%)	7 (31.8%)	30 (28.6%)	0.705
	Clavien dindo >2	196 (35.8%)	8 (22.2%)	204 (34.9%)	0.099	35 (32.4%)	8 (22.2%)	43 (29.9%)	0.248
	CCI	30.2 (20.9–48.3)	29.6 (20.9–38.35)	29.6 (20.9–47.6)	0.516	29.6 (20.9–39.6)	29.6 (20.9–38.4)	29.6 (20.9–39.5)	0.976
	Failure to rescue	25 (4.5%)	1 (2.8%)	26 (4.5%)	0.615	5 (4.6%)	1 (2.8%)	6 (4.2%)	0.63
	LOS (days)	16 (11–29)	14.5 (12–17)	16 (11–28)	0.289	15 (12–17)	14.5 (12–17)	15 (12–17)	0.738
	Mortalityb	28 (5.11%)	2 (5.6%)	30 (5.1%)	0.907	7 (6.5%)	2 (5.6%)	9 (6.2%)	0.842


Continuous Values Expressed as Median (IQR), categorical values expressed as number (%). Abbreviations: CCI, Comprehensive Complication Index; LOS, Length of Hospital Stay.
aRe-Transplantation within 30 days post Liver Transplantation.
bMortality Within 90 Days post Liver Transplantation.
The rates of EAD, hepatic artery thrombosis, postoperative infection, biliary and cardiac complications, pneumonia and acute rejection were comparable between the two populations. The 90-day mortality rates were comparable between the two groups (5.6% vs. 5.11%, p = 0.907). Rates of re-transplantation within 90 days were similar across the elderly and the younger group (2.8% vs. 3.8%, p = 0.748).
The two patients who died within the first 90 postoperative days were female. Both had an mCCI >1, and neither had a history of coronary artery disease. However, they belonged to the lowest quartile for sarcopenia measurements, based on both PMA and PMI scores.
In the elderly group, 1-year overall survival was 94.4% and 3- and 5-year survival was 89.5%. Graft survival was 94.4% at 1 year, and 89.5% at 3 and 5 years. In the younger group, 1-, 3- and 5-year overall survival were 92.9%, 89.1% and 87.7% respectively, while 1-, 3- and 5-year graft survival were 89.5%, 85.5% and 84.4%, respectively (Figure 2; Table 4).
[image: Two Kaplan-Meier survival plots compare transplant outcomes for patients under seventy and over seventy years old. The left graph shows graft survival by age group, with higher probabilities for over seventy, and the right graph shows overall survival, again with higher probabilities for over seventy. Both plots include a risk table displaying patient numbers at each time point for both groups, spanning five years since transplant.]FIGURE 2 | Graft survival and overall survival curves by age group.TABLE 4 | Overall survival and graft survival.	Graft survival
	Time (years)	Under 70	Over 70	Total	p-value
	1	89.5 (86.6–91.8)	94.4 (79.6–98.6)	90.0 (87.2–92.2)	0.3484
	3	85.5 (82.2–88.3)	89.5 (69.4–96.7)	86.0 (82.8–88.6)	
	5	84.4 (80.9–87.4)	89.5 (69.4–96.7)	84.9 (81.5–87.8)	
	Overall survival
	1	92.9 (90.4–94.7)	94.4 (79.6–98.6)	92.3 (90.6–94.8)	0.6947
	3	89.1 (86.1–91.5)	89.5 (69.4–96.7)	89.2 (86.2–91.5)	
	5	87.7 (84.3–90.4)	89.5 (69.4–96.7)	87.8 (84.6–90.4)	


