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Living Life to the Fullest After Organ
Transplantation
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Andrea Zajacova'?, Coby Annema?®, Nina Pilat*® and Thierry Berney®”*

! Editorial Fellow, Transplant International, °BREATHE, KU Leuven, Leuven, Belgium, °Department of Health Sciences, Section of
Nursing Science, University Medical Center Groningen, Groningen, Netherlands, “Deputy Editor-in-Chief, Transplant International,
5Depan‘ment of Cardiac and Thoracic Aortic Surgery, Medical University of Vienna, Vienna, Austria, SEdiitor-in-Chief, Transplant
International, “Division of Transplantation, Immunology and Nephrology, Hospices Civils de Lyon, Lyon, France

Ensuring a good quality of life after organ transplantation is a priority that all transplant
physicians, surgeons and healthcare professionals should strive to achieve for their patients.
Indeed, organ transplantation is not simply about surviving and the ability to participate in
meaningful activities of life is of critical importance [1]. This should be a self-evident fact, but
the journey to overcome complications, co-morbidities, medication side-effects, and treatment
burden, in order to achieve the desired physical, mental, and social outcomes, can be a bumpy
ride, and has been the topic of a recent special issue of Transplant International titled “Living
well after transplantation” [1, 2].

Living well after transplantation (arguably, the ability to participate in normal life activities) is by
definition a subjective concept and assessing it can only be done from the patient perspective, and has
been understudied. The development and implementation of patient-reported outcome measures
into clinical practice and clinical trials is the first step ensuring the patient voice is heard
systematically [3].

To have a meaningful life after a solid organ transplant, patients can use their improved
health status to once again enjoy time with family and friends, to travel and to return to work
[4]. To achieve this, healthcare providers should look beyond medical support in enhancing
long-term wellbeing, and most importantly, organ recipients should see themselves as creators
of their own wellbeing [5].

The ability to practice sport and physical activity is a significant part not only of a return to social
life but also of health-related quality of life [6]. Indeed, the effect of the quantity of sport activity was
significant on the General Health and Role Emotional components of the SF-36 questionnaire, with
more sport activity associated with higher HRQoL [7].

Sport and physical activity are increasingly recognized as important components of recovery

Editorial  and long-term quality of life after lung transplantation. Evidence from reviews and

interventional studies suggests that exercise training before and after transplantation can

OPEN ACCESS  improve or preserve exercise capacity, muscle strength, functional status and health-related

quality of life in lung transplant recipients [8, 9]. Structured rehabilitation programs and

*Correspondence  targeted interventions, including high-intensity interval training, have been shown to be

Thierry Berney,  feasible and safe while contributing to improvements in aerobic capacity and muscular

eic.ti@frontierspartnerships.org strength [10, 11]. In addition, studies examining symptom responses during exercise have

provided insight into ongoing limitations such as dyspnea, effort perception, and muscle

Received: 16 March 2026 djscomfort that may be experienced by lung transplant recipients [12]. Importantly, evidence

Accepted: 19 March 2026 ¢, m cohorts of transplanted athletes indicates that some are able to participate in recreational

Published: 12 May 2026 .. . . . . . .

or competitive sport, demonstrating substantial physical recovery and highlighting the

potential for lung transplant recipients to regain high levels of physical functioning and
Berney T (2026) Living Life to the social participation [13, 14].

Fullest After Organ Transplantation. The letter published in this issue of Transplant International is an impressive report of how far

Transpl. Int. 39:16595. organ transplant recipients are able to challenge themselves from the physical standpoint and even

doi: 10.3389/1.2026.16595  achieve feats that most individuals from the general population would be unable to achieve [15]. The
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transplantation team from the Medical University of Vienna
enrolled 9 lung transplant recipients in a high-altitude
mountaineering expedition, in which one patient was able to
summit Mount Aconcagua, the highest peak in the Andes,
without supplemental oxygen. The letter also demonstrates the
responsibility and the cautiousness of the medical team, who took
great care to acclimatize and monitor their patients, and thus
avoid the potential detrimental outcomes of extreme physical
activity after organ transplantation [6].

Beside this exceptional achievement from the medical,
physical and emotional standpoints, there is a clear symbolic
value in the image of a lung transplant recipient climbing to
extreme altitudes without supplemental oxygen support. If
anything, this experience is an staggering and thrilling
demonstration that organ transplant recipients can not only
“live well” but also live their lives to the fullest.
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OPEN ACCESS  Dear Editors,
Lung transplantation (LuTX) is an established and effective therapeutic option for patients with end-
Jakob Mehibacher stage lung disease [1]. Over the past decades, advances in surgical techniques, perioperative
Jakob.muehbacher@ ~ anagement, immunosuppressive strategies, and long-term follow-up care have resulted in
meduniwien.ac.at  Significant improvements in survival rates, health-related quality of life, and functional capacity
after lung transplantation [2]. Consequently, many recipients are able to resume a broad range of
Received: 16 March 2026 Physical activities, including high-intensity and endurance sports. Early publications on this topic are
Revised: 16 March 2026~ available from other solid organ transplant recipients [3]. In this context, participation in high-
Accepted: 15 April 2026 altitude mountaineering has been documented in carefully selected liver transplant recipients under
Published: 12 May 2026 close medical supervision [4]. In 2015 a transplanted patient reached the highest mountain peak
Corrected: 14 May 2026 (6,189m, Island Peak, Nepal) ever [5]. Also, lung transplant recipients are able to adapt to altitude
Citation:  and capable of performing prolonged exercise at high altitude after slow ascent [6, 7]. In 2017 eight
Mhibacher J, Sema A, lung transplanted patients successfully summited Mount Kilimanjaro (5.895 m, Tanzania) under
Hostzenecker K, Jelly G, Fiick H, guidance of the Vienna lung transplant team [7, 8]. Available evidence suggests that transplanted
Dabur F, Fity MP, Falinger P, lungs retain the capacity to physiologically adapt to hypobaric hypoxia and can sustain prolonged
Duplessis R, Furtenbach L,
Wedenig IV, Wisser W, Aigner Cand  Physical exertion at high altitude, provided that ascent is gradual and appropriate acclimatization is
Jaksch P (2026) What Is Possible for ensured [7]. Eleven lung transplant recipients reached the summit of Mount Jebel Toubkal (4.167 m,
Patients After Lung Transplantation? ~ Morocco) in 2019 without any adverse events, despite poorer cardiopulmonary performance
The Highest Reported Altitude  compared to healthy volunteers [9]. In addition, they show stable immunosuppressive drug
Achieved by a Lung Transplant  trough levels and stable Torque Teno virus loads suggest good immunologic tolerance relative

Recip 'Zm V\//thozgfug P /er/\r;enta; to physical stress (Miihlbacher, accepted for publication in Scientific Reports, April 2026) [10].

Xyi\e;;caga/?g 96(7);;3. As part of an international medical expedition under guidance of the Vienna lung transplant team
Transpl. Int. 39:16591. and the respective national team leaders, nine transplanted patients (8 patients after lung
doi: 10.3389/1i.2026.16591 transplantation, one patient after liver transplantation) were included to climb Mount Aconcagua
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High-Altitude Performance After Lung Transplant
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FIGURE 1 | Schedule and route for the Mount Aconcagua expedition, times are given in local time (A). Hypoxic pre-conditioning performed at home, illustrating the
progression of simulated altitude exposure over time and the corresponding Lake Louise Score (LLS) for acute mountain sickness (AMS) (B). Elevation profile during the
Aconcagua expedition illustrating altitude exposure over time together with the corresponding AMS score (C), all altitudes are reported in meters above sea level (ma.s.l.).

(6.961m, Argentina) in January 2026. The expedition was supported
by an accompanying team of physicians and professional guides.
The actual tour planning was carried out by a professional
expedition provider (Furtenbach Adventures GmbH, Rum,
Austria) in cooperation with a local expedition provider
(Grajales Expeditions, Los Penitentes, Mendoza Province), both
of whom have many years of experience in planning and safely
conducting expeditions. The selection of possible candidates was
based on lung function and spiroergometry and was done in
accordance with the included transplant centers in Austria,
Switzerland, Croatia, Denmark and the USA.

Hypoxic conditioning (HC) applied at home as a pre-
acclimatization strategy prior to high-altitude exposure may
facilitate high-altitude ascents with a reduced risk of developing
acute mountain sickness (AMS) [11, 12]. However, standardized
protocols remain insufficiently defined, and robust scientific data
are limited, although pre-acclimatization appears to be a key
determinant in the success of rapid ascent expeditions [13]. It is
currently unknown how this form of pre-acclimatization affects
patients after lung transplantation. To maximize participant safety
during the expedition, however, all participants completed a
structured home-based HC program comprising at least 200 h
of exposure prior to departure [11]. Participants completed
mandatory safety and first aid training prior to the expedition;

throughout the expedition

Mulas Base Camp (BC)
progressive establishment

high flow oxygen systems (Summit Elite System, Summit Oxygen
International Ltd) and carbon oxygen cylinders (4L, working
pressure 300 bar; Armotech, Czech Republic) where available

for safety reasons.

The expedition to Mount Aconcagua (6.961 m, Argentina),
followed a structured 19-day schedule organized by experienced
professional providers. Accordingly, the ascent followed a standard
acclimatization protocol via the normal route: approach to Plaza de

(4.350 m) over 4 days, followed by
of higher camps at Plaza Canada

(5.050 m), Nido de Coéndores (5.560 m), and Camp Colera
(6.080 m). The summit attempt (6.961 m) was performed from
High Camp Colera (Figure 1A). Additional days were reserved for
weather contingency and descent. Physiological monitoring,
including heart rate and peripheral oxygen saturation, was
performed using wearable
framework of the project. In addition, the Lake Louise Acute
Mountain Sickness (AMS) score was assessed daily based on
self-reported symptoms documented by the mountaineers [14].
The majority of transplanted participants (7 patients after lung
transplantation, one patient after liver transplantation) were
unable to reach the summit due to a combination of altitude-
related symptoms, reduced tolerance to physical demands at
higher altitude, and precautionary decisions based on safety

devices provided within the
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considerations, resulting in descent at various stages between base
camp and the higher camps.

On January 24, a lung transplant recipient successfully
reached the summit of Mount Aconcagua (6,961 m,
Argentina) together with the accompanying expedition
team (8 participants), all without the use of supplemental
oxygen. The ascent and descent were completed without
adverse clinical events. In particular, no signs or symptoms
consistent with high-altitude pulmonary edema (HAPE) or
high-altitude cerebral edema (HACE) were observed during
high-altitude exposure.

This 51-year-old male lung transplant recipient (BMI 18.3 kg/
m?), transplanted in 2002 for cystic fibrosis, resided at 407 m above sea
level. Relevant comorbidities included diabetes mellitus and chronic
kidney disease (creatinine: 2.57 mg/dL, November 2025);
maintenance immunosuppression consisted of once-daily 0.75 mg
extended-release tacrolimus in combination with everolimus 0.5 mg
twice daily. He had prior high-altitude exposure, including Mount
Kilimanjaro (5,895 m, Tanzania) [7], without any history of AMS,
HAPE, or HACE. Baseline functional assessment demonstrated a
maximal oxygen uptake (VO,max) of 30.9 mL-kg’l-min'1 (90%
predicted; maximal workload 140 W) and an FEV; of 2.7 L (86%
predicted), indicating preserved exercise capacity and stable graft
function prior to the expedition. As part of the pre-acclimatization
strategy, the lung transplant recipient completed 311 h of HC over
36 days (Figure 1B). Following HC, hemoglobin levels remained
stable (from 13.7 to 13.8 g/dL). As simulated altitude increased during
the pre-acclimatization phase, the participant experienced only mild
symptoms, which was accompanied by a corresponding elevation in
AMS scores (maximum AMS-Score of 2, Figure 1B). On the
mountain he reported only mild to moderate symptoms of AMS
(maximum AMS-Score of 5), and no instances of HAPE or HACE
occurred at any point during the expedition (Figure 1C). For mild
gastrointestinal problems, he took one tablet of Metoclopramide
(10 mg) daily for 5 days as the only additional medication during
the expedition. Arterial PaO, decreased by approximately 50%, from
82 mmHg in Mendoza (760 m) to 42 mmHg at Plaza de Mulas Base
Camp (4,350 m), while arterial pH remained stable. Resting SpO,
values progressively declined with increasing altitude from of 89% at
BC to 75% at Camp 3. In contrast, heart rate remained relatively stable
throughout the stay on the mountain, with average values ranging
from 90 bpm at BC to 95 bpm at Camp 3.

These findings should be interpreted cautiously, as such
high-altitude performance is likely restricted to a highly
selected subgroup of transplant recipients under exceptional
medical supervision and is not generalizable to the broader
transplant population. Although the observed VO,max of
31 mLkg'min" is lower than values suggested in the
literature for successful high-altitude mountaineering [15,
16], summit attainment in this case may potentially be
explained by a combination of factors, including HC, a very
slow ascent rate, minimal additional load supported by porter
assistance, favorable environmental conditions and potentially
also by psychological factors such as resilience and motivation

High-Altitude Performance After Lung Transplant

in this highly selected patient population. Currently, evidence
regarding VO,max thresholds for lung transplant recipients at
high altitude remains limited.

In summary, selected patients after lung transplantation are able
to tolerate and physiologically adapt to high-altitude exposure when
preceded by normobaric hypoxic pre-acclimatization, without
experiencing  severe  high-altitude-associated  complications.
Moreover, one lung transplant recipient successfully summited
Mount Aconcagua without supplemental oxygen, which, to our
knowledge, constitutes the highest reported altitude reached
following lung transplantation.
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Dear editors,

The transport of grafts between the donor site and the recipient center remains a critical link
in organ transplantation. It raises major organizational challenges and involves numerous
professionals—physicians, nurses, procurement coordinators, and transport teams—and
represents one of the determinants of cold ischemia time [1]. Cold ischemia itself is the most
important modifiable predictor of short-, mid-, and long-term graft function. In kidney
transplantation, cold ischemia is an independent factor significantly associated with delayed
graft function [2] as well as long-term graft survival [3]. This issue is crucial, as it concerns
not only the transport of organs from deceased donors but also potentially high-risk, high-
stakes activities such as living-donor kidney transplantation, particularly within kidney
exchange programs.

Organ transport currently relies on three main modalities: road networks using
ambulances and taxis; rail transport; and air transport, often involving private jets.
Aerial drones, and particularly uncrewed aircraft systems, defined as drones flown either
by remote radio control or guided autonomously via GPS, could become an ideal solution in
the future, as they offer several advantages.

Regarding clinical impact, long-distance ground transport may result in prolonged
transport times. Ambulances are constrained by road networks and traffic conditions,
while train transport depends on commercial lines and is therefore subject to scheduling
constraints and limited flexibility. Organizational impact on clinical team: Automated
drone transport offers improved logistical predictability and allows for around-the-
clock organ reception. This increased fluidity could enable surgical teams to optimize
operating room scheduling and reduce delays related to local logistics. Similarly,
reducing the number of intermediaries involved in the transport of transplants is an
important factor in minimizing logistical errors that may occur along the
transportation chain. Public health and medicoeconomic impact: Drones represent
areliable, rapid, and less costly alternative to private jets and emergency road transport.
Moreover, reductions in cold ischemia time, given its major prognostic value for short
and long term graft function, carry significant medico-economic implications.
Improved graft survival reduces the need for dialysis, which represents a major
financial burden on healthcare systems. Environmental impact: Drone transport has
alow carbon footprint compared with conventional air transport. Drones operate using
either fully electric or hybrid propulsion systems. Their use could help reduce
greenhouse gas emissions in alignment with ecological transition objectives.
Occupational health: Replacing prolonged nighttime road trips (ambulance teams)
with automated transport systems would reduce professional exposure to fatigue and
accident risk while easing the logistical burden on on-call teams. In 2006, in France,
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FIGURE 1

Fully electric aerial drone taking off for kidney graft transport

during a preclinical experiment in France. The propulsion system
consists of four rotors positioned vertically during takeoff and landing,
which tilt horizontally during cruising flight. Image courtesy of
Dufour Aerospace (Dubendorf, Switzerland).

two surgeons died in the crash of the aircraft that was transporting
them to perform an organ procurement in a nearby city.