Kaplan–Meier estimates of 1-, 3-, and 5-year graft survival, reported as Survival % (Lower CI – Upper CI). Comparison between groups was assessed using the Log-Rank test.
Adjusted Outcomes With Case-Matched Analysis
A case-matched analysis was performed using matched cohorts created from propensity scores. The 3:1 matching algorithm identified two matched cohorts (n = 108 in the under 70 group and 36 in the over 70 group) in which all differences between recipient characteristics were balanced (Table 1). This allowed for the direct comparison of outcomes between the study cohorts, which again demonstrated similar perioperative outcomes, overall survival and graft survival. However, mCCI >1, which did not reach statistical significance in the unadjusted analysis, after matching was significantly higher in the elderly group compared to the younger cohort (19.4% vs. 10.9%, p = 0.045) (Table 1).
DISCUSSION
Our study shows that carefully selected LT recipients aged 70 years or older can achieve outcomes comparable to those of younger recipients, without significant differences in terms of postoperative complications, graft survival, and overall survival. The same results were obtained even after adjusted analysis eliminating preoperative differences, indicating that advanced age alone should not be considered an absolute contraindication to LT.
In recent years, LT in elderly recipients has become a prominent and pressing issue. In particular, the rising prevalence of MASLD and HCC in patients older than 65 years old has led to an increased demand for LT in this age group, and it has been demonstrated that this population can achieve promising results, reaching a 5-year overall survival of 77% [1]. However, the studies focusing on LT performed in recipients aged 70 or older are limited in the literature.
Accordingly, in our center the proportion of LT recipients aged ≥70 has increased from 1.4% in 2018 to 16.5% in 2024 (Figure 3).
[image: Bar chart showing the number of recipients by year from 2018 to 2024, divided into two age groups: less than 70 and 70 or older. The proportion of recipients aged 70 or older increases over time, rising from 1.4 percent in 2018 to 16.5 percent in 2024, while the proportion under 70 decreases accordingly.]FIGURE 3 | Proportion of Liver Transplant recipients Aged ≥70 by year from 2018 to 2024.Our recipients aged ≥70 years demonstrated favorable outcomes with an overall survival of 94.4% at 1 year and a 3-year and 5-year survival of 89.5% and graft survival of 94.4% at 1 year, and a 3-year and 5-year survival of 89.5%, with no difference compared to the younger cohort.
These results are consistent with those reported by Wilson et al. [12] in a multicenter cohort of 312 LT recipients aged ≥70 years, from 2007 to 2011, with a median MELD score of 15. They found a 1-year overall survival of 84.9% and similar postoperative complications, with no differences in the adjusted analysis compared to a matched cohort of patients younger than 70 years old.
However, their mid- and long-term results were less favorable, with unadjusted survival rates in the elderly cohort of 74.0% at 3 years and 64.1% at 5 years, significantly lower compared to younger recipients.
Similarly, a recent single-center study by Toiv et al. [13], reported outcomes, from 2014 to 2023, of 43 liver transplant recipients aged ≥70 years in comparison to a cohort of 956 recipients aged <70 years. The elderly group had a lower median MELD score (21.4 vs. 24.9), a higher prevalence of MASLD (51.2% vs. 23.0%) higher rates of diabetes and hyperlipidemia compared to the younger group. The elderly group had significantly longer median hospital stay (25.5 vs. 14 days), but there were no differences in overall patient or graft survival compared to the younger cohort. In the elderly group overall survival was 93% at 1 year, and 78% at 3 and 5 years. The outcomes of this study are similar to ours; however, our older cohort had lower median MELD score (13 vs. 21.4), and shorter hospital stay (14.5 vs. 25.5 days), with no difference between groups, likely as effect of selection.
Earlier series have reported similar outcomes (Table 5). A study from Mayo Clinic analyzing data from 1998 to 2004 showed comparable 5-year survival rates and no significant differences in postoperative complications between LT recipients aged ≥70 years (73%) and <60 years (76%), in two matched cohorts of 42 patients in each group [15].
TABLE 5 | Overview of liver transplant outcomes in patients ≥70.	Author	Study population	No. of patients included	Compared groups	Outcomes
	Lipshutz [14]	Single center, USA	926	≥70 years (n = 62) vs. 50–59 years (n = 864)	1-, 3-, 5- and 10-y OS: 73.3%, 65.8%, 47.1%, 39.7% (≥70 years); similar outcomes to younger patients in the unadjusted analysis
	Aduen [15]	Single center, USA	84	≥70 (n = 42) vs. <60 years (n = 42)	Similar 5-year mortality risk and graft loss
	Wilson [12]	SRTR and UHC databases, USA	12,445	≥70 years (n = 323) vs. 18–69 (n = 12,122)
(1:1 matched)	Unmatched analysis: similar GS, worse 1-,3- and 5 years OS in the ≥70 years: 84.9, 74% and 64.1%
Matched analysis: similar GS and OS
	Sharpton [10]	UNOS registry	15,677	Stratified by age (18–59 (n = 11,966), 60–64 (n = 2,181), 65–69 (n = 1,177) and ≥70 years (n = 343) and MELD	≥70 years, MELD <20, 1 y GS: 85%, p = 0.01
≥70 years, MELD 20–27, 1 y GS: 75%, p = 0.02
≥70 years, MELD ≥28, 1 y GS: 56%, p < 0.001
GS significantly lower than other groups, however attenuated for LT-MELD <28
	Sharma [11]	UNOS registry	61,873 (HCC groups) 47,043 (HCV groups)	≥70 years vs. <70 years (HCC vs. non-HCC and HCV vs. non-HCV)	5 years OS: 59.9% vs. 68.6% (HCC, p < 0.01) and 61.2% vs. 74.2% (non-HCC, p < 0.001)
5 years OS: 60.7% vs. 69% (HCV, p < 0.01) and 62.6% vs. 78.5% (non-HCV, p < 0.001)
	Gil [26]	KNHI, Korea	9,415	≥70 years (n = 84) vs. younger groups	Risk of death in ≥70 years four-hold higher (OR = 4.1, 95% CI2.21–7.58; p < 0.001). 20% in-hospital mortality for ≥70 years
	Toiv [13]	Single center, USA	999	≥70 n = (43) y vs. <70 years (n = 956)	Similar 1-, 3- and 5 years OS: 93, 78% and 78% (≥70 years) vs. 92, 86% and 82% (<70 years)


Similarly, Lipshutz et al., in a series from 1988 to 2005, demonstrated comparable graft and overall survival outcomes in patients aged ≥70 years (n = 62) compared to a younger group aged between 50 and 59 years (n = 864) [14]. Mousa et.al. reported a 5- and 10-year overall survival after LT of 70.8% and 43.6% for a cohort of 162 patients over 70 years old [24]. As previously reported [3], HCC did not affect the outcomes of elderly patients after LT.
The first concern in elderly recipients is represented by early mortality.
In a nationwide Korean study from Gil et al. [25], who analyzed 9415 LT from 2007 to 2016 and included 84 recipients older than 70 years (47 Deceased Donor Liver Transplant and 37 Living Donor Liver Transplant), reported that in-hospital mortality increased significantly with age beyond 60 years old. Specifically, post-liver transplant in-hospital mortality of recipients over 70, adjusted for baseline liver disease, was 4.2 times higher than in patients aged between 51 and 55 years (20.2% vs. 4.8%), and almost 3 times higher after adjusting for perioperative complications. They also reported increasing costs with age [25].
Similarly, Gomez Gavara et al. [6], indicated age over 65 years as an independent prognostic factor for mortality and graft loss. They analyzed data of 10,172 liver recipients (1,062 older than 65 years old) from European Liver Transplant Registry (ELTR) and showed worse overall patient survival in recipients over 65 years (85% at 1 year, 71% at 3 years, 59% at 5 years and 55% at 10 years) and worse graft survival (84% at 1 year, 71% at 3 years, 59% at 5 years and 55% at 10 years), confirmed after PSM. However, in their subgroup analysis, they identified transplant indication as a major prognostic factor in elderly patients. In this group, while outcomes for HCC were similar to younger patients, alcohol-related cirrhosis showed worse 5 and 10-year survival of 47% and 33%, attributed to frailty and sarcopenia.
In our study, due to accurate selection, no increased mortality was observed in the elderly group.
MELD score has a prominent influence on postoperative outcomes and remains an important variable in assessing candidacy for LT in patients over 70 years. Sharpton et al. [10] analyzed UNOS database that included all adult LT from 2005 to 2010, of which 343 were recipients older than 70 years old. They evaluated the combined effect of recipient’s age and MELD at the time of LT and reported a poor 1-year graft survival of 56% for recipients ≥70 and MELD ≥28.
However, in the same age group, MELD ≤20 and MELD between 20 and 27 showed better outcomes, with one-year graft survival rates of 85% and 75%, respectively, with no significant interaction between recipient age and MELD <28. Considering a lower median MELD in our older cohort, our results emphasize that, rather than age alone, liver disease severity should guide eligibility.
Moreover, cardiac risk is a critical prognostic factor in elderly recipients, as emerged by the series of Audet et al. [26]. In their study, recipients ≥65 years old (n = 34) showed higher mortality compared to younger controls. In the elderly group, 50% had a history of coronary artery disease (CAD), and the mortality rate due to cardiac causes was significantly higher. One and 3-year survival rates were 87% and 81.5%. As previously reported [14], cardiovascular events represent a major cause of mortality in older LT recipients and accurate cardiological screening is necessary to identify high-risk candidates.
In current literature, there are no strictly defined criteria for the exclusion of elderly patients from LT. Previous studies, as discussed above, have identified factors associated with increased post-transplant mortality risk: high MELD scores ≥28, the presence of CAD and high comorbidity burden, expressed as mCCI >1 [17].
At our center the selection process for elderly recipients is based on a case-by-case evaluation, taking into account the benefits and risks associated with transplantation, the general health status, comorbidities, and perioperative risk. However, as reflected by our elderly cohort characteristics, selection is oriented to minimize these high-risk factors. Accordingly, in our elderly cohort, only 2 patients had history of CAD and only 4 patients had MELD score ≥28. Moreover, our elderly cohort showed a low comorbidity burden, with 81.6% of the elderly patients having mCCI <2.
Several limitations must be acknowledged to interpret our results appropriately. First, this is a retrospective single-center analysis with a relatively small number of elderly recipients. Given the design of our study, our purpose was not to draw definitive conclusions but to contribute to the ongoing research with additional data from our experience. Additionally, as recipient selection was based on a multidisciplinary board evaluation, the process did not rely on objective or reproducible selection criteria. Although our outcomes are quite favorable, they may be the result of careful local selection practices and may not be reproduced by other centers.
Second, this study includes only patients who received LT and therefore does not account for patients aged ≥70 years who were evaluated but ultimately excluded from liver transplantation. Because data on declined candidates were not systematically recorded during the study period, we were unable to analyze the characteristics in this group and the reasons for exclusion.
Third, frailty and sarcopenia were not consistently assessed in our cohort and were therefore not included in the comparative analysis. The modified Charlson Comorbidity Index (mCCI) was used as a surrogate measure of comorbidity burden, but this does not replace validated frailty metrics. Sarcopenia, as a surrogate marker of frailty, has been associated with unfavorable outcomes following liver transplantation [22]; however, as shown in our results, variability in cut-off thresholds across studies limits its reliability as a standalone clinical parameter.
Finally, long-term outcomes such as 10-year overall and graft survival could not be evaluated, as the follow-up period was limited to 5 years.
These limitations highlight the need for prospective, multicenter studies with standardized data collection and reproducible selection criteria for elderly candidates; future research should incorporate sarcopenia in combination with objective and functional frailty assessments, evaluate both accepted and declined candidates, and include quality of life assessment [7] to better define transplant candidacy in patients ≥70 years.
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Change