The first implementation of aerial drones for organ transport
occurred in 2018 in Baltimore (USA) [4-6]. These early trials
stable
reduced vibrations compared with traditional transport modes

demonstrated thermal conditions during transport,
and minimized changes in spatial orientation. This work
culminated in the first clinical kidney transplantation using drone
transport, published in 2019, with an unremarkable postoperative
course and good 30-day graft function. The drone used a six-rotor
vertical propulsion system and flew at a cruising speed of
approximately 32 km/h. These early experiments demonstrated
technical feasibility but were constrained by the technological
limitations of that time.

The use of uncrewed aircraft systems is now increasingly
feasible thanks to technological advances. Current fully electric
drone models achieve cruising speeds of around 100 km/h with
ranges slightly surpassing 100 km. Larger hybrid-propulsion
drones are more substantial models with wingspans exceeding
6 m, capable of reaching cruising speeds of approximately 120 km/h,
ranges greater than 500 km, and payload capacities of around
40 kg. These drones, with increased payload capacity and volume,
allow the use of clinically validated preservation containers,
whether for static cold storage or hypothermic machine
perfusion. Depending on the model, navigation may rely on
radio-controlled guidance from a ground operator or on
autonomous GPS-based flight along predefined trajectories.
These

enabling transport with the lowest possible level of risk while

devices represent the next-generation of drones,
minimizing the potential for human error. These new-generation
fully autonomous drones are undergoing testing and have been
evaluated in preclinical kidney transplantation experiments. In
June 2025, the first preclinical experiments were conducted in
France (Figure 1) using an allotransplantation model. Early results
demonstrate stable thermal conditions and minimal vibration
during 1-h transports, with further studies planned to confirm

these findings over distances greater than 500 km.
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These technological advances suggest that drone transport is
becoming a mature modality for graft transportation, offering the
technical possibility of connecting distant cities via direct fly
routes [7]. While technological challenges are diminishing, new
political and regulatory challenges are emerging. In most
countries, drones intended for medical transport are regulated
under civilian drone legislation. Numerous flight restrictions exist
depending on population density, overflight of sensitive
infrastructure, and proximity to critical zones. Establishing
transfer routes between transplant centers requires the drafting
and approval of flight plans meeting quality and safety standards
equivalent to those of civil aviation. These regulations are
nonetheless necessary and serve as a reminder that drones, by
definition, are modes of transport more susceptible to hacking
and diversion attempts.

Current regulations and the need to establish an aerial
network dedicated to medical drone transport represent a
labor-intensive [8].
implementation will likely require updates
adaptations to regulations specifically tailored to medical
be
necessary to ease restrictions and enable the development of

major  and challenge Clinical

future and

drone operations. Strong political engagement will
aerial drones for organ transport. It is up to us to make this
technology the mode of organ transport for today and the future.
The development of aerial drones could become a crucial
logistical component in the future of organ preservation,
particularly in the context of emerging normothermic
perfusion hubs and the need for rapid transfer of grafts from

the procurement site to strategic locations.
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Present and future of liver
transplantation for
cholangiocellular carcinoma:
moving toward personalized
multiparametric transplantability
patterns
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Department of Surgery, Oncology and Gastroenterology (DiSCOG), University of Padua, Padua, ltaly,
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Liver transplantation for cholangiocarcinoma (CCA) shifted from a
contraindication to a promising therapeutic option for selected patients.
Advances in neoadjuvant therapy and refined selection criteria resulted in
long-term outcomes comparable to other accepted oncologic indications,
particularly in perihilar CCA managed with standardized protocols and in
intranepatic CCA with favorable tumor biology. The future challenge is to
develop a multiparametric biological selection, blending clinical, functional,
histopathologic, molecular, and radiologic parameters to identify candidates
with indolent disease behavior, thus maximizing oncologic benefit while
ensuring appropriate use of limited graft resources.

KEYWORDS
cholangiocarcinoma, liver transplant, transplant oncology, transplant assessment, tumor
biomarkers

Introduction

Liver transplantation (LT) for cholangiocarcinoma (CCA) emerged as a critical area of
inquiry due to the limited curative options in a context of a rapidly evolving transplant oncology
[1-3]. Although resection remains the standard of care (SOC), many patients are ineligible due
to tumor burden, anatomical constraints, or insufficient future liver remnant [4-6]. On a
speculative basis, LT may provide a valuable alternative, allowing complete oncologic resection
with wide margins, eliminating the pro-oncogenic hepatic microenvironment, and restoring
liver function often compromised by underlying disease or prior treatments.

Aside from the excellent outcomes observed in revisited HCC indications, LT is now
employed for hepatoblastoma, hemangioendothelioma, and unresectable, well-
differentiated neuroendocrine tumors, and selected unresectable colorectal liver
metastases patients [7-10]. All these indications share an intrinsic favorable tumor
biology. On the contrary, CCA has an aggressive behavior, and LT evolved from a
contraindication to a therapeutic possibility only after patient superselection. This
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review will present current results in the field of LT for CCA, with
particular focus on available evidence to improve patient selection
based on biological aggressiveness.

Current landscape of CCA
management

CCA is a biologically and clinically heterogeneous malignancy of
biliary epithelial cells, characterized by an aggressive course and high
recurrence risk. Although rare, its global incidence and mortality
increased, ranging from 0.3 to 6/100,000 in Western countries and
exceeding 6/100,000 in East Asia, reflecting geographic variability in
genetic, environmental, and infectious risk factors [11-13]. CCA is
classified anatomically into intrahepatic (iCCA), perihilar (pCCA),
and distal (dCCA), each with distinct risk associations: iCCA with
chronic liver disease, cirrhosis, viral hepatitis, and obesity; pCCA
with primary sclerosing cholangitis; dCCA with choledocholithiasis.
Beyond anatomy, CCA shows marked biological heterogeneity in
molecular pathogenesis, tumor microenvironment, histology, and
growth patterns. Diagnosis is challenging due to asymptomatic early
stages and nonspecific imaging. Contrast-enhanced CT is the
standard for staging, MRI provides detailed assessment of local
and biliary extension, and PET-CT is useful for lymph node and
distant staging. Serum CEA and CA19-9 elevation is associated with
advanced disease [11, 13-15]. While preoperative histology is not
currently required for pCCA due to risk of dissemination, it is
recommended that all iCCA candidates for LT undergo liver biopsy
to confirm diagnosis, exclude mixed HCC-CCA and to identify
poorly differentiated tumors with high risk of recurrence [16-18].

Hepatic resection is considered the main curative treatment for
both pCCA and iCCA, with 5-year survival ranging from 25% to
45% [19-21]. Despite innovative and extreme approaches [22, 23],
most patients remain ineligible for surgery and can only receive
systemic therapies, with median OS not exceeding 12 months [24].

A registry-based study by ENSCCA [19] showed that most
favorable outcomes were achieved after radical (R0), node-
negative (NO) resection, with a median OS of 52.2 months and a
relapse rate of 59.9%. In contrast, patients with positive margins or
nodal involvement had 21%-29% 5-year OS, with a 77.4% relapse
rate. Resection was performed in only 50.3% of patients, and
RO margin in 35.8%. Among the 49.6% of patients with
unresectable disease, median OS was 10.6 months in those
treated with active palliative therapy and 4.0 months in those
receiving best supportive care.

Gemcitabine/cisplatin (GemCis) has long been first-line therapy
for advanced biliary tract cancers [24], but recently the addition of
immune checkpoint inhibitors became the new SOC [25, 26].
Despite these developments, the clinical benefit remains modest.
In the updated TOPAZ-01 trial [27], durvalumab improved median
OS by 1.6 months, while pembrolizumab extended OS by
1.8 months in the KEYNOTE-966 trial [28], compared to Gem-
Cis alone. However, the association of Gem-Cis and Durvalumab
showed excellent disease control rates (85%), with a 59% rate of
sustained response after 6 months, making it a promising candidate
as neoadjuvant treatment [25, 29, 30].

These
considerations. First, patient selection is crucial, focusing on

unfavorable outcomes underscore two critical
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biological aggressiveness and extrahepatic spread. Performance
status, CA19-9, vascular involvement, and tumor size may serve
as predictors of futility for both resection and transplantation [31,
32]. Second, although RO resections are fundamental prerequisites
for relevant survival benefit, the risk of recurrence remains high even
after oncologically sound interventions. This infers directly to the
transplant oncology setting, where total hepatectomy overcomes the
problem of positive margins in liver-limited disease, while in cases of
direct involvement of adjacent structures pancreaticoduodenectomy
or total upper-abdominal exenteration is considered to ensure
radicality.

LT for pCCA

From early experiences to “standard
approaches”

Early reports described dismal outcomes, with 20%-38% 5-year
OS and 53%-84% recurrence rates, despite anecdotal cases of long-
term survival in early-stage node-negative patients, and a
controversial role of primary sclerosing cholangitis (PSC) [33-36].

In 1993, the Mayo Clinic [37] described a novel protocol
proposing LT for pCCA after thorough selection and aggressive
neoadjuvant chemo-radiotherapy (Figure 1; Table 1). The first large
case series [38] demonstrated excellent outcomes. Of 184 enrolled
patients, 172 completed chemoradiation and underwent staging
surgery, and 126 ultimately received LT. The 5-year intention-to-
treat (ITT) survival was 54%, reaching 61% in patients with
underlying PSC and 42% in those with de novo pCCA.
Recurrence occurred in 21 patients (18%) after a mean time
of 25 months.

These findings were confirmed by a multicenter study [41]
involving 287 patients from 12 high-volume transplant centers
across the USA. In this cohort, 71 patients dropped out before
undergoing LT, 5-year ITT survival was 53%, and the recurrence-
free survival (RFS) was 65%.

Following these encouraging results several groups in Europe
and the US started following the Mayo protocol or Mayo-like
protocols with similar inclusion criteria and slight modifications
in the neoadjuvant treatment. However, rather small case series
were reported.

A long-term analysis from the Mayo Clinic [42] reported
349 patients (1993-2018), of whom only 60% ultimately
underwent LT. OS at 5- and 10-year was 69% and 62% in the
per-protocol analysis and 51%, and 46% in the ITT analysis.
Interestingly, a significant difference in survival was observed
between patients with PSC-associated and those with de novo
pCCA (5-year OS 76% vs. 58%).

A recent meta-analysis [43] of 20 comprising
428 patients reported a 31.6% pooled 5-year OS following LT

studies

without neoadjuvant therapy, compared to 65.1% in patients who
completed neoadjuvant chemoradiation. Furthermore, 3-year
recurrence was significantly lower among those who received
neoadjuvant therapy (24% vs. 51.7%). However, despite the Mayo
Clinic cohort being the largest (152 patients), marked heterogeneity
was observed in the application of the protocol across studies. While
most studies selected patients with unresectable tumors smaller than

Published by Frontiers
European Society for Organ Transplantation


https://doi.org/10.3389/ti.2026.15786

Cillo et al.

10.3389/ti.2026.15786

9

Y

,

pY

External beam
radiation therapy
+5FU

Inclusion &
Exclusion Criteria

FIGURE 1

via laparoscopy, hand-assisted surgery, or laparotomy.

v

Brachytherapy
+5FU

&

O
05

Liver
Transplantation

Abdominal
exploration
+ Capecitabine

The Mayo Clinic protocol: the neoadjuvant chemoradiation regimen consists of external beam radiation (40-45 Gy), followed by transcatheter
brachytherapy (20-30 Gy) using iridium wires. Intravenous 5-fluorouracil is administered concurrently as a radiosensitizer during radiation therapy, and
capecitabine-based chemotherapy is given while patients await transplantation. Staging surgery with lymph node biopsies is always performed prior to LT,

TABLE 1 Mayo clinic protocol [3, 37-39].

Inclusion criteria

Exclusion criteria

sectional imaging with a malignant appearing stricture on cholangiography)

resectable pCCA arising in PSC
- Radial tumor diameter <3 cm
- Absence of intrahepatic and extrahepatic metastases

- Candidate for liver transplantation

- Diagnosis of pCCA (transcatheter biopsy or brush cytology, CA 19-9 > 100 mg/mL and/or a mass on cross-

- Unresectable tumor above cystic duct (pancreatoduodenectomy for microscopic involvement of CBD) or

- Intrahepatic cholangiocarcinoma

- Uncontrolled infection

- Prior radiation or chemotherapy

- Prior biliary resection or attempt resection

- Intrahepatic metastases

- Evidence of extrahepatic disease

- History of other malignancy within 5 years

- Transperitoneal biopsy (including percutaneous and EUS-

guided FNA)

Mayo clinic protocol: neoadjuvant chemo-radiotherapy

- Abdominal exploration for staging

- Liver transplantation

- External beam radiation therapy (45 Gy in 30 fractions, 1.5 Gy twice daily) + 5FU for 3 days at initiation
- Brachytherapy (20 Gy at 1 cm in approximately 20-25 h) + 5FU - administered 2 weeks following completion of external beam radiation therapy

- Capecitabine - administered until the time of transplantation, held during perioperative period for staging

Unresectability is defined as bilateral segmental ductal involvement, encasement of the main portal vein, unilateral segmental ductal involvement with contralateral vascular encasement, or

unilateral hepatic atrophy combined with contralateral segmental ductal or vascular involvement, particularly in the presence of underlying liver disease (PSC). Transperitoneal biopsy was

introduced as exclusion criteria due to the reported high risk of tumor seeding [40]. As a result, diagnosis of pCCA within this protocol must rely on identification of a malignant-appearing
biliary stricture on cholangiography, along with at least one of the following: pathological confirmation by transcatheter biopsy or brush cytology; CA 19-9 level >100 mg/mL; mass visible on
cross-sectional imaging; or detection of biliary aneuploidy by fluorescence in situ hybridization (FISH) [38].

3 cm and excluded those with prior resection or biopsy, only a subset
included patients with PSC, elevated CA19-9 levels, or malignant
stricture in the absence of positive cytology. Furthermore, some
groups (including the Mayo Clinic during its early experience)
excluded patients with tumor extension beyond the origin of the

cystic duct, to avoid pancreaticoduodenectomy. Although

Transplant International

preoperative staging was universally performed, the extent of
lymph node sampling varied considerably. Only three studies
strictly followed the original Mayo chemoradiation regimen,
while others introduced modifications such as substituting 5-
gemcitabine/cisplatin, or

fluorouracil with capecitabine or

omitting chemotherapy or brachytherapy altogether.
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In line with these principles, the recent Milan consensus [6]
recommended LT only after neoadjuvant treatment with Mayo
chemo-radiation regimen, and in presence of an unresectable
pCCA <3.0 cm, with no evidence of nodal or distant metastases,
no previous surgical manipulation nor transperitoneal biopsy.
Interestingly, the jury supports LT also in case of borderline or
dubious preoperative resectability.