First Banff classification established

v-lesion gained more prominence in
acute rejection criteria

Acute (cellular) rejection redefined as
TCMR

Working group on isolated v was
established

Recommendations regarding isolated
Vlesions were formuiated

Role of v-lesion within Banff
dlassification is challenged

Introduction of AMR category

AMR definition expanded to include all
v grades (vi-v3)

Biopsy-based transcript analysis
recommended in isolated v cases

Evidence supporting change

Meeting report by Solez et al. [22]

Colvin etal. [12] (1997) and Nickeleit et al. [13] demonstrated
that intimal arteritis was associated with worse therapy
response and reduced graft survival

“The introduction of AMR in 2001 distinguished acute celllar
from antibody-mediated rejection. Studies presented at
Banff 20032005 meetings identified tubuiltis as the primary
correlate of T-cell-mediated effects [23-25]

Formed in response to increasing uncertainty about the
clinical relevance of isolated arterits [26, 27)

The study (28] demonstrated that isolated v-lesions had
comparable treatment response and graft survival to cases
with v-lesions and signiicant tubulo-interstitial inflammation
Emerging evidence suggests isolated v may represent a
non-rejection phenotype rather than TCMR Grade II-lil
[16-18, 20, 26, 29]

Studies presented at the Banff 2001 congress highiighted
the critical role of antibodies in rejection, showing that
biopsies with C4d deposition had significantly lower graft
survival [26]

Lefaucheur et al. [30] demonstrated that AMR with v was
associated with a worse prognosis than AMR without v.

Introduced in response to recurring diagnostic uncertainty in
ciinical practice [31]

Update in definitions (changes are underlined)

Defirition of acute rejection:
Grade |: significant interstitial inflammation (>25% of
parenchyma, i2-3) with moderate tubulitis

(>4 mononuclear cells/tubular cross section or group of
10 tubular cells, 12)

Grade II: significant interstital inflammation (>26% of
parenchyma, i2-3) with severe tubuitis (>10 mononuciear
cells/tubular cross section, t3) and/or mild-moderate
intimal arteritis in at least one artery (v1)

Grade Ill: moderate-severe (v2) or severe (v3) intimal
arteritis in multiple arteries and/or with transmural arteritis,
fibrinoid change and smooth musdle necrosis
Refinement of acute rejection definition, emphasizing the
inferior outcome associated with intimal arteritis:

Grade |A: significant interstitial inflammation (>256% of
parenchyma, i2-3) with moderate tubulitis

(>4 mononuclear cells/tubular cross section or group of
10 tubular cells, t2)

Grade IB: significant interstitial inflammation (>25% of
parenchyma, i2-3) with severe tubuliis (>10 mononuclear
cells/tubular cross section, 3)

Grade I/ mid-moderate infimal arteriis (v1)

Grade IIB: severe intimal arteritis comprising >25% of the
luminal area (v2)

Grade Il: transmural arteritis and/or arterial fibrinoid
change and smooth muscle necrosis with accompanying
lymphocytic inflammation (v3)

Additional change: v-grading was revised to be based on
the most severely affected vessel due to the potential for

sampling error in defining vasculitis
No changes o grading

A multicenter retrospective case-control study was
initiated

“Mostisolated v-lesions shouid be reported as type 2 (or 3)
acute TOMR.”