Neoadjuvant, multimodal approach or
simple patient selection?

The strength of the Mayo Protocol lies in rigorous criteria and
locally-aggressive neoadjuvant treatment. However, the relative
contribution of these two components to the overall success
remains uncertain. An ELITA-ELTR study showed that a
subgroup of patients who met Mayo criteria but did not receive
neoadjuvant treatment before LT had similar excellent long-term
oncological results (5-year OS 59%) and fared significantly better
than patient outside criteria (5-year OS 21%) [44].

Although some centers [45], question the utility of neoadjuvant
treatment, available data suggest that this approach increases the risk
of positive margins and disease recurrence, meanwhile preventing a
test of time on biological aggressiveness.

An Italian survey [39] showed that several patients underwent
LT for pCCA without receiving neoadjuvant therapy, due to
concerns regarding the use of radiotherapy and its short- and
long-term complications, along with the requirement to deviate
from current SOC chemotherapy.

These concerns are shared by the Mayo Clinic group [46], who,
despite reporting excellent outcomes in the per-protocol cohort, also
observed a worrisomely high 31% dropout rate (41% for de novo and
15% for PSC-associated pCCA). They further highlight the high
toxicity of chemoradiation: nearly all patients develop recurrent
cholangitis, while vascular friability often results in ischemic
cholangiopathy and strictures, frequently progressing to liver
failure in the absence of transplantation [38, 42, 47].

Even assuming a therapeutic effect of the neoadjuvant regimen,
the considerable dropout rate implies that a several patients who
ultimately did not undergo transplantation received suboptimal
chemotherapy while being exposed to treatment-related
complications, without any survival benefit [45]. It has been
argued that radiotherapy (and consequently radiosensitizing
fluorouracil) could be avoided unless their role in improving
post-transplant outcomes is definitively established, as they are
not currently included among standard treatments for advanced

pCCA [4, 5.
The underlying disease issue

Primary sclerosing cholangitis (PSC) is a major predisposing
condition for pCCA. Management is particularly challenging due to
diffuse biliary involvement, impaired liver function, and a pro-
oncogenic field that favors multifocal and synchronous neoplastic
transformation [48]. Surgical resection is technically demanding and
often associated with high morbidity and incomplete oncologic
clearance [49]. When performed according to the Mayo Clinic
protocol, LT yields superior outcomes in PSC-associated pCCA
compared to de novo cases, reflecting earlier diagnosis, less
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aggressive tumor biology, and the concurrent treatment of both
the malignancy and the underlying cholangiopathy [42, 43].
Reported results show 5-year overall survival of 65%-70% and
recurrence rates of 20%-24%, making neoadjuvant therapy and
LT the treatment of choice in candidable patients with PSC-
associated pCCA [48].

Role of pancreaticoduodenectomy

(HPD)
complex and technically demanding procedure associated with

Hepatopancreatoduodenectomy is an extremely
high morbidity. The technique has been mainly developed and
reported by Japanese groups [50-54], who also provided most of
the available outcome data [52, 55-59]. A recent meta-analysis [60]
reports a 90-day mortality of 10% and morbidity of 64%, although
mortality can approach zero in highly experienced centers [61].
Outcomes show marked geographic variability, with 90-day
mortality of 26% in North America [62], 13%-17% in Europe
[63], and <5% in Japan [58, 61].

The combination of total hepatectomy, pancreaticoduodenectomy
(PD) and LT has been poorly explored. PD may be performed
simultaneously with transplantation or delayed by weeks to months,
but evidence is limited to small series and case reports [35, 42, 64-68],
with long-term survival mainly driven by CCA recurrence [64]. The
addition  of morbidity,
particularly due to technical complexity and to the impact of

pancreaticoduodenectomy  increases
immunosuppression on pancreatic healing. Pancreatic fistula,
reported in up to 24% of cases [64], is especially critical in the
transplant setting because of the risk of vascular anastomotic injury
or compression; total pancreatectomy or a two-stage approach may be
considered in case of complications.

Living donor liver transplantation (LDLT)

Although potentially advantageous for optimizing transplant
timing in the neoadjuvant setting, LDLT was limited by concerns
regarding the risk of arterial thrombosis related to perihilar
irradiation. Although jump-grafts to the aorta can be used, and
the middle-colic or right gastroepiploic artery were employed to
avoid performing anastomoses in the irradiated field, these strategies
remain technically demanding [69, 70]. Recent neoadjuvant
protocols that omit pre-transplant radiotherapy [39, 71, 72] have
renewed interest in the use of LDLT for pCCA.

A retrospective analysis [73] by the Mayo Clinic compared
73 cases of LDLT performed for pCCA (66% PSC-associated)
with 173 LDLTs for other indications. The pCCA group showed
higher requirement for arterial or portal vein reconstruction and
Roux-en-Y choledochojejunostomy. Rates of early hepatic artery
thrombosis were similar between the two groups (5.4% vs. 7.6%),
whereas late arterial (18.9% vs. 4.1%) and portal (37.8% vs. 8.7%)
complications were more frequent in the pCCA group, although
these did not affect long-term survival. 5-year OS was significantly
lower in the overall pCCA cohort (66.5% vs. 87%), and differed
between de novo (47.5%) and PSC-associated (75.9%) cases. The
Mayo Clinic tried to address the issue of operating in an irradiated
field by introducing technical modifications, particularly within
LDLT protocols [73]. These
reconstruction (avoiding irradiated hepatic artery, use alternative

include nonstandard arterial
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inflow sources with interposition grafts, anastomosis to the
infrarenal or supraceliac), portal reconstruction (using jump
grafts or anastomosis to the superior mesenteric vein or splenic
vein confluence below the irradiated field) and systematic biliary
reconstruction with Roux-en-Y choledochojejunostomy [42, 47].
The University of Kyoto [70] drafted a modified protocol for
LDLT in pCCA, consisting of GCS chemotherapy administered for
more than 2 months, followed by external-beam radiotherapy only
in case of disease stability. In their initial report on 10 patients, only
five proceeded to LT, achieving 100% 1-year survival rate, with one
recurrence after 10 months. Hepatic artery thrombosis and delayed
gastric emptying occurred in two and three patients, respectively.

Comparing resection and transplantation

The excellent long-term outcomes after LT, contrasting with
persistently poor results after liver resection, raised the issue whether
LT should be extended beyond unresectable disease to include
borderline-resectable or even resectable cases. Only few studies
addressed this issue, and case series are small and heterogeneous.
A 2019 systematic review and metanalysis [74] of studies comparing
LT and LR suggested a trend towards longer OS after LT, although
not statistically significant. Their analysis, however, showed
comparable mortality rates, but shorter hospital stay and higher
rates of RO margins after LT. In contrast, the most recent report from
the Mayo Clinic [46] focusing on de novo pCCA, demonstrated
superior results of LT compared with resection (with or without
vascular resection) in terms of OS (78 vs. 25.8 vs. 58.2 months) and
perioperative mortality (4% vs. 8% vs. 7%) in the per-protocol
analysis. However, the high dropout rate (31% in the LT group,
28% in the surgical group) had a substantial impact on the ITT
analysis, which failed to demonstrate a significant survival advantage
of LT over resection.

Dropout rate is a crucial and underestimated factor. The
randomized TRANSPHIL (NCT02232932),
neoadjuvant chemoradiation and LT with liver resection for

trial comparing
resectable pCCA, reported poor long-term survival and a

dropout rate exceeding 50%, ultimately leading to early
termination for ethical reasons. Exposing resectable patients to
both the toxicity of chemoradiation and the high likelihood of
dropout and futility may ultimately condemn them to poor
outcomes associated with chemotherapy alone, rather than the
still unfavorable but comparatively better results of resection.
These findings warrant caution and at the same time support
efforts to improve consistency in preoperative management,

favoring SOC chemotherapy over chemoradiation [39].
Benchmarking surgical therapeutic options

A benchmark study [75] involving 134 patients from 17 high-
volume centers provided several important insights. Ideal cases were
defined as treated at high-volume centers (=50 LT/year), who
underwent neoadjuvant chemoradiotherapy, had tumors <3 cm,
negative lymph nodes, and no significant comorbidities.
Benchmark thresholds included 90-day mortality rate <5.2%, 1-
year Comprehensive Complication Index (CCI) <33.7, <66.7%
grade >3 complications, and RO resection margins rate >80.0%.
For long-term outcomes, the benchmarks for 5-year disease-free
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survival (DFS) and OS were >43.8% and >60.0%, respectively.
Authors advocate for recognizing unresectable pCCA treated with
neoadjuvant chemoradiotherapy as a formal indication for LT, and
propose extending its use to resectable cases based on the observation
that benchmark outcomes of LT for pCCA not only exceed those of
LT for other indications [76] but also those of surgical resection [21].
In this study, benchmark LT cases were also directly compared with a
matched cohort of curatively resected, node-negative Bismuth IV
patients, demonstrating significantly superior 5-year DFS (50.2% vs.
17.4%) and OS (56.3% vs. 39.9%) in the LT group, with no significant
difference in major complications (72.7% vs. 74.6%) and a higher 3-
month mortality rate in the resection group.

Future directions

To address the limitations of the Mayo protocol, several groups
shifted to a neoadjuvant treatment based on SOC chemotherapy,
with
radioembolization (Figure 2).

An undergoing Italian trial (LITALHICA, NCTO06125769)
maintains Mayo selection criteria but replaces neoadjuvant

various adoption of radiotherapy or transarterial

radiochemotherapy with SOC chemotherapy to avoid altering the
patient’s therapeutic pathway solely due to trial inclusion [77].

Ongoing trials are summarized in Table 2, the main clinical
studies and their key outcomes are reported in Table 3, and the main
statements with supporting studies, corresponding levels of
evidence, and relevant guideline recommendations are provided
in Supplementary Table 1.

LT for iCCA

Historically, LT for iCCA was associated with poor outcomes
(10%-18% 5-year OS) and high recurrence. However, recent
developments identified two subsets of patients with potential
high transplant benefit [16]:

1. Cirrhotic patients with unresectable (due to impaired liver
function) “very early stage” iCCA (single tumor, <2 cm)

2. Locally advanced iCCA after good response to neoadjuvant
chemotherapy

LT for “very early” iCCA in cirrhosis

In cirrhotic patients with severe portal hypertension and small
unresectable iCCA, LT may simultaneously treat the tumor and the
chronic liver disease.

A 2014 Spanish retrospective study [83] reported 62% 5-year OS
after transplantation among cirrhotic patients with small incidental
iCCA. A subsequent international study [84] showed that similarly
defined “very early” iCCA (<2 cm) had better outcomes compared to
“advanced (multiple or >2 cm) tumors (5-year OS 65% vs. 45%).
Risk of recurrence at 5 years was also lower in the very early group
(18% vs. 65%), although tumor size was not a predictor of tumor
recurrence at multivariate analysis.

A metanalysis [85] of 18 studies including 355 cases, showed that
cirrhosis, was positively associated with RES, and at subgroup
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analysis patients with very early iCCA had superior pooled 5-year
RFS compared to advanced iCCA (67% vs. 34%). To be noticed,
incidental diagnosis was not associated with either prolonged
OS or RFS.

However, real life applicability of the 2 c¢cm cutoff may be
difficult, as pre-transplant confirmation such small unresectable
iCCA is quite uncommon. Both HCC and CCA can develop on
cirrhosis, as long as mixed HCC-CCA forms, and preoperative
differential diagnosis can be challenging [86-88]. Indeed, a
prospective trial on LT for early iCCA (NCT02878473) by the
Toronto group was terminated because of low accrual.

LT for locally advanced iCCA after
neoadjuvant chemotherapy

Attaining RO resection for locally advanced iCCA can be
challenging even in the non-cirrhotic [20]. To this respect, total
hepatectomy followed by LT represents a resection with the highest
potential for radicality, provided that there are no lymphnode
involvement and extrahepatic spread. Evidence suggest, however,
that patients should be selected based on surrogates of favorable
tumor biology, namely response to neoadjuvant chemotherapy and
test of time of disease control.

The group from UCLA [89, 90] in a 24-year single center
experience on 35 cases, highlighted how patients receiving LT had
significantly better outcomes than those receiving resection (5-
year RFS 33% vs. 0%). Moreover, in the LT group, patients
receiving neoadjuvant and adjuvant chemotherapy had better
survival compared to those receiving no therapy or adjuvant
therapy alone (5-year RES 47% vs. 20% vs. 33%). On
multivariate analysis, recurrence was not associated with tumor
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size, but rather with factors biology-related factors like
multifocality, infiltrative pattern, pernieural and lymphovascular
invasion, history of PSC, neoadjuvant and adjuvant therapy. In
2022, the same group reported their 30-year experience [91]
(19 pCCA and 30 iCCA), confirming excellent oncological
results for LT even for large size CCAs compared to patients
not receiving preoperative treatment, particularly when adopting a
multimodal chemotherapy and
approach (5-year OS 100% vs. 41%).
The Houston Methodist-MD Anderson group developed a
protocol offering LT to patients with unresectable iCCA, without

loco-regional neoadjuvant

evidence of macrovascular or lymph node involvement, who had
sustained tumor stability with gemcitabine-based neoadjuvant
therapy for more than 6 months [92]. Their latest series [93]
(18 patients) showed post-LT OS of 71%, and 57% at 3 and 5 years
respectively. Tumor recurred in 39% of patients after a median
time of 11 months after LT, being treated with further systemic
therapy and surgery. Interestingly, transplanted patients had a
median number of 2 iCCA tumors and a median cumulative
tumor diameter of 10.4 cm, confirming that acceptable OS can be
achieved independently from size in presence of good response to
therapy and disease stability. Next-generation sequencing was
performed in most cases, using liquid biopsy, percutaneous
biopsy, or explant tumor tissue. Known genetic alterations
were identified, including FGFR (27%), CDKN2A (7%), IDH1
(35%), BRAF (19%), and TP53 (19%), but univariate analysis
showed no association with outcomes. In selected patients, the
presence of targetable alterations enabled the use of targeted
therapies, including the FGFR inhibitor pemigatinib (1 case),
the IDHI1 and the PARP
inhibitor olaparib (4 cases).

inhibitor ivosidenib (2 cases),
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TABLE 2 LT for pCCA ongoing trials.

10.3389/1i.2026.15786

Study title Inclusion criteria Neoadjuvant Outcomes Center Start
treatment date
NCT01549795 Liver transplantation for hilar | UpCCA<3 cm, PSC, no Radiotherapy + Recurrence rate, time to | Padova University 2012
cholangiocarcinoma in prior chemotherapy or brachytherapy + recurrence, DFS, OS, Hospital, Padova
association with neoadjuvant surgery caepcitabine morbidity (Italy)
radio- and chemo-therapy
NCT02178280 Phase 1 study of liver UpCCA <3 cm, Brachytherapy (I-125 stents) | OS, RFS, acute and The Affiliated 2014
transplantation combined with | N0 MO0, <65yo followed by external beam chronic rejection rate Nanjing Drum
neoadjuvant radiotherapy + capecitabine Tower Hospital of
radiochemotherapy for Nanjing University
unresectable hilar Medical School,
cholangiocarcinoma Nanjing (China)
NCT04378023 Liver transplant combined with | UpCCA, <3 cm, N0 MO0, External radiotherapy + OS, RES, ITT OS, drop | Hospital Vall 2020
neoadjuvant chemo- no prior surgery, <70 yo capecitabine, followed by out rate d’Hebron,
radiotherapy in the treatment gemcitabine + cisplatin Barcelona (Spain)
of unresectable hilar
cholangiocarcinoma. A
prospective multicenter study
TESLA 1I Liver transplantation for non- | UpCCA (even with portal | Chemotherapy 0S8, OS after recurrence, | Oslo University 2021
(NCT04993131) resectable perihilar or arterial infiltration), DFS, morbidity, QoL Hospital, Oslo
cholangiocarcinoma NO MO0, 6 months SD or (Norway)
PR, 12 months from
diagnosis
LITALHICA Llver TrAnspLantation for UpCCA <3 cm, NO MO, SOC chemotherapy OS, DFS, drop out, QoL, | Padova University 2024
(NCT06125769) | non-resectable Peri-HIlar 6 months SD or PR, no patient stratification, hospital, Padova
cholangioCArcinoma prior surgery or role of PET-MRI (Ttaly)
(LITALHICA) biopsy, <70 yo
EMPHATIC Evaluation of combined PSC, UpCCA<3 cm, Proton beam therapy (PBT) | Toxicity, rate of LT, University College 2024
(NCT06434493) | Modality Protons and hepatic | NO MO0, no prior surgery or | + capecitabine, followed by | morbidity, cancer- London Hospitals,
transplantation for hilar radiation chemotherapy (GemCis) related mortality, graft | London (UK)
cholangiocarcinoma survival, OS, RFS,
recurrence, recruitment
rates
SURE-LT UpCCA beyond Mayo Chemotherapy + radiation OS (1, 3, 5 years), DFS, | Oslo University 2025
(NCT06850753) clinic criteria (including followed by en bloc resection | survival after Hospital, Oslo
arterial and portal of the liver and Pancreas recurrence, QoL, (Norway)
infiltration), MO (including | with a “non-touch” morbidity
distant lymph nodes); technique
pCCA recurrence in PSC
2 years after resection
(NORO). 6 months SD
or PR

UpCCA, unresectable perihilar cholangiocarcinoma; PSC, primary sclerosing cholangitis; SD, stable disease; SOC, standard of care; OS, overall survival; DES, disease-free survival; RFS,
recurrence-free survival; ITT, intention to treat; PR, partial response; QoL, quality of life.

LDLT in iCCA

Patients with iCCA were traditionally excluded from LDLT
because of insufficient expected OS and RFS to justify the
donor’s risk. However, the evolving diffusion of the concept of

transplant benefit as gain in life-years quality-adjusted over

Transplant International

alternative available therapies is now changing such a perception,

provided the achievement of a minimal 5-year survival to

avoid futility.

Literature remains limited [94, 95]. A multicenter study from
Japan [96] on 19 LDLT recipients incidentally diagnosed with iCCA
showed 46% 5-year OS. A similar study from Pakistan [97] including
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TABLE 3 results from key studies about LT for pCCA.

Study design

Population

Key findings

Survival

10.3389/1i.2026.15786

Main prognostic
factors

et al. [41]

(12 centers)
retrospective study

1993-2010

pCCA

effective in LT protocol for
CCA. There is a variability
in neoadjuvant protocols
(variable administration of
brachytherapy). Strict
patient selection is

recommended

Meyer et al. [33] | Retrospective study LT for CCA 207 High rate recurrence. LT is | 1-,2-, and 5-year OS 72,48, | Survival: Tumor recurrence
Multicenter not the standard. and 23%; recurrence 51%, Recurrence; tumor spread at
1968-1997 Neoadjuvant therapy are 84% recurrence within time of surgery
necessary for LT 2 years. Survival after
implementation recurrence rarely more than
1 year
Robles et al. [34] | Multicenter LT for iCCA/pCCA 36 LT has favourable 1-, 3-, and 5-year OS 82%, | Survival: Lymphnodes
retrospective (Spain) outcomes, especially with 53%, and 30% involvement, metastatic
1988-2001 early stage tumors. High disease, advanced stage,
selection of patients is vascular invasion, perineural
required invasion
Heimbach Prospectic single center | Mayo clinic protocol LT for 56 Neoadjuvant CRT before LT | 1- and 5-year OS = 88%
et al. [37] 1993-2003 pCCA is essential in LT protocol and 82%
for pCCA.
Ghali et al. [36] Retrospective single LT for incidental iCCA/ 10 Outcomes for transplanted | Recurrence in 8/10 patients,
center pCCA incidental CCA are not 7/10 died because of
1996-2003 better than known CCA. recurrence. mRFS =
Aggressive investigation pre | 26 months, mOS =
LT is mandatory 30 months. 3-year
OS = 30%
Heimbach Prospectic single center | Mayo clinic protocol LT for 65 Older patients and those 5 years OS 76%, DFS 60% | Predictors of recurrence:
et al. [78] 1993-2006 pCCA with high CA-19.9 levels, older age, pretransplant
and larger tumors are more cancer antigen (CA)
likely to develop recurrent 19-9,100 U/mL, prior
disease. Prolonged waiting cholecystectomy, mass on
time may emerge as a cross-sectional imaging,
significant risk factor residual tumor in explant
2 cm, tumor grade and
perineural invasion in
explant
Seehofer Retrospective single LT and extended bile duct 16 Extended surgical 1-, 5-, and 10-year OS rates | Survival: Metastatic disease,
et al. [35] center/cohort study resection for pCCA procedures in combination | after EBDR + LT 63%, 38%, | positive lymph nodes,
1992-2007 with LT are related to and 38% CA19-9 levels >1000,
significantly increased preoperative PTCD (instead
perioperative mortality. of ERCP)
Adjuvant or neoadjuvant
therapy protocol are
required to improve
outcomes after LT.
Darwish Murad Multricenter Mayo clinic protocol LT for 287 Neoadjuvant CRT is highly | 2- and 5-year Intent-to- Recurrence: metastatic

treat = 68% and 53%. 2- and
5-year RFS after LT rates =
78% and 65%

disease, tumor size >3 cm,
direct tumor biopsy, other
malignancy in the previous

5 years
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TABLE 3 Continued

Study design

Population

Key findings

Survival

10.3389/1i.2026.15786

Main prognostic
factors

study
Single center

2000-2017

clinic)

hepatic artery thromboses
was similar in LT for pCCA
and non-pCCA patients.
Late hepatic artery and
portal vein complication
were more common in the

pCCA group

84.9%, 66.5%, and 55.6%.

Cancer recurred in 12.3%

Darwish Murad Multricenter Mayo clinic protocol LT for 199 Risk of dropout is related to Predictors of dropout: CA
et al. [79] retrospective study pCCA (137 LT) patient and tumor 19-9> 500 U/mL,
1993-2010 characteristics. Recurrence mass >3 cm, malignant
risk is mostly associated brushing or biopsy and
with presence of residual MELD score >20
cancer on explant. PSC Predictors of recurrence:
patients do not have an Elevated CA 19-9, portal
Independent survival vein encasement and
advantage over de novo residual tumor on explant
patients, but present with
more favorable tumor
Characteristics
Croome Retrospective single LT vs. LR for pCCA LT 90, Patients with clearly 1-, 3-, and 5-year OS 90%, | Survival: Resection (vs.
et al. [80] center (Mayo) LR 124 resectable de novo pCCA 71%, and 59% for LTX and | transplantation) age, lymph
1993-2013 should be treated with LR 81%, 53%, and 36% for LR. | node metastases, tumor
because there is no evidence | Survival was not different grade and tumor size
that they would fare better | after adjusting for
with LT. prognostic factors
Mantel et al. [44] | Multicenter LT for pCCA 147 LT for pCCA has favourable | 5-year OS after LT for Survival: Lymphnodes
retrospective (ELTR outcomes with strict pCCA = 32%. 5-year OS in | involvement
21 centers) selection of patients, stricted selected patients
1990-2010 according to Mayo clinic (Mayo clinic criteria) =
criteria 59%. 90-day mortality
rate = 15%. 5-year
recurrence probability in
stricted selected patients =
46%, in not selected
patients 79%
Ethun et al. [81] | Multicenter (USEBMC | LT for pCCA LR 234, LR for pCCA that meets OS LT vs. LR 3-yr: 72%
database) LT 70 criteria for LT (<3 cm, vs33%; 5-yr: 64% vs. 18%
10 centers (USA) lymph-node negative (p < 0.001); for
2000-2015 disease) is associated with tumors <3 cm, n-, non PSC,
substantially decreased OS LT vs. LR 3-yr: 54%
survival compared to LT for | vs44%; 5-yr: 54% vs. 29%
the same criteria with (p = 0.03)
unresectable disease
Moris et al. [74] Meta-analysis LT vs. resection for pCCA OS is not inferior after LT in
(5 studies) non metastatic unresectable
tumors compared to LR. No
differences in post operative
mortality. Trend towards
better OS in LT
Tan et al. [73] Retrospective LDLT LDLT for pCCA (Mayo 74 The incidence of early 1-, 5- and 10- year OS = Survival: de novo pCCA (vs.

PSC-associated pCCA),

residual tumor
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TABLE 3 Continued

Study design

Population

Key findings

Survival

10.3389/1i.2026.15786

Main prognostic
factors

Zaborowski Prospective single- LT for pCCA after NCR 37 ITT NCR followed by LT Overall median survival was | Survival: Complete response
et al. [82] center (Ireland) (26 LT) substantially increases the 53 months and 1-, 3-, and 5-
2004-2016 survival of patients with year OS was 81%, 69%,
unresectable pCCA. and 55%
Achieving a pathologic
complete response confers a
significant survival benefit
Cambridge Meta-analysis LT for pCCA 428 Better OS in LT for pPCCA | 1, 3-, and 5-year OS rates
et al. [43] (20 studies) after completed NCT. Better | after LT = without NCT
2000-2019 results in LT for PSC- 71.2%, 48.0%, and 31.6%;
associated pCCA compared | with NCT 82.8%, 65.5%,
to pCCA alone and 65.1%. 3-year RFS =
24.1% with NCT and 51.7%
without NCR therapy
Breuer et al. [75] | Benchmark study, LT for pCCA (Mayo-like 134 NCT + LT for pCCA must | Benchmark 5 years
multicenter protocol, tumor 3 ¢m, node- be considered in selected OS >60% DFS >48.3%;
(17 centers) negative) patients with unresectable superior compared with a
2014-2018 tumor (negative nodes and | matched group of nodal
size < 3 cm). LT should be | negative patients
considered also in selected | undergoing LR
resectable patients, even
considering LDLT.
Hoogwater Multicenter LT for pCCA 49 NCT before LT is related to | 1-, 3-, and 5-year OS after | Recurrence: neoadjuvant
et al. [45] retrospective, cohort a higher complication rate LT with NCT = 65%, 51% | therapy before LT, patients
study (vascular), higher survival and 41%; after LT without | BMI, tumor size in final
2011-2020 rate and lower recurrence NCT = 91%, 68% and 53%. | pathology, vascular invasion,
rate after LT. Hepatic vascular perineural invasion
complications are more
frequent after NCT
Dong et al. [46] Retrospective cohort LT (Mayo protocol) vs. liver 191 NCT + LT offers best Matched cohorts: 5-year OS
study resection (with or w/o outcomes for unresectable rate in LR w/o VR = 60.8%,
Single center vascular reconstruction) for patients. LR + VR remains | in RT + LT = 44.2% and LR
1993-2023 pCCA the preferred approach for | + VR =23.6%. Median RFS
resectable patients. Key in RT + LT = 46.7 months,
factors are high drop out in LR w/o VR =
rates in LT and high 32.3 months, in LR + VR =
perioperative mortality 17.7 months. After
after LR matching the LR w/o VR
group remained the most
favorable group with the
highest RFS, followed by RT
+ LT and LR + VR
Ito et al. [70] Prospective single- LDLT after CRT for pCCA 10 LDLT for pCCA is feasible | 1- and 5-year OS 100%,
center (5 LDLT) | and effective but it is the last | 27.4%. High frequency
2018-2024 treatment option of HAT

patients with incidental pCCA and iCCA, collected 16 patients,
reporting 47% 3-year RFS (64% for well differentiated tumors). The
largest series [98], focusing on LDLT outcomes for primary
sclerosing cholangitis, included 55 out of 805 cases with iCCA,
with OS reaching 81.9%.

Transplant International

The 2024 ILTS-ILCA Consensus [16] recommends considering
LDLT for iCCA within institutional study protocols, particularly for
patients with early-stage disease. At the same time, the Toronto
group is currently leading a multicentric trial (NCT04195503) to

validate LDLT’s efficacy for advanced iCCA.
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Comparative efficacy of resection versus
transplantation

Early reports showed markedly worse survival after LT
compared with resection [99, 100], although patient matching
was frequently biased [94].

A propensity score-matched (PSM) analysis by Jung et al,
(16 LT wvs. 100 resections), showed comparable OS and
recurrence rates [101]. Several groups subsequently analyzed data
from the US-NCDB [102-105], consistently reporting similar OS
between LT and resection. However, in a multivariate analysis [104],
LT was associated with a significantly reduced risk of death
compared with matched resection cases.

Huang [106] recently analyzed the US-SEER database, including
2538 patients with iCCA treated with curative surgery
(2425 resections, 113 LT) and 5048 LT for HCC. PSM between
resected and transplanted iCCA groups corrected the baseline
imbalance, since patients with early stage, smaller tumors, well-
differentiated histology, and cirrhosis were more likely to be selected
for LT. LT patients had significantly longer survival than those who
underwent LR in the matched cohorts (median OS: 23 vs.
18 months; 5-year OS 52.8% vs. 29.9%). Interestingly, a subgroup
analysis showed that patients who met recommended selection
criteria (i.e. very early iCCA on cirrhosis or locally advanced
iCCA after chemotherapy) had a 5-year OS of 43.8% and 61.7%
respectively.

Future directions

Preliminary data [107] from the TESLA trial report 5 patients
showing excellent perioperative course after LT after neoadjuvant

Transplant International

treatment, although two experienced disease recurrence within
12 months (Figure 3; Table 4).

In Italy, the LIRICA trial, is enrolling patients with unresectable
iCCA after 6 months of SOC chemotherapy. As for LITALHICA
trial, unresectability is assessed by a dedicated multidisciplinary
tumor board and patients are listed for LT only after 6 months of
documented disease stability.

The Milan-INT group is investigating the neoadjuvant
combination of chemotherapy and transarterial radioembolization
(Y90-TARE). Preliminary data from 13 patients revealed a 69%
dropout rate due to disease progression or inadequate response.
Only four patients proceeded to transplantation, showing favorable
early outcomes [108].

Ongoing trials are summarized in Table 4, the main clinical
studies and their key outcomes are reported in Figure 3 and Table 5,
and the main statements with supporting studies, corresponding
levels of evidence, and relevant guideline recommendations are
provided in Supplementary Table 2.

Looking to the future: patient selection
through the lens of biological
agressiveness

The most challenging task in transplant oncology [17] is not to
“extend criteria” for transplantation but, on the contrary, to improve
their predictive capabilities by moving beyond static morphological
parameters towards dynamic, biology-driven multiparametric
decision-making (Figure 4). Understanding tumor biology
remains a significant challenge due to its inherent complexity
and heterogeneity, complicating the identification of consistent
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TABLE 4 LT for iCCA ongoing trials.