A potential change remains to be discussed

Three criteria must be present for AMR diagnosis:
1. Histologic evidence of acute tissue injury

- ATN-ike minimal inflammation

- Capilary and or glomerular inflammation (ptc/g > 0) and!
or thromboses

- Aterial—3

2. Evidence of antibody interaction with vascular
endothelium

3. Serological evidence of donor-spedific antibodies
Three criteria must be present for AMR diagnosis:
1.Histologic evidence of acute tissue injury

g> 0 and/or pte>0

*»0

* Acute thrombotic microangiopathy

o Acute tublar injury

2. Evidence of antibody interaction with vascular
endothelium

3. Serologic evidence of donor-specific antibodies
Isolated v is a recommended indication for the use of
molecular diagnostics in renal allograft biopsy
interpretation to differentiate between AMR versus TCMR
versus mixed rejection versus no rejection in cases of
isolated v without MVI or TOMR, Cdd-negative, with or
without DSA
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Phenotypic study definitions

Acte tubulointerstitial refection: tubuitis
with focal or widespread mononuclear
cell inftrates in the interstitium

Acute vascular rejection: endothelial
proliferation/sweling with intimal ederma
and/or mononuclear cell infiltration and
adherence of mononuclear cells to the
endothelium

Diffuse thromboss: necrosis of small
arteries/arterioles, thrombosis in hilar/
arcuate arteries, and fibrin thrombi in
glomerlar/peritubular capillaries

Type | rejection: mononuclear infiltrate
in 5% of the cortex, tubuiiis

in 3 tubules and =2 of the following:
-edema, activated lymphocytes, or
tubular injury

Type Il rejection: arterial, o arteriolar,
endothelialitis, with or without type |
features

Type | rejection: mononudiear infitrate
in 5% of the cortex, tubuiiis

in 3 tubules and =2 of the following:
edema, activated lymphocytes, or
tubular injury

Type Il rejection: endarteritis
(mononuclear cells in the subendothelial
space), with or without type | features.
Type Il refection: fibrinoid arterial
necrosis or transmural inflammation
Borderiine TOMR: mild tubuits (t1) with
mild interstitial infirate (11)

TCMR grade I: interstitial infitrate (12-3)
and tubuitis (t2-3)

TCMR gradie I: intimal arteritis (v1-2)
TCMR grade I: severe intimal

arteritis (v3)

t1: maximum tubultis score of t1
12: maximum tubuitis score of t2

13: 13 tubulitis, characterized by the
presence of >10 mononuclear cells/
tubular cross-section or 22 areas of
basement membrane destruction with
2/ inflammation and t2 tubuitis
eisewhere in the biopsy

vi: v intimal arteritis, irespective of
tubulits grade

v2: v2 intimal arteritis, irrespective of
tubuis grade

V3: V8 intimal arterits, irrespective of
tubuis grade

Grade lIA: mid to moderate intimal
arteritis (1)

Grade IIB: severe intimal arteriis (v2)

Intimal arteritis with minimal tubulo-
interstitial changes: v > 0, t< 2, i< 2

Intimal arteritis: v > 0

V0: v-lesion negative
V> 1: v-lesion positive (vi-v2-v3)
Early: <1 year post-transplantation
Late: >1 year post-transplantation
Intimal arteritis: v > 0

Isolated v: v> 0 and (i < 2 and/or t < 2)

Isolated v:i< 2 ort<2and v >0

TCMRA-, TCMRAV4+, AMRA-, AMR/V+:
diassification based on hierarchical
duster and principal component
analysis. Groups were defined using
combined histological lesions, C4d and
DSA status

Isolated v: v > 0, t< 1,i <1

TOMR grade | with v: v > 0, t2-3i2-3
Negative controls: v0, t0-1i0-1

Isolated v: v> 0.and (i < 2or i < 2), with/
without AMR (as defined by Banff
2013 criteria) i--v lesions: v > 0.and (i 2
2 and t > 2), with/without AMR

Early: <1 year post-transplantation
Late: <1 year post-transplantation
Negative controls: vO

SAMRV: suspicious AMR with v
AMRV: AMR with v

TMRV: TCMR with v

All categories were defined according to
the Banff 2013 criteria

Isolated v: v1-3, i < 1 with any t-score, g
+ptos1 and C4d negative

AMR with v: AMR criteria present with
v-lesion

Isolated v:v1-3,t<2,i<2,g+ptc=0,
C4do, DSA negative

TCMR with v: v1-3,10-3,i0-3, g + ptc =
0, C4do, DSA negative

Suspected AMR withv: v1-3,10-3, 10-3,
g + ptc 0-6, C4d 0-3, DSA negative/
positive

AMR with v: v1-3,10-3, 10-8, g + ptc O-
6, C4d 0-3, DSA posilive

Isolated v1 i-t-v lesions

Criteria not expliitly stated

AMR withv: v >0 and presence of MVI
C4d + DSA

AMR without v: presence of MVI £
C4d + DSA

Isolated VR: v > 0,i < 1,t < 1)
Inflamed VR: v > 0,i2 1,12

1 irrespective of G4d and DSA
Early: <1 month post-transplantation
Late: >1 month post-transplantation

Intimal arteritis: v > 0

Intimal arteritis: v > 0

Isolated endarteritis: v > 0, 10-1, i0-1, g
+ptc 0-1, C4d negative

Early: <1 month post-transplantation
Late: >1 month post-transplantation
AMR v v > 0 cases meeting

2019 Banft criteria for AMR, and those:
with isolated microvascular
inflammation >2 Cdd-negative

TCMR v+ and mixed rejection v +
aiiteria not explicitly stated

Isolated v: v > 0, 10-80 or 100-3, not
meeting (PIAMR-MVI criteria)
Borderline changes with v: v > 0, t1-3i1
or t1i1-3, not meeting (PIAMR-MVI
ciiteria

TCMR grade! with v:v > 0, t2-3i2-3, not
meeting (D)AMR-MVI criteria
(PIAMR-MVI with v: v > 0, 10-30-1 or 10-
1i0-3, meeting Banff 2022 criteria for
(probable) AMR or DSA-negative Cdd-
negative MVI

TOMR-1 + (PJAMR-MVI with v: v > O, t2-
3i2-3, meeting (DAMR-MVI criteria

Study type

Observational cohort

Observational cohort

Observational cohort

Observational cohort

Observational cohort

Observational cohort

Transcriptomic profiing using
microarray analysis

Immunohistochemical staining of
immune cells

Observational cohort

Immunohistochemical staining of
immune cells

Transcriptomnic profiing using
microarray analysis

Transcriptomic profiing using
microarray analysis

Observational cohort

Observational cohort

Observational cohort +
transcriptomic profiing using
microarray analysis

Observational cohort

Observational cohort

Observational cohort

Observational cohort

Observational cohort

Observational cohort

Transcriptoic profiing using
NanoString B-HOT panel
Transcriptomic profiing using
microarray analysis

Observational cohort +

transcriptomic profiing using
NanoString B-HOT panel

Observational cohort

Sample size

N = 42 acute tubulointerstitial
rejection, N = 18 acute vascular
rejection, N = 7 diffuse thrombosis

N=94type |, N =24 type

N=20typel,N=35typell, N =
4 type Il

N = 7 borderline TOMR, N =
11 TOMR grade |, N = 10 TOMR
grade Il, N = 7 TOMR grade Il

N=36t1,N=3612, N=36t3, N=
36V, N=18v2, N=11v3

N =102 grade lIA, N = 29 grade IIB

N = 143 biopsies +51 validation
samples, exact number of intimal
arteritis with minimal tubulo-
interstitial changes not explicitly
stated

N = 34 biopsies with intimal arteritis

N=88vO,N=13v1,N=5v2,N=
1 v3. Number of early and late
v-positive biopsies not reported

N = 5 allografts resected because
of ireversible graft failure, all
classified as AMR with intimal
arteritis

N = 403 biopsies, including N =
24 with isolated v

N = 300 biopsies, including N =
35 TCMR and N = 22 TCMR +
AMR histological diagnoses

N = 139 TCMRA-, N = 26 TCMR/
v4,N =73 AMRAV-, N = 64 AMR/v+

N =103 isolated v, N = 101 TCMR
grade Iwith v and N = 103 negative
controls

N = 28 isolated v, N = 21 i-t-v
lesions, N = 654 v-negative. AMR in
17/49 v-positive biopsies. Early
biopsy in 28/49, late in 21/

49 v-positive biopsies

N =37 SAMRV, N = 33 AMRV and
N =78 TCMRV. N =80 v1, N =
51v2and N =17 v3 cases (in total)

N = 33 isolated v
N = 54 AMR with v

N = 25 isolated v, N = 18 TCMR
with v, N = 36 suspected AMR with
vand N = 19 AMR with v