10.3389/1i.2026.15786

Study title Inclusion criteria Neoadjuvant Outcomes Center
treatment
NCT04195503 Liver transplant for stable, UiCCA, N0 Mo, 6 months SOC OS, DFS (5 years) University Health 2019
advanced intrahepatic 6 months SD - LDLT chemotherapy Network, Toronto
cholangiocarcinoma (Canada)
TESLA trial Liver transplantation for UiCCA, N0 MO, Chemotherapy or OS, DFS, morbidity, Oslo University 2020
(NCT04556214) non-resectable intrahepatic 6 months SD locoregional therapy QolL, retransplantation Hospital, Oslo
cholangiocarcinoma: a (Norway)
prospective Exploratory trial
NCT06140134 Liver transplantation in UiCCA, N0 Mo, Systemic therapy OS, RFS, ITT OS, State University of 2023
intrahepatic 6 months SD morbidity New Jersey,
cholangiocarcinoma Newark (USA)
LIRICA Llver transplantation for UiCCA, N0 Mo, SOC chemotherapy OS, DFS, drop out, QoL, | Padova University 2024
(NCT06098547) non-resectable intrahepatic 6 months SD or PR patient stratification, role | Hospital, Padova
CholAngiocarcinoma of PET-MRI (Italy)
(LIRICA)
LIVINCA Living donor liver UiCCA, G1-2, M0, SD or | Any chemotherapy regime | OS, RFS, donor and Jena University 2024
(NCT06539377) transplantation for PR afetrr neoadj therpay, | + mandatory local-ablative | recipient morbidity Hospital, Jena
intrahepatic LDLT therapy (SIRT) (Germany)
cholangiocarcinoma
RIS-TH Liver transplantation for Pauci nodular Selective internal radiation | OS (3 years), drop out, Assistance Publique 2025
(NCT06910722) locally advanced intrahepatic | (<5 lesions) UICCA MO, | therapy (SIRT) + recurrence, tolerance, - Hopitaux de Paris,
cholangiocarcinoma after infiltration <50% of chemotherapy QoL, complications Paris (France)
SIRT and chemotherapy liver, <65 yo
iCOLA Liver transplantation for UiCCA, N0 Mo, Chemotherapy+/- OS, RFS, morbidity, Istituto Nazionale 2025
(NCT06862934) unresectable intrahepatic 6 months SD or PR immunotherapy and QoL, comparison with dei Tumori, Milan
colangiocarcinoma after transarterial resectable patients (Ttaly)
sustained response to radioembolization (Y90-
neoadjuvant treatments TARE)

UiCCA, unresectable intrahepatic cholangiocarcinoma; SD, stable disease; LDLT, living donor liver transplantation; SOC, standard of care; OS, overall survival; DFS, disease-free survival; RFS,

recurrence-free survival; ITT, intention to treat; PR, partial response; SIRT, Selective Internal Radiation Therapy; QoL, quality of life.

prognostic patterns. Both tumor-related and patient-specific factors
contribute to posttransplant clinical outcomes. In synthesis, seven
key pillars can be identified as indicators of biological aggressiveness:
1) tumor burden, 2) tumor histology, 3) molecular profile 4)
circulating biomarkers 5) functional radiology 6) response to
treatment 7) test of time. When corroborated by sufficient
evidence, data related to these pillars will be integrated with
prognostically relevant patient variables impacting on post-
transplant survival to draw a personalized, multidisciplinary
driven, pattern of transplantability aimed at guiding the decision
making process. Al will be critical in such an evolution [109, 110].

Histology and molecular profiling

Tumor burden cutoffs and patterns are already included in most
LT protocols for patient selection, both in pCCA [6, 38]
and iCCA [84].

Even though not yet integrated in patient selection processes,
molecular biology might play a crucial role. In particular, iCCA
exhibits marked heterogeneity, with

significant ~ diagnostic,

Transplant International

prognostic, and therapeutic implications. Small-duct and large-duct
subtypes, differ in morphology, cellular origin, clinical behavior, and
molecular characteristics. Small-duct subtype generally confers better
prognosis and is often associated with targetable genetic alterations
(IDH1/IDH2, FGFR2). In contrast, large-duct iCCA more commonly
harbors classical adenocarcinoma genetic alterations, such as in KRAS
and TP53 [11]. Next-generation sequencing enables detection of
actionable mutations, and is gradually transforming oncologic care
[111]. A large meta-analysis of 1,481 resected iCCA cases
demonstrated that patients with tumors harboring KRAS, TP53,
and/or SMAD4 mutations had significantly worse OS and RES
compared to those with FGFR2 fusions, IDH mutations,
BAP1 mutations, or no major genetic abnormalities [112].
Additional mutations in RB1, ERBB2, and BAP1 are also frequently
observed in iCCA, and up to 70% of patients harbor potentially
targetable genetic alterations [113]. Pemigatinib and infigratinib,
showed progression-free survival (PFS) of 6.9 and 5.8 months,
respectively, in patients with FGFR2 fusions [114-116]. Ivosidenib
(IDH1 inhibitor) improved both PES and OS in the ClarIDHy trial and
was approved as palliative treatment [117, 118].
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TABLE 5 results from key studies about LT for iCCA.

Authors

Study design

Population

Key findings

Survival

10.3389/1i.2026.15786

Prognostic
factors

et al.2016 [84]

retrospective cohort
study
17 centers

2000-2013

(incidental or not)

survival after LT for very
early intrahepatic
cholangiocarcinoma

(<2 cm)

Pichlmayr Retrospective study LT and LR for iCCA 18 LT LR is indicated in resectable | mOS = 12.8 months after | Surival: Tumor size,
et al. [99] (historical) situations. LT for LR, = 5.0 months after LT. | tumor stage
Single center unresectable lesions seems | Longest survival after
1980-1993 not to be indicated unless transplantation was
adjuvant protocols appear 25 months. After LR
promising 4 patients
survived >5 years. 1-year
OS = 13.9% after LT.
Weimann Retrospective cohort | LT and LR for CCA 162 (24 LT) | Therapeutic efforts should | 1-, 2- and 5-year survival | Survival: Age, jaundice,
et al. [100] study therefore be directed rates after LR (resectable | N and M category, and
Single center towards achieving tumors) = 64%, 43% and | UICC tumour stage
1978-1996 resectability. Data rule out 21%, after LT = 21%, 8% (tumor number, tumor
LT as a treatment option for | and 0% size, treatment modality,
advanced unresectable CCC vascular invasion, CEA)
Hong et al. [89] | Single-center LT vs. resection in 57 (38 LT, LT associated with 5-year RFS 33% after LT. | Survival: hilar CCA (vs.
retrospective locally advanced iCCA/ 19 LR) neoadjuvant and adjuvant | 5-year OS after intrahepatic), multifocal
Single center pCCA therapies is superior to LR | neoadjuvant and adjuvant | tumors, perineural
(UCLA) with adjuvant therapy in therapies = 47%, with no | invasion, treatment
1985-2009 locally advanced iCCA and | therapy 20%, with modality (resection vs.
pCCA adjuvant therapy only 33% | LT), adjuvant and/or
neoadjuvant therapy
Hong et al. [90] | Single-center Recurrence after LT for 40 Model highly predictive of | 5-year RFS was Recurrence: Multifocal
retrospective iCCA/pCCA long term outcomes significantly higher inlow- | tumor, perineural
1985-2010 according to risk risk (78%) compared with | invasion, infiltrative
stratification after LT for intermediate- (19%) and growth pattern, lack of
locally advanced iCCA and | high-risk (0%) groups neoadjuvant and
pCCA adjuvant therapy,
history of primary, and
sclerosing cholangitis
Sapisochin Multicenter LT for incidental CCA/ 42 Patients with uninodular Patients with uninodular
et al. [83] retrospective cohort | HCC-CC tumors 2 cm or smaller had | tumors 2 cm or smaller
study similar OS compared had similar 1-, 3-, and 5-
16 centers (Spain) to HCC year survival rate (92%,
2000-2010 83%, 62% vs. 100%, 80%,
80%; P = 0.4)
Sapisochin Multicenter LT for very early CCA 81 Favorable long-term 1-, 3-, and 5-year Recurrence:

recurrence risk 7%, 18%,
and 18% in very early
iCCA, 30%, 47%, and 61%
in advanced iCCA. 1-, 3-,
and 5-year OS 93%, 84%,
and 65% in very early
iCCA, 79%, 50%, and 45%
in advanced iCCA

Microvascular invasion,
poor differentiation,
tumor size, advanced
stage, out of UCSF

criteria
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TABLE 5 Continued

10.3389/1i.2026.15786

Authors Study design Population Key findings Survival Prognostic
factors
Jung et al. [101] | Retrospective cohort | LT and LR for incidental | 16 LT, 100 LR | The prognosis of 1-, 3-, and 5-year
study iCCA incidentally detected ICC recurrence rates = 56.2%,
Single center following LT is as poor as | 56.2%, and 78.1%. 1-, 3-,
2003-2014 that following LR. and 5-year OS rates were
81.3%, 52.4%, and 52.4%
Lunsford Prospective case Neoadjuvant therapy 6 Selected patients with 1-, 3-, 5-year OS = 100%,
et al. [92] series followed by LT for locally advanced iCCA who | 83.3%, and 83.3%. Median
Single center (MD locally advanced iCCA show pre-transplant disease | RFS of 7.6 months after
Anderson) stability on neoadjuvant LT. 1-, 3- and 5-year
2010-2017 therapy might benefit from | RFS = 50%
liver transplantation
De Martin Multicenter LT vs. LR for CCA in 75 LT may offer a benefit for | 5-year RFS = 75%, 5-year | Recurrence: Tumor size,
et al. [88] retrospective cohort | cirrhosis highly selected patients with | OS = 69% in patients with | tumor differentiation,
study cirrhosis and unresectable tumors <2 cm and and resection (vs. LT)
3 centers (France) iCCA/cHCC-CCA having 65% in patients with
2002-2015 tumors <5 cm tumors >2-5 cm
Ziogas et al. [85] | Meta-analysis LT for iCCA 355 Cirrhotics with very early 1-, 3-, and 5-year OS Recurrence: Cirrhosis
18 studies iCCA or carefully selected rates = 75%, 56%, and (protective)
patients with advanced 42%. 1-, 3-,and 5-year RFS
iCCA after neoadjuvant rates = 70%, 49%, and
therapy may benefit 38%. Recurrence
from LT rate = 43%
Hara et al. [96] Multicenter Incidental iCCA in 19 Incidental iCCA at LT is 1-, 3-, and 5-year RFS
retrospective LDLT associated with a high risk | rates = 79%, 45%, and
45 centers (Japan) of recurrence and poor 45%. Tumor recurrence
2001-2015 prognosis after LT = 53%. 1-, 3-, and
5-year OS rates = 79%,
63%, and 46%
Hue et al. [102] | Retrospective LT and LR for incidental 1879 LR, LR and LT were associated | 1-,3-,5-year OS after LT =
registry study cohort | iCCA 74 LT with similar postoperative 89.4%, 53.0,% 40.8%. 1-,
Multicenter outcomes and survival. 3-, 5-year OS after LR =
(national cancer Hepatectomy is preferable 82.6%, 50.2%, 33.0%
database) for localized ICC.
2010-2016
Ito et al. [91] Single-center LT for iCCA/pCCA 19 pCCA, Multimodal NAT is 5-year OS after LT Survival:
retrospective 30 iCCA associated with improved (2008-2019) for pCCA = | Neoadjuvant treatment,
Single center survival in LT for both 88% with NCT, 9% era of treatment,
(UCLA) iCCA and hCCA regardless | without NCT, for iCCA = | multifocal tumors,
1985-2019 of tumor size 100% with NCT, 41% grading
without NCT.
McMillan Retrospective cohort | MD Anderson LT 18 LT could be a treatment for | 1-, 3-, and 5-year OS =
et al. [93] Single center (MD protocol for locally highly selected patients with | 100%, 71%, and 57%. 1-, 3-
Anderson) advanced iCCA locally advanced, year RFS = 70% and 52%
2010-2021 unresectable iCCA, after
NCT with disease stability
for at least 6 months
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TABLE 5 Continued

10.3389/ti.2026.15786

Study design Population Key findings Survival Prognostic
factors
Kim et al. [103] | Retrospective LT and LR for incidental 66 LT is effective in select 5-year OS after LT =
Multicenter iCCA patients with localized 36.1%, after LR = 32.7%,
(national cancer iCCA. No difference in OS | after CT alone = 5.3%
database) and RFS between LT
2004-2016 and LR.
Lee et al. [104] Multicenter Disparities in treatment 62 LT LT had a trend toward 1-, 3-, and 5-year OS after
(database) for early iCCA improved OS compared LT = 88.9%, 72.9% and
2004-2018 to LR. 67.9% (95% CI:
55.8%-82.5%)
Huang Retrospective, LT for iCCA vs. LR for 113 LT; Patients with ICC after LT | 5-y OS: LT iCCA = 52.8%,
et al. [106] Multicenter, SEER iCCA vs. LT for HCC 2425 LR; had a better prognosis than | LR iCCA = 29.9%; LT
database analysis 5048 LT HCC | thoseafter LR butinferiorto | iCCA = 61.7% in patients
2000-2019 HCC after LT with local advanced ICC
after NCT.
Howell Multicenter LT and LR for iCCA 153 LT LR remains the standard of | 5-year OS after LT = Survival: older age, other
et al. [105] (national cancer care for patients with 59.8%, after LR = 39.9%. race (vs. White), stage IT
database; UNOS resectable disease. Highly mOS after LT = and III disease (vs. stage
STAR) selected patients with 105.7 months I), and presence of
2010-2018 unresectable iCCA may comorbidities, receiving
achieve favorable outcomes surgery at an academic
after LT. center, more recent year
of diagnosis
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The seven pillars of biological aggressiveness
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Circulating biomarkers and liquid biopsy

Cal9-9 is elevated in 60%-80% [19, 119] of cases, and
accuracy is limited by false
biliary obstruction and cholangitis.

its  diagnostic positives  in
High preoperative and
postoperative values of CA19-9, particularly when associated with
increased carcinoembryonic antigen (CEA), are linked with
advanced disease and worse OS and RFS [120-122]. On the
contrary, a >50% reduction in CA19-9 after systemic therapy is
strongly associated with radiologic response [120] and improved
survival, and could serve as therapeutic objective.

Liquid biopsy is a non-invasive technique [2, 123] enabling
detection of circulating tumor-derived material, including
circulating tumor cells, ctDNA, ctRNA, microRNAs, and
extracellular vesicles. ctDNA has emerged as a key biomarker for
genomic profiling and tumor burden assessment [123-125], showing
high concordance with tissue mutation profiles [126-128], with
variant allele frequencies correlating with tumor load and
supporting its role as a dynamic indicator of disease status [124,
129, 130]. ctDNA is detectable across all disease stages and carries
prognostic value, with ctDNA-positive patients showing poorer
progression-free survival both pre- and postoperatively. During
surveillance, ctDNA detection is associated with significantly
worse relapse-free survival and identifies recurrence in 93.8% of
cases, with a mean lead time of 3.7 months over imaging [131].

Bile-derived c¢fDNA appears particularly promising due to direct
tumor contact, detecting driver mutations in 54% of cases compared
with 17% in plasma [132, 133].

However, limitations include lower sensitivity for gene fusions
compared with tissue RNA-based assays, variability in ctDNA
lack of

standardization in extraction methods, platforms and timing, need

shedding depending on tumor burden and site,
for prospective interventional validation, and cost and reimbursement
issues [123-125]. ctDNA remains complementary rather than a
replacement for tissue testing, increasing actionable variant
detection by 14.3% when used concurrently, and is particularly
valuable when tissue is insufficient, unavailable, or when rapid or

serial assessment is required [126, 128, 134].
Functional radiology

Radiomics-based machine learning shows excellent diagnostic
accuracy [135, 136] in CCA, particularly when integrated into
clinical-radiomic models [137], often achieving performance
comparable to postoperative pathology. Its main strength lies in
improving diagnosis and preoperative prediction of microvascular
invasion [138-140], gene mutations, perineural invasion [141], and
lymph node metastasis [142, 143]. This stratification may guide
surgical decision-making and enable prediction of early recurrence
[144, 145] and survival [146]. Emerging deep learning models enable
multimodal integration of radiology, pathology, and molecular data,
but remain limited by data heterogeneity, poor interpretability, lack
of standardization, and the need for prospective multicenter
validation. Despite expert-level performance, clinical translation
is hindered by regulatory constraints, cost sustainability,
algorithmic bias, and insufficient validation [137, 147, 148].

Functional and metabolic assessment could provide useful insights
as shown in CRLM transplantation setting [149]. PET is not
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recommended [48] for tumor diagnosis due to limited accuracy, but
shows good performance in detecting lymph node and distant
metastases [150-154]. SUVmax is an independent prognostic factor
for disease-free and overall survival [155-159]. While 18F-FDG PET/
CT is established for detecting metastatic disease and recurrence with
high specificity, PET/MRI provides superior staging accuracy,
particularly for T and N staging [160-162]. A new tracer 68Ga-
FAPI PET/CT, targeting cancer-associated fibroblasts in the tumor
microenvironment, shows high positive predictive value, high detection
rates and better outcomes compared to 18F-FDG in terms of detection
of primary tumors, lymph nodes, and distant metastases [163-168].

Response to therapy and test of time

Integrating the patient’s clinical trajectory into the selection
algorithm provides a longitudinal perspective on disease behavior
[169]. The “test of time” itself reflects an indolent tumor biology,
characterized by disease confinement within the liver and the absence
of systemic or circulating tumor spread. Similarly, response to
therapy serves as a surrogate marker of favorable tumor biology
and informs postoperative management, as patients who respond to
treatment before transplantation are more likely to maintain
therapeutic sensitivity thereafter. For these reasons, as in the
setting of CRLM [170], these principles have been incorporated
into most modern neoadjuvant protocols, emphasizing refined
patient selection over procedural acceleration [39, 93].

Conclusion

Liver transplantation for cholangiocarcinoma has evolved from
contraindication to a viable option in highly selected patients, with
outcomes comparable to other oncologic indications when strict
criteria are applied. Interpretation of the available evidence is limited
by the predominance of retrospective studies, small and highly
selected cohorts, and significant heterogeneity in neoadjuvant
strategies and selection criteria across centers. In addition, most
data derive from highly specialized institutions reporting limited
case volumes over prolonged periods, and prospective validation of
emerging biomarkers remains scarce, further restricting the
generalizability of current findings. Evidence indicates that
prognosis is driven primarily by tumor biology, response to
therapy, and disease stability rather than anatomical factors
alone. While standardized protocols define current practice in
PCCA and selected indications are emerging in iCCA, recurrence
risk, dropout rates, and organ scarcity remain major limitations.

The field is shifting toward a multiparametric, biology-driven model
of transplantability integrating clinical, radiologic, and molecular data,
although prospective validation is still required. We envision a future in
which patient selection is guided by an integrated assessment of
validated morpho-biologic prognostic parameters together with
general preoperative predictors emerging from the pretransplant
evaluation. The development of such complex “transplantability
patterns”, rather than simplistic in/out criteria, will be crucial and
will most likely be co-piloted by Al-based decision support. Overall,
future progress will depend on refining selection, validating ongoing
trials, and balancing oncologic benefit with equitable graft allocation. At
the same time, the potential for an increase of oncologic indications for
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LT enhances competition for the limited organ supply [171]. To address
this, further efforts should be made on expanding the donor pool
through extended-criteria donors, LDLT and techniques of liver splitting
and graft mitigation/manipulation (71, 72, 172-174].
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Post—lung transplant surveillance
in 2026: current practice,
variability, and the need for
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Post-lung transplant surveillance remains highly heterogeneous, with no
universally accepted standard guiding organisation of care or the use of
physiological testing, imaging, bronchoscopy, laboratory monitoring, and
emerging biomarkers. This narrative review synthesises current surveillance
practices across these domains and addresses key limitations, sources of inter-
centre variability, and evidence gaps that hinder timely detection of allograft
dysfunction. We summarize established and evolving approaches to organisation
of care, lung function monitoring, radiological assessment, invasive diagnostics,
and laboratory parameters, along with novel biomarkers, highlighting where
evidence supports routine use and where tools remain investigational.
Fragmentation of follow-up strategies, inconsistent interpretation of
longitudinal data, and limited integration of novel diagnostics contribute to
delayed recognition of graft injury and variable outcomes. Advancing post-
transplant care will require consensus-driven definition of minimum
surveillance standards, trajectory-based interpretation frameworks, and rational
incorporation of validated biomarkers and digital technologies into harmonised
follow-up pathways.

KEYWORDS

follow-up, graft survival, lung transplantation, outcome, surveillance

Introduction

Post-lung transplant (LTx) follow-up is complex, multidisciplinary, and highly
variable across centres, with no universally adopted standard. Differences in the use of
pulmonary function testing, imaging, laboratory testing, bronchoscopy, and emerging
technologies result in substantial heterogeneity in clinical practice. In this narrative
review, we summarise the current state-of-the-art approaches to LTx surveillance and
highlight areas where practice varies and further harmonisation is needed. To inform
this narrative review, we performed targeted PubMed searches between October
2025 and January 2026, focusing on available tools to monitor the graft after lung
transplantation. Figure 1 provides a conceptual overview of the clinical trajectory from
transplantation to graft failure, highlighting the key surveillance objectives that
structure this review. The primary aim of our review is to highlight the existing
variability in clinical practice and to identify the current gaps in standardization across
surveillance strategies.
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Post-lung transplant follow-up care
organisation

The transplant pulmonologist as the central
coordinator of care

LTx care is inherently a respiratory discipline and therefore must
be anchored in specialised pulmonological follow-up. Transplant
pulmonologists build on core respiratory training with dedicated
expertise in lung allograft physiology, chest imaging, lung allograft-
specific diagnostics including bronchoscopy, bronchoalveolar lavage
(BAL), transbronchial biopsies (TBB), advanced lung-function
interpretation, and chronic lung allograft dysfunction (CLAD)
phenotyping. Because most post-LTx complications present with
respiratory early
management require specialised pulmonary expertise. While

abnormalities, recognition and effective
multidisciplinary care is essential, no other specialty integrates
respiratory physiology, imaging, and procedural assessment
throughout long-term follow-up. This central coordinating role is
particularly critical when integrating multimodal surveillance data
and resolving discrepant findings (e.g., discordance between
imaging, bronchoscopy, and emerging biomarkers), where expert
clinical judgment is required to guide management.

General pulmonologists may also contribute
meaningfully—especially for patients distant from transplant
centres—but optimal outcomes require a specialized transplant

pulmonologist-coordinated care model [1] Figure 2.
Site of follow-up

Long-term surveillance is highly specialised, reflecting the
interplay between complex allograft biology and substantial
burden of extra-pulmonary comorbidities, and therefore requires
coordinated multidisciplinary care within experienced transplant
programmes [2]. LTx recipients frequently present with significant
baseline multimorbidity—including cardiovascular, metabolic, and
psychiatric conditions—which independently affects mortality and
necessitates systematic assessment and follow-up [3, 4]. In parallel,
increasing recognition of genetic and phenotypic heterogeneity in
fibrotic lung disease underscores the need for centres capable of
integrating molecular diagnostics, genetic screening, and precision-
medicine approaches into post-transplant care [5-7].

Abbreviations: ACR, Acute Cellular Rejection; AMR, Antibody Mediated
Rejection; AUC, Area Under the Curve; BAL, Bronchoalveolar Lavage; BLAD,
Baseline Lung Allograft Dysfunction; BOS, Bronchiolitis Obliterans Syndrome;
CF, Cystic Fibrosis; CLAD, Chronic Lung Allograft Dysfunction; CMV,
Cytomegalovirus; CNI, Calcineurin Inhibitor; CT, Computed Tomography;
Dd-cfDNA, Donor-derived Cell-free DNA; DLCO, Diffusing Capacity of the
Lung for Carbon Monoxide; FEV1, Forced Expiratory Volume in 1 Second; FVC,
Forced Vital Capacity; ISHLT, International Society for Heart and Lung
Transplantation; LTx, Lung Transplantation; ML, Machine Learning; MRI,

Magnetic Resonance Imaging; PET-CT, Positron Emission
Tomography—Computed Tomography; PREMs, Patient-Reported
Experience  Measurements; PROMs, Patient-Reported ~ Outcomes

Measurements; qCT, Quantitative Computed Tomography; RAS, Restrictive
Allograft Syndrome; SVC, Slow Vital Capacity; TBB, Transbronchial Biopsy;
TDM, Therapeutic Drug Monitoring; TLC, Total Lung Capacity; *He-MRI,
Helium-3 Hyperpolarized MRI; *F-MRI, Fluorine-19 MRI.
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Where follow-up is delivered also influences outcomes. In cystic
fibrosis (CF), transplantation at centres hosting accredited CF
programmes is associated with an approximately 33% lower risk
of graft failure or death compared with non-CF centres, independent
of centre volume [8]. More broadly, matched registry analyses
demonstrate superior 5-year survival in European centres
compared with North America despite similar early outcomes,
suggesting that organisational structures and/or better access to
long-term care meaningfully affect prognosis [9]. Advanced practice
providers (nurse practitioners, physician assistants) are increasingly
embedded within LTx programmes to enhance continuity,
coordinate routine surveillance, and comorbidity management,
and serve as a liaison between transplant centres and local

clinicians [10, 11].
Documentation and monitoring

Comprehensive and longitudinal documentation is essential for
qualitative post-LTx follow-up. Fragmentation inherent to paper-
based records has driven adoption of electronic logbooks and
transplant registries that consolidate clinical visits, investigations,
and interventions. These systems facilitate audit, enable linkage with
national registries, and support quality-improvement initiatives [12,
13]. From the patient perspective, personal logbooks—physical or
digital—promote engagement and awareness of key health metrics,
while integration of electronic alerts for test scheduling and
further
transplant care [14, 15].

abnormal results strengthens safety in long-term

Patient-reported outcomes and experience
measurements (PROMs and PREMs)

Structured post-LTx follow-up integrates subjective and
objective assessment. Subjective evaluation captures patient-
reported symptoms, medication side effects, and psychosocial
wellbeing and can be standardised through validated PROMs,
several of which are established in LTx [2, 16-18]. PROMs
extend beyond conventional clinical data by capturing health
status and quality of life, including symptoms, functional status,
and psychological wellbeing [12, 19, 20]. PREMs complement
PROMs by assessing patients’ experience of care, including
access, communication, coordination, and shared
decision-making [21].

Both tools can be integrated into clinical workflows through
digital pre-visit questionnaires or tablet-based assessments, enabling
real-time identification of patient needs, individualisation of care,
and longitudinal monitoring. Standardised use of PROMs and
PREMs also facilitates benchmarking across transplant centres

and supports quality improvement initiatives [22].
Role of telemedicine

Telemedicine is increasingly used to extend specialist follow-up
after LTx. Telemonitoring, teleconsultation, telerehabilitation, and
telespirometry can enhance surveillance, support patient-centred
care, and promote self-management [23]. The INSPIRE-III
randomised trial demonstrated that telehealth-delivered coping
skills and exercise interventions are feasible after LTx and
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Clinical Phases of Lung Allograft Health and Targets for Optimizing Outcomes
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FIGURE 1
Clinical phases of lung allograft health and targets for optimizing outcomes.
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provide modest benefits in psychological distress and functional
capacity, particularly among patients with baseline depression [24].
Observational studies report high patient satisfaction and reduced
travel burden, although most patients prefer periodic in-person
visits for complex assessments [15, 19, 25, 26]. Collectively,
available evidence supports a hybrid care model in which regular
in-person follow-up at specialised centres is augmented—but not
replaced—by structured telemedicine.

Transplant International

Telemedicine may also support assessment of treatment
adherence by enabling earlier detection of missed doses or
behavioural barriers. As non-adherence is a major determinant of
graft survival [20, 27, 28], integrating remote monitoring with in-
person care may facilitate earlier intervention. Nevertheless, in-
person visits remain essential for adherence reinforcement
through pharmacy refill checks, drug-level variability indices, and
validated self-report tools such as BAASIS [27-31].
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Pulmonary function testing
Spirometry

Spirometry remains the cornerstone of physiological allograft
monitoring, with forced expiratory volume in 1 second (FEV))
serving as the basis for detecting and following lung allograft
dysfunction. Percent-predicted thresholds are derived from healthy
populations measurements, nevertheless, in complex post-transplant
setting—heavily affected by size matching, thoracic wall disturbances
(caused by both primary diagnosis and surgical approaches),
respiratory muscle weakness, or receiving unilateral or lobar
transplant—percent-predicted values are often misleading in
assessing normality [32-37]. Accordingly, International Society for
Heart and Lung Transplantation (ISHLT) guidelines define CLAD
based on relative decline from an individualised post-transplant
baseline using absolute FEV, values rather than population norms
[38]. To contextualise lung function with standard population-based
norms, the term baseline lung allograft dysfunction (BLAD) has been
proposed to describe recipients who never achieve expected predicted
values, awaiting the publication of a consensus document from the
ISHLT [39-41].

Spirometry interpretation is further complicated by historical drift
from the original Tiffeneau-Pinelli index (FEV/slow vital capacity;
SVC) toward the forced expiratory ratio (FEV,/forced vital capacity;
FVC). FVC may be underestimated during forceful expiration due to
dynamic airway collapse, particularly in bronchiolitis obliterans
syndrome (BOS), thereby masking airflow obstruction [42, 43]. In
contrast, SVC—measured during slow exhalation—more accurately
reflects true vital capacity and minimises this artefact, as demonstrated
in multiple studies [44-46]. Despite this, routine SVC measurement
requires additional time, technical expertise, and transplant-specific
reference values and current CLAD definitions therefore rely on FEV,/
FVC, which should be interpreted cautiously and contextualised
(i.e., with flow-volume loops) [38, 47].

Machine learning (ML) introduces novel analytical approaches
to spirometry, with preliminary data suggesting potential utility for
CLAD prediction [48]. Digital home spirometry enables frequent
remote monitoring with reliable FEV; measurements that correlate
well with laboratory values and may improve early detection of lung
function decline [35-37].

Body plethysmography

In post-LTx clinical monitoring, plethysmography has
prognostic value and is required for establishing total lung
capacity (TLC) baseline (at 6 and 12 months post-transplant) and
for restrictive CLAD diagnosis and phenotyping, including
restrictive allograft syndrome (RAS) and "mixed/undefined
phenotypes" [38]. Despite this, a recent comprehensive European
survey revealed that approximately 16% of centres managing CLAD
do not routinely use this method [49]. Another limitation occurs in
patients with severe dyspnoea, who may be unable to perform the
panting manoeuvre, leading to discomfort and unreliable resistance
[50].
plethysmographic TLC measurement in advanced CLAD can be
challenging, underscoring that TLC assessment is most informative

and volume measurements Consequently, reliable

during stable follow-up and early CLAD phenotyping. While the
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optimal measurement interval is not well established, extending
intervals relative to standard spirometry may help mitigate cost and
availability constraints.

Lung diffusion capacity testing

Reduced diffusing capacity of the lung for carbon monoxide
(DLCO) has independent prognostic value for survival, with
declines associated with increased mortality even after adjustment
for FEV; and FVC [51]. This suggests DLCO captures aspects of
allograft health not reflected by body
plethysmography, likely related to gas exchange and pulmonary

spirometry  or

vascular integrity. DLCO is well-established for monitoring disease
progression in interstitial lung diseases, where abnormalities often
precede spirometric changes [52, 53], supporting its complementary
role among pulmonary function tests, despite not being fully
integrated into current post-transplant guidelines. Although TLC
can be estimated using the single-breath helium dilution manoeuvre
during DLCO testing, this method underestimates true TLC in the
presence of ventilation inhomogeneity and is therefore less reliable
than plethysmography [54].

Novel physiological methodology in lung
transplant follow-up

Oscillometry measures distal airway resistance during tidal
breathing and might be more sensitive than spirometry for
detecting early rejection, although longitudinal data remain
limited [38, 55-58]. Because it relies on normal tidal breathing,
oscillometry is particularly useful in patients unable to perform
forced manoeuvres reliably, including children and frail individuals.

Fractional exhaled nitric oxide provides a rapid, non-invasive
marker of airway inflammation and is elevated in infection,
lymphocytic bronchiolitis, and acute rejection. However, despite
high sensitivity, it lacks specificity and does not predict functional
decline, limiting its role to supportive use during routine
visits [59-63].

Lung clearance index, obtained by multiple-breath washout,
detects ventilation heterogeneity and is highly sensitive to small-
airway dysfunction, often preceding spirometric changes [63, 64].
Evidence is strongest in paediatric recipients, while adult data
remain limited [65, 66].

Novel biomarkers

Exhaled breath condensate analysis combined with ML has
shown promise in discriminating between different forms of lung
allograft dysfunction, however, further validation is required,
although the practicality and rapidity of electronic-nose platforms
suggest potential as a point-of-care diagnostic tool [67, 68].

Imaging
Chest X-ray

Chest X-ray remains an essential first-line screening tool after
LTx due to its rapid availability, low radiation exposure, and utility
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in detecting primary graft dysfunction and other post-transplant
complications, including pneumothorax, pleural effusions, or
pneumonia [69]. Acquisition of both posteroanterior and lateral
projections is critical, as the lateral view improves detection of subtle
pleural, parenchymal, and mediastinal abnormalities that may be
missed on a single-plane projection [70].

Computed tomography (CT)

In contemporary practice, emphasis is better placed on CT protocol
design than on older nomenclature such as high-resolution CT, because
modern multidetector scanners generally provide high-resolution
volumetric data. The clinically relevant distinction is whether
appropriate non-contrast inspiratory and expiratory acquisitions are
obtained, ideally using dose-optimized techniques [71]. Expiratory
scans are particularly important, as it reveals air trapping—a
hallmark feature of BOS—and frequently detects dysfunction earlier
than inspiratory imaging [71-73]. However, its diagnostic utility
depends strongly on acquisition quality, and inadequate expiratory
effort can render studies non-diagnostic [71]. Standard CT retains a
complementary role, particularly for assessing complications such as
tree-in-bud, ground glass opacities, (sub)pleural consolidations,
pulmonary embolism, vascular stenosis, large-airway pathology, or
mediastinal abnormalities [73].

Surveillance CT

An initial baseline CT with both inspiratory and expiratory scans
with a maximum width of 3-mm sections at 6 months post-LTx is
recommended to enable a baseline for future comparison [38]. Among
CT features, air-trapping is one of the most informative markers of
BOS, outperforming mosaic perfusion, bronchiectasis, and bronchial
wall thickening, although reported sensitivity varies [72, 74, 75]. Lung
consolidations and pleural effusions have also been linked to
subsequent BOS development and reduced survival [75].

Quantitative CT (qCT) techniques further enhance surveillance.
Voxel-wise density mapping of paired inspiratory and expiratory scans
at 6 months post-LTx outperformed conventional expiratory threshold-
based methods and correlated with residual volume/TLC [76].
Longitudinal parametric response mapping links radiographic small-
airway disease with peri-BOS FEV; decline, supporting its adjunctive
prognostic value [77]. A consensus on the minimum frequency of
imaging required for routine graft surveillance after LTx is still lacking.

Diagnostic CT

Beyond routine surveillance, CT is essential when new
respiratory symptoms or lung-function decline raise suspicion of
acute or chronic allograft dysfunction, as it aids in identifing
underlying causes such as infection, acute rejection, CLAD, or
malignancy. Several reviews provide detailed guidance on post-
LTx radiologic assessment and CLAD imaging patterns [78, 79].

In unilateral LTx recipients with a >10% FEV, decline,
combining pulmonary function testing with qCT metrics using
supervised ML algorithms improved BOS detection compared
with spirometry alone [80] and helped distinguish BOS from
non-BOS causes of FEV; decline [81]. Among patients with a

10%-20% FEV, reduction, the presence of any abnormal
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parametric response mapping signature—functional small airway
disease or parenchymal disease—was associated with shorter
CLAD-free survival [82].

Although imaging contributes to CLAD subclassification,
current ISHLT recommendations do not specify precise follow-
up CT protocol that should be used [38]. Nevertheless, CT with
paired inspiratory-expiratory scans could therefore be considered
for all patients with suspected CLAD because of its phenotyping and
prognostic value, and most European centres routinely acquire both
inspiratory and expiratory scans at CLAD suspicion [49]. While air-
trapping is frequently identified, it did not predict CLAD-free
survival in a BOS cohort; in contrast, ground-glass opacities were
associated with better outcomes, with deep neural networks
demonstrating strong performance in BOS prediction [83].
Conversely, bronchiectasis, peribronchial thickening, and
parenchymal changes were linked to inferior survival in BOS
[84]. In RAS, prognostic interpretation of CT with expiratory
scans remains heterogeneous, with some studies reporting no
outcome correlation and others demonstrating prognostic value
systems [85, 86]. qCT
and CT density
histograms—improve phenotyping and often predict BOS, RAS,

using inflammation-based scoring

techniques—including  texture analysis
or mixed phenotypes earlier, with clearer survival implications
[87-89]. ML-enhanced radiology further refines prognostication;
features such as reticulation and pulmonary vessel volume show
strong diagnostic and prognostic performance, with pulmonary
vessel volume emerging as a particular robust biomarker [90].
Although no formal guidelines define radiologic follow-up in
established CLAD, serial CTs with expiratory scans may be
appropriate in selected cases to assess phenotype transition from
BOS to RAS, which may carry prognostic significance [91, 92].

Magnetic resonance

MRI is an emerging imaging tool in post-LTx follow-up.
Hyperpolarised gas MRI—particularly *He-MRI—can detect early
regional ventilation abnormalities in BOS but remains limited by
cost, *He availability, and the need for specialised equipment [93,
94]. Consequently, more feasible non-hyperpolarised MRI
techniques have gained interest. Oxygen transfer function MRI
demonstrates reduced values in BOS [95], while functional
approaches such as Fourier decomposition and phase-resolved
functional lung (PREFUL) MRI enable assesment of regional
ventilation without contrast agents. In a cohort a cohort of
141 recipients, PREFUL ventilation metrics, including reduced
relative fractional ventilation, predicted retransplantation or
CLAD-related death, whereas FEV, did not, with consistent
threshold values reported across studies [96, 97]. Dynamic '°F
MRI has similarly demonstrated quantifiable regional ventilation
differences between CLAD and non-CLAD recipients, particularly
in regional lung clearance indices, with strong correlations between
peripheral ventilation and FEV; [98].

Complementary imaging: ultrasound,
PET-CT, and perfusion scintigraphy

Chest ultrasound after LTx is primarily used for bedside
assessment of pleural effusions, diaphragmatic motion, and
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procedural guidance for thoracentesis [99]. Nuclear imaging
PET-CT
distinguish infection, malignancy, and inflammation, and support
evaluation of suspected RAS by identifying metabolically active

provides complementary information: can help

fibrotic or inflammatory regions [73, 100]. Perfusion scintigraphy
remains useful when pulmonary vascular disease is suspected, aiding
differentiation between vascular causes of functional decline and
CLAD-related pathology [101], and may also support early BOS
detection in single LTx recipients [102].

Novel biomarkers

Emerging molecular imaging with fibroblast activation
protein—targeted tracers offers the potential to non-invasively
visualize fibrotic remodelling in lung allografts, providing a
“biological” radiologic biomarker that may enable earlier
detection and phenotyping of CLAD, although its use remains

largely investigational [103].

Bronchoscopy
Follow-up protocols

Bronchoscopy with BAL and TBB remains the current gold
standard for both surveillance and for-cause evaluation after LTx,
enabling detection, confirmation, or exclusion of subclinical
infection, rejection, or anastomotic complications, although no
consensus exists regarding optimal surveillance intervals.

Comparisons between surveillance and for-cause bronchoscopy
have yielded mixed results. Current evidence does not demonstrate
that surveillance bronchoscopies improve survival or reduce CLAD,
although most centres still perform them to detect subclinical
rejection [104]. Interpretation across studies is limited by
inconsistent definitions of “for-cause” bronchoscopy, typically
triggered by FEV, decline, new symptoms, hypoxaemia, or new
radiological infiltrates. A recent meta-analysis including three small
observational cohorts highlighted substantial heterogeneity in
clinically indicated bronchoscopy use [105]. Detection rates for
acute rejection were similar overall, although for-cause
procedures yielded higher rates of grade A2-A4 acute cellular
(ACR) rejection. Surveillance bronchoscopy nonetheless prompts
therapeutic changes in 7%-31% of cases [106-108].

The goal of bronchoscopy strategies is to maximise diagnostic
yield while minimising risk. Benefits include identification of
infection and anastomotic complications and TBB remains the
gold standard for diagnosing ACR and antibody-mediated
rejection (AMR). These advantages must be balanced against
procedure-related risks, including pneumothorax (0.1%-2%) and
bleeding (1.9%-13%) [107, 109-111], mostly biopsy-related and
more frequent in LTx recipients [112].

Transbronchial biopsy

TBB is a cornerstone for definitive histologic diagnosis of graft
injury/rejection after LTx, but it is limited by procedural risk,
inadequate tissue yield, interobserver variability, and patient
discomfort. Diagnostic sensitivity remains uncertain: early studies
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reported high sensitivity with extensive sampling [113], whereas
modern practice (typically <5 samples) achieves only ~30%
sensitivity for acute rejection in both surveillance and for-cause
procedures [107, 114, 115]. Interobserver agreement among
pathologists is moderate to high for A-grade and fair for B-grade
ACR [116, 117].

Surveillance TBB is supported by association between ACR or
lymphocytic bronchiolitis and subsequent CLAD development
[118-121], although correlations with overall survival are
inconsistent [121, 122]. TBB has limited utility for CLAD
detection [109] and it is not necessary for CLAD diagnosis [38].
Its diagnostic yield is highest within the first 12-16 weeks post-LTx,
after which clinically significant findings decrease [106, 108].

Cryobiopsy remains investigational. A randomised study
suggests comparable safety and diagnostic performance to forceps
TBB, with higher specimen adequacy [123], and limited evidence
indicates that four cryobiopsies may offer the best balance between
diagnostic yield and safety [124], although the optimal number of
samples required for ACR diagnosis remains undefined.

Endobronchial biopsies are an emerging, less invasive
alternative to TBB, offering reproducible histologic and molecular
markers of airway inflammation, ACR, and CLAD with a favourable
safety profile, and may gain importance as molecular diagnostics
evolve [125]. Additionally, airway brushing offers a minimally
invasive means of sampling airway epithelial biology and has
been used for molecular profiling of allograft injury—particularly
CLAD—though its role in routine rejection surveillance remains
investigational [126, 127].

Bronchoalveolar lavage

BAL samples the small airways and alveolar compartment, and
remains essential for diagnosing infectious complications, a key
contributor to CLAD development [16, 128]. The ISHLT published
a consensus statement in 2020, standardising BAL technique in LTx
[104]. Observational studies show that surveillance BAL detects
asymptomatic infections in 12%-40% of procedures, while for-cause
BAL identifies pathogens in 39%-50% of cases [129, 130]. However,
despite higher detection rates, surveillance BAL has not been shown
to improve CLAD-free survival or overall survival. An ISHLT survey
reported universal bacterial cultures of BAL fluid, with most centres
also performing fungal (89%), mycobacterial (86%), and non-
cytomegalovirus (CMV) viral polymerase chain reaction testing
(70.2%) [104].

Immunoprofiling

BAL lymphocyte differential profiles can support clinical
interpretation of allograft status but are not diagnostic. In the
ISHLT 61% requested BAL
cytology—most commonly for (23%),
malignancy (35%), or rejection (13%)—vyet evidence remains

survey, of centres routinely

suspected infection
insufficient to define diagnostic accuracy [104]. Assessment of
cellular composition is performed in 72% of centres, and several
studies have shown that BAL neutrophilia (cut-off ~15-20%) is
associated with both concurrent and future CLAD, even in patients
receiving azithromycin [131, 132]. Elevated BAL eosinophilia (1%—
2%) has similarly been linked to reduced CLAD-free survival,
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particularly in RAS [106, 133-135]. Accordingly, ISHLT consensus
recommends inclusion of differential cell counts in all post-
transplant BAL samples [104].

Novel biomarkers

BAL has been extensively explored for LTx monitoring,
including donor-derived cell-free DNA (dd-cfDNA),
inflammatory cytokines and chemokines (e.g., IL-8, CXCL9-11),
and extracellular vesicles or exosomes, yet none have been adopted
into routine clinical practice [136-139]. In parallel, transcriptomic
profiling of BAL cells is emerging as a tool for allograft assessment
and tissue-based transcriptomics (already standard-of-care in
kidney and heart transplantation) may offer enhanced precision
and identify subclinical but remains investigational and not yet
approved for LTx [140-146].

Blood monitoring
Therapeutic drug monitoring

Most recipients are maintained on calcineurin inhibitor (CNI)-
based regimens
corticosteroids [2, 147]. CNI have a narrow therapeutic index
with
variability, making routine therapeutic drug monitoring (TDM)

combined with an antimetabolite and

substantial intra- and interindividual pharmacokinetic
essential [147]. CNI trough levels—measured immediately before
the next dose—remain the standard approach despite the absence of
universally accepted targets or monitoring intervals [148]. For
mTOR inhibitors (sirolimus/everolimus), routine TDM is also
recommended because of substantial pharmacokinetic variability
and drug-drug interaction [149]. Although pharmacokinetics
favour AUC-based monitoring over trough levels for
mycophenolate, the need for multiple timed samples limits
routine implementation, and targeted AUC assessment is

therefore mainly reserved for situations with uncertain
absorption, suspected drug-drug interactions, or during CNI
transitions [150, 151]. Dried blood spot sampling of tacrolimus
has shown promising feasibility and may improve convenience and
patient engagement, although current evidence remains insufficient
to support routine use [152, 153]. TDM is also relevant for key anti-
infective agents used in LTx care. Triazole antifungals require
monitoring due to highly variable exposure and potent
cytochrome P4503A4-mediated interactions that increase CNI
levels, antivirals such as (val)ganciclovir require renal function-
guided dosing to balance efficacy and marrow toxicity, while
aminoglycosides warrant level-guided dosing to maintain efficacy
and limit nephrotoxicity in patients already exposed to CNI-related

nephrotoxicity [154-157].
Donor-specific antibody testing

Evaluation of donor-specific anti-HLA antibodies remains
central to diagnosing AMR [158]. Practice patterns vary widely,
ranging from low-sensitivity screening assays to routine use of
high-resolution single-antigen bead platforms [159-161]. Some
centres incorporate scheduled surveillance, whereas others
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[160-162].
Methodological rigour is essential: kidney transplant data

reserve testing upon clinical deterioration
indicate that nearly one-quarter of donor-specific antibodies

may be misclassified using lower-resolution assays,
underscoring the importance of high-fidelity testing in
transplant recipients [163] Figure 3. Although evidence for
non-HLA antibodies in allograft injury is increasing, it
remains insufficient to justify their routine use in clinical

decision-making after LTx [164, 165].