N =50v1, N = 28 i-t-v lesions

N = 36 AMR with v, N = 102 AMR
without v

N =34 isolated VR, N = 66 inflamed
VR; early VRin 51%, late VRin 49%

N = 326 idney transplant biopsies

N = 1679 kidney transplant
biopsies

N =10 early isolated v, N = 13 late
isolated v, N = 26 AMR v+, N =
10 TOMR v, N = 23 mixed
rejection v+

N = 166 isolated v, N =
87 borderine changes with v, N =
66 TCMR grade  withv, N= 148 (p)
AMR-MVI with v and N = 67
(12.5%) TCMR-| + (JAMR-MVI
with v

Main findings

Acute vascular rejection and diffuse
thrombosis were associated with
more frequent rejection episodes and
higher allograft loss rates than acute
tubulointerstital rejection

Type Il rejection was clinically more
severe than type | (peak serum
creatinine >120% of baseline within
14 days after onset or incomplete
response to antirejection therapy)

Type I rejection had poorer steroid
response compared to type I, but
responded equally to ATG. Type I
had similar one-year graft survival and
renal function at 6 and 12 months
post- biopsy as type . Type Il did not
respond to therapy, with al cases
leading to graft failure within

12 months

Acte rejection severity correlated
with treatment unresponsiveness
and increased graft failure risk within
18 months post-biopsy. Intimal
arteritis was the only
histomorphologic predictor of poor
sunvival. TOMR grade |-l groups had
significantly higher serum creatinine
at 1and 2 years post-transplantation
than matched controls

Severe tubuiltis (13) was associated
with worse grait outcomes than mild/
moderate tubuitis (t1/2),
approaching the outcomes of

V1 intiml arteritis. Intimal arteritis (v2/
v3) had the poorest prognosis,
exceeding that of v1 arteritis and all
tubuiiis grades without coexisting
arteritis

Grade IIB cases had worse
responses to therapy and higher
rates of graft failure compared to
grade IA. However, grade IIB cases a
had higher g + i + t score than grade
IIA. Therapy response was
associated with the extent of tubuis
and the composite g + i + t score
(graft failure was not specifically
analyzed in relation to g +i + )
Biopsies with intimal arteritis and
minimal tubuiointerstitial changes
exhibited low expression of
pathogenesis-based transcript sets

Biopsies of inimal arteriis consist of a
mixed infitrate of monocytes/
macrophages and T-ymphocytes,
with a median CD68/CDS ratio of
1.03. There was no correlation
between the cellular composition of
arterial and interstital infitrates and
the proportion of interstitial and
arterial macrophages did not impact
graft survival

V-lesions were ot associated with
allogratt loss in early or late biopsies

Macrophages and T-lymphocytes
were the predominant immune celis,
with CD8" cytotoxic T-cells
comprising 45.4% of T-cells.
Neutrophils and NK cells were also
present, with a higher proportion of
neutrophils in v3 vasculitis compared
to v2 lesions

19 out of 24 biopsies (79%) with
isolated v-lesions had low TCMR
scores (<0.1)

Among 35 TCMR cases, 11 were
molecular score-negative/histology-
positive, and among 22 TCMR +
AMR cases, 5 were molecular score-
negative/histology-positive. Of these,
2/11 TOMR and 1/5 TCMR + AMR
discrepancies were attributed to
TCMR diagnoses based on the
isolated v-lesion criterion

Risk of graft loss was similar between
TCMRA- and TCMRA + groups.
AMR/v+ was associated with worse
graft sunvival compared to AMRA-

Isolated v had similar treatment
response rates and graft survival to
TCMR grade | with v

v-lesions did not increase the risk of
graft failure compared to biopsies
without v-lesions, regardiess of the
presence of concomitant AMR
Molecular TOMR scores were
positive in 95% of i-t-v lesions and
21% of isolated v-lesions. Among
12 early isolated v-lesion biopsies,

9 showed no molecular rejection.
Between 1 and 5 years, 4/5 had
molecular rejection (1 TOMR, 1 AMR,
2TCMR + AMR). Beyond 5 years, 9/
11 had positive AMR scores, but only
1 had a positive TOMR score
TCMRV, SAMRV, and AMRV showed
similar responses to antirejection
therapy, whereas v2 and v3 lesions
were associated with significantly
poorer outcomes than v1. Eight-year
death-censored graft survival was
higher in TOMRV than in AMRY, and
significantly better in v1 compared to
v2orv3

Graft survival in AMR with v was
significantly lower than in isolated v

Isolated v responded wel o steroids,
showed no persistence of arterits in
follow-up biopsies, and had favorable
grat function and survival. AMR with
vhad significantly worse graft survival
compared to isolated v

Isolated v1 had  better response to
therapy and superior graft survival
compared to i-t-v lesions