General haematological and biochemical
monitoring

Comprehensive hematologic and biochemical evaluation
provides valuable insight into immunologic and clinical status
after LTx [2]. Leukopenia is common after LTx and has been
associated with increased infectious complications and poorer
[166-168].
lymphocytic subsets may help tailor immunosuppressive therapy,

clinical  outcomes Immunophenotyping  of
yet lung-transplant evidence remains scarce [169]. Eosinophilia,
while nonspecific, may signal graft injury or early rejection [170].
Trends in haemoglobin and platelet counts can reveal marrow
suppression, chronic disease anaemia, bleeding diatheses, or
thrombotic microangiopathy [171-174].

further
Elevations in C-reactive protein or procalcitonin may provide

Biochemical indices refine clinical assessment.
early, non-specific signals of inflammatory activity or systemic
infection [175, 176]. Serum creatinine remains indispensable
given well-recognised CNI nephrotoxicity, and liver enzyme
related  to

[177-180].

Broader metabolic screening is also important: dyslipidaemia is

abnormalities may indicate hepatotoxicity

immunosuppressants, —antifungals, or antivirals
associated with post-transplant mortality, poor glycaemic control
[181], and vitamin D deficiency is common and linked to higher
rates of infection and adverse outcomes, and although lung-specific
data are limited, routine thyroid function testing is often included to
detect immunosuppression- or comorbidity-related endocrine
disturbances [182-186].

From an immunologic perspective,
hypogammaglobulinemia—particularly low IgG—correlates with
increased infection burden, and while advanced immune
phenotyping additional

immunosuppressive intensity, current evidence does not support

may offer insight into

routine its clinical implementation [187-190].
Microbiological surveillance

Viral monitoring is now embedded in most follow-up pathways,
although practices vary between centers. CMV viral load monitoring
is widely used for surveillance and early detection of breakthrough
viremia [191, 192]. Ebstein-Barr virus assessment is often pursued
when evaluating the risk of post-transplant lymphoproliferative
disorder and may also provide indirect insight into the net state
of immunosupression [193, 194]. Although best characterised in the
kidney transplantation, polyomavirus infection is increasingly
recognised in LTx, particularly in patients with unexplained renal
dysfunction, where should be
considered [195, 196].

viremia or

nephropathy

Published by Frontiers
European Society for Organ Transplantation


https://doi.org/10.3389/ti.2026.16295

Saez-Gimenez et al.

10.3389/ti.2026.16295

Low Resolution

FIGURE 3

Novel biomarkers

Dd-cfDNA has emerged as a promising non-invasive
biomarker of allograft health, with accumulating evidence
and recent consensus statements from the European Society
for Organ Transplantation highlighting its sensitivity for the
early detection of allograft injury, including subclinical
processes that may precede overt functional decline [197].
However, dd-cfDNA remains a non-specific marker of
injury, as elevated levels do not differentiate between
underlying causes such as acute rejection, infection, or other
forms of graft damage, thereby necessitating correlation with
clinical, functional, imaging, and histopathological findings
[197, 198]. While these characteristics support its role as a
complementary surveillance tool, its optimal integration into
routine post-LTx care—including thresholds, timing, and
clinical decision pathways—as well as its cost-effectiveness,
remain to be defined. Ongoing prospective studies, including
the LAMBDA-001 trial, are expected to provide important real-
world data to better clarify its clinical utility and inform
evidence-based implementation [197-199].

Torque teno virus load has emerged as a promising
biomarker of the functional state of immunosuppression in
LTx recipients, while epithelial injury markers such as club cell
secretory protein, circulating extracellular vesicles/exosomes
carrying lung self-antigens or immune-regulatory miRNAs,
and cfDNA methylation-based tissue-of-origin mapping offer
complementary insights into rejection biology, however, all
remain investigational and lack sufficient validation for
routine clinical implementation [139, 200-204].
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Conclusion

Despite substantial advances in diagnostics and multidisciplinary
care, post-LTx surveillance remains highly heterogeneous, with wide
variation in organisational models, testing strategies, and integration
of emerging tools. As summarised in Table 1, current follow-up
practices are characterised by fragmented structures, inconsistent use
of physiological, imaging, and procedural assessments, and a
growing number of promising biomarkers that lack sufficient
validation for routine clinical implementation. Moving the field
forward will require practical, evidence-based, and consensus-
driven guidance that defines minimum surveillance standards,
emphasises trajectory-based interpretation of longitudinal data,
and provides a clear framework for the stepwise incorporation of
novel diagnostics and digital technologies into harmonised post-
transplant care. Yet any meaningful standardization must
acknowledge that surveillance practices are inevitably affected by
geographical and logistical factors including healthcare system
infrastructure, resource availability, reimbursement policies, and
centre volume, which render a one-size-fits-all approach not
desirable. Over-surveillance in low resource environments may
divert capacity from higher-priority clinical needs which would
be harmful for the overall program results. Ultimately, this
highlights the critical gap where current clinical practice often
reflects eminence-based rather than evidence-based decision-
making; a gap that rigorous, consensus-driven standardisation can
meaningfully close by establishing a minimum set of universal
surveillance requirements, while offering an expanded framework
of additional recommendations for higher-resourced centres with
the capacity to implement them.
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TABLE 1 Major gaps in current post—LTx surveillance, highlighting limitations of existing practices, sources of inter-centre variability, and priority areas for
future standardisation and evidence generation.

Domain/
Section

Current practice/Strengths

Weak spots and limitations

Unmet needs/Future directions

Follow-Up

Organisation

Transplant pulmonologists coordinated care;

structured clinics in many centres

Heterogeneous pathways; inconsistent

coordination with local providers

Consensus on core organisational models;

evidence linking structure to outcomes

Documentation and

Monitoring

Electronic systems increasingly used; registries

support auditing

Fragmentation between systems; inconsistent

templates

Standardised templates; interoperable

platforms; automatic alerts

Adherence

Use of BAASIS, refill data, drug levels

No gold standard; psychosocial drivers under-

recognised

Validated LTx-specific tools; trials of adherence

interventions

PROMs and PREMs

Growing use; digital tools feasible

Few validated tools; unclear clinical integration

Broader validation; guidance for real-time use

Site of Follow-Up and

Hybrid specialist-local care; telehealth

No consensus on task division; variable

Evidence-based shared-care models;

Telemedicine expanding infrastructure telemonitoring standards

Spirometry FEV, and FEV,/FVC is cornerstone; widely % Predicted misclassification; SVC rarely Transplant-specific LLN/z-scores; validation of

accessible measured FEV1/SVC.

Plethysmography Central for CLAD phenotyping Limited availability; difficult in severe dyspnoea | Consensus on TLC intervals; alternatives for
advanced disease (e.g., imaging-derived lung
volumes)

DLCO Independent prognostic value; complements Not in CLAD criteria; limited longitudinal data | Long-term studies; DLCO-informed

spirometry and phethysmography longitudinal risk models

Imaging CT with expiratory scans key for CLAD No consensus intervals Evidence-based imaging schedules; externally

phenotyping; expiratory imaging valuable validated ML-enhanced CT models linked to
outcomes

Laboratory TDM, DSA, viral PCR widely used Assay variability; lack of unified thresholds Harmonised protocols; integration of advanced

Monitoring biomarkers (e.g., dd-cfDNA) into longitudinal
surveillance algorithms

Bronchoscopy Widely used; early-phase utility clear Survival/CLAD benefit unproven; heterogeneity | Trials defining optimal schedules; personalised

Protocols high bronchoscopy intensity

TBB Diagnostic standard for rejection Low sensitivity for CLAD; interobserver Standardisation; clinical validation of

variability cryobiopsy and molecular transcriptomics

BAL and Widely used for infection; consensus technique | Variable diagnostic cut-offs; cytology Prospective validation of BAL biomarkers;

Immunoprofiling inconsistent molecular signatures

Novel Biomarkers

Emerging biomarkers such as dd-cfDNA,
transcriptomic signatures, exosomal markers,
and immune profiling show promise for earlier

or subclinical injury detection

Limited specificity for injury phenotype;
uncertain thresholds; incomplete validation;

unclear cost-effectiveness and real-world utility

Prospective validation; definition of actionable
thresholds; biomarker-guided surveillance
pathways; assessment of cost-benefit and

implementation in routine care

ML/Digital Analytics

Increasing availability of multimodal digital data
streams from lung function, imaging, laboratory
testing, and remote monitoring creates

opportunities for ML-supported surveillance

Most models remain retrospective, single-centre,
and insufficiently validated; limited

interpretability and uncertain clinical utility

External validation, calibration across centres,
transparent reporting, and prospective trials
assessing whether ML-supported surveillance

improves outcomes and standardisation

Overall Strategy

Growing recognition of the need for multimodal,
trajectory-based surveillance and increasing
availability of digital data streams amenable to

Al-based analysis

Absence of unified surveillance guidelines; high
inter-centre variability; limited prospective
validation and clinical integration of AI-driven

tools

International consensus defining minimum
surveillance standards, coupled with
development and validation of multimodal,
trajectory-based risk stratification tools

incorporating Al
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Obesity has become a major determinant of outcomes across solid organ
transplantation. Beyond its well-recognized metabolic and cardiovascular
burden, obesity profoundly affects both immune regulation and the
pharmacology of immunosuppressive therapy. Experimental evidence has
established adipose tissue as an active immune organ that promotes low-
grade inflammation through leptin, TNF-a, and IL-6, thereby altering
alloimmune responses and impairing graft tolerance. Clinically, obesity is
associated with increased surgical complications, delayed graft function, and
reduced survival after kidney, liver, and thoracic organ transplantation. In parallel,
obesity modifies drug disposition at every pharmacokinetic step, expanding the
distribution volume for lipophilic agents such as calcineurin and mTOR inhibitors,
altering CYP3A metabolism, and increasing interindividual variability in exposure.
Consequently, both underexposure and toxicity remain frequent, underscoring
the need for individualized therapeutic strategies. Current evidence supports the
integration of therapeutic drug monitoring, pharmacogenomics, and biomarker-
based approaches to refine immunosuppression intensity. This review
summarizes experimental and clinical data linking obesity-induced
inflammation with altered immunosuppressive pharmacology and proposes a
framework for precision immunosuppression that balances efficacy,
nephroprotection, and metabolic safety. Tailoring therapy to the specific
immunometabolic profile of obese recipients may thus transform a major
clinical challenge into an opportunity for precision transplant medicine.

KEYWORDS
immunosuppression, obesity, pharmacokinetic, precision medicine, solid organ
transplant (SOT)

Introduction

The prevalence of obesity among solid organ transplant recipients has risen steadily over
recent decades in parallel to global population trends [1, 2]. Registry analyses indicate higher
mean BMI at the time of listing and transplantation nowadays when compared with
historical cohorts [3-5]. This epidemiological shift has major clinical implications, as obesity
is associated with increased perioperative risk, altered pharmacokinetics of
immunosuppressive agents, and long-term metabolic complications that can
compromise graft function [6-8]. Obesity has therefore transitioned from a secondary
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comorbidity to a primary determinant of transplant outcomes,
underscoring the need for risk-adapted recipient selection,
perioperative management, and individualized
immunosuppressive strategies [9, 10]. This narrative review aims
to provide an integrated overview of obesity-related immunological
and pharmacokinetic alterations in transplantation, and to define a
framework for individualized immunosuppressive strategies in

obese recipients.

Clinical graft outcome in obese
recipients

Kidney

Kidney transplantation is consistently associated with poorer
outcomes in obese recipients. Large registry analyses demonstrate
that severe obesity independently impairs graft and patient survival
[4, 11]. Meta-analyses confirm that obesity increases the incidence of
delayed graft function, surgical complications, and even mortality
[7, 12]. Recent multicenter data suggest that these risks persist
despite advances in immunosuppressive protocols and
perioperative care [13, 14]. Histopathological evidence links
obesity  with injury and
inflammatory graft infiltration, as described in obesity-related

renal microvascular chronic
glomerulopathy with glomerulomegaly, mesangial expansion,

focal segmental glomerulosclerosis, interstitial fibrosis and

immune cell infiltration [15, 16].
Liver

Obesity may have negative implications on both candidacy and
post-transplant outcomes in liver transplantation. Here, obese
candidates often face higher surgical risk and comorbidity
burdens, consecutively impacting listing eligibility [8, 17]. After
transplantation, obesity is associated with increased rates of wound
complications, prolonged hospital stays, and most importantly
diminished survival [8, 18, 19]. Here, meta-analytic data confirm
higher perioperative morbidity and long-term mortality in obese
liver recipients [8, 19]. Of note, emerging evidence reveals sex-
specific patterns in obesity-related liver transplant outcomes. For
instance, female recipients with elevated BMI undergoing DCD liver
transplantation are carrying a higher risk of early graft rejection [20],
while among NASH-related hepatocellular carcinoma cases, women
had significantly lower post-transplant mortality than men [21].
Hormonal milieu and metabolic derangements—especially in post-
menopausal women—add further complexity to this dynamic
processes [22].

Thoracic organs

Beyond liver and kidney transplantation, obesity is also
impacting outcomes in the clinical context of thoracic organ
transplantation. For heart transplantation, excess body weight has
been associated with increased perioperative risk and inferior long-
term survival, particularly due to the higher prevalence of
cardiovascular and metabolic comorbidities in obese recipients
[23]. Moreover, in a large cohort study, obese heart transplant
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recipients demonstrated a significantly higher risk of death,
primary graft dysfunction, and any treated rejection [24].

In lung transplantation, accumulating evidence indicates that
obesity is an independent predictor of adverse outcomes. Gries et al.
demonstrated that obese recipients with idiopathic pulmonary
fibrosis have a significantly increased 90-day mortality risk
following bilateral lung transplantation [25]. Along the same
lines, BMI has been shown to be a strong predictor of early
mortality within the first 90 days post lung-transplant [26], while
long-term follow-up revealed lower overall survival among
overweight and obese recipients compared to their normal-
weight counterparts [27].

Taken together, these observations highlight that the deleterious
effects of obesity extend beyond abdominal organ transplantation
and are particularly relevant in thoracic organs, where perioperative
complications, impaired wound healing, and cardiopulmonary
stress further aggravate the pre-existing risk profile of obese
transplant recipients [2].

Perioperative considerations

Beyond organ-specific outcomes, obesity is also linked to relevant
surgical and perioperative challenges that may influence early graft
outcomes and, consequently, immunosuppressive management.
Increased adipose tissue and altered anatomy are associated with
increasing operative complexity, including prolonged procedure and
ischemia times, as well as technical difficulties during vascular
anastomosis [28]. From an anesthesiological perspective, obese
recipients are at higher risk of perioperative respiratory
complications and hemodynamic instability, further contributing to
early postoperative vulnerability [29].

Wound-related complications still represent one of the most
consistent findings across organ types, with obesity being strongly
associated with higher rates of surgical site infections, wound
dehiscence, and prolonged hospitalization [30]. In kidney
transplantation, obesity is also an independent risk factor for
delayed