AMR with v was a significant risk
factor for the development of
transplant glomerulopaty,
regardless of DSAstatus, but was not
associated with gratt failure at

36 months

Isolated VR cases had better graft
survival compared with inflamed VR.
Early intimal arteriis was associated
with delayed graft function and
transient elevations in serum
creatinine, but overall responded wel
to treatment. Late intimal arteritis was
more frequently linked to chronic
fibrosis and subsequent graft loss
Molecular TOMR scores correlated
more strongly with t and i than with v
Molecular TOMR scores were
primarily associated with t and i, but
not with v

Early isolated v-lesions had higher
delayed graft function rates and the
worst 1-year death-censored graft
sunvival compared to late isolated
Vlesions and other rejection
subtypes. Early isolated v showed
increased early/acute injury gene
expression but lower activation of
rejection-related pathways, with
reduced TOMR and AMR gene
expression compared to TOMR,
AMR, and mixed rejection

Although borderline changes with v
showed slightly higher 10-year graft
failure rates than isolated v-lesions,
cases of TOMR-, (pJAMR-MVI and
TCMR- + (P)AMR-MVI with v were
associated with significantly worse
outcomes. In a matched analysis of
534 v-positive cases and v-negative
controls, v-lesions had no significant
impact on graft outcomes
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Obtain awareness of the health authorities for the need of reimbursement of a MP technique (2009-2010)
Official request by the ministry of health to the Health Care Knowledge Centre or Superior Health Council to create an of recommendation.

Official recommendations of the MP technique (2010 -2018)
* Ministry of health requests the Health Care Knowledge Centre or Superior Health Council to write an official recommendation on the MP technique in collaboration with national and international experts and validators

+The main objective of this report is to assess its efficacy and cost-effectiveness to formulate national recommendations.
*In collaboration with the Health Care Knowledge Centre and national and international experts and validators, national recommendations were published in 2014 (https://kce.fgov.be/sites/default/files/2021-
12/KCE_217 Machin rfusion. |

*Workgroup to evaluate the ‘unmet medical needs’ in organ transplantation (2018-2021)
*Based on the national recommendations the ministry of health requested the Belgian National Institute for Health and Disability Insurance to create a workgroup in collaboration with the Belgian Transplant Society to evaluate
the ‘unmet medical needs’ in organ transplantation and a detailed cost-effectiveness estimation for HMP for kidneys in Belgium as compared with SCS preservation.

*Approved reimbursement for HMP for kidneys (June 2021)
*Three-year pilot program approved by the National Institute for Health and Disability Insurance.
*For all ECD and DCD kidneys procured and transplanted in Belgium.
+ Effective from September 2022 .

*Creation of a National Kidney HMP Group (July 2021)
*Mandated by the Belgian Transplantation Society (BTS)
*1 representative of each of the seven transplant centers
*Aim: to implement HMP for kidneys at a national level
*Obligatory feedback of progress to BTS, the Belgian kidney pancreas committee, Belgian Council committee and to the National Institute for Health and disability

*Key actions for HMP implementation taken by the National Kidney HMP Group
*Discussion with the National Institute for Health and Disability Insurance
«Determine modalities of HMP implementation:
*Centralized MP service versus center driven MP: a central NMP service was estimated more cost-effective in Belgium.
*Which machine perfusion strategy? Continuous versus endischemic approach; Oxygenated versus non oxygenated HMP. More scientific evidence for continuous HMP and HMPO2 for DCD>50yrs old.
*How to organize a central NMP service:
*Hospital- versus company-organized?
«Integration of professional perfusionists or trained perfusion specialists necessary in procurement center?
«Organization transport: car, priority versus non-priority transport, ..
*Helpdesk 24:24 available?

«In dept analysis of the obtained reimbursement fee:
*Which costs are covered: MP device, accessories (cannules, sterile drapes), transport, assistance, database construction fro outcome data, administrative costs, cost of activation of the MP service without kidneys

placed on MP for transplant, costs of HMP-perfused kidneys discarded in recipient center, ..
*European Tender for a national HMP service
Contract agreements

«National information/education campaign
* Two education sessions in each transplant center were organized to inform nurses, transplant coordinator, procurement and transplant surgeons and nephrologist and an obligatory hands-on course for each procurement

surgeon.
« The project summary and logistics were presented in detail at the general assembly of Belgium Transplant Congress in September 2022, 2 weeks before the start of the project.

Kick off National Perfusion Service in clinical practice (October 1, 2022)

*Key tasks of the National Kidney HMP group after HMP implementation (October 2022 -
*Supervision and monitoring of implementation of HMP
+Continue evaluation
*Multicenter research infrastructure: supporting clinical trial, biobanking, innovation in organ preservation strategies, ...
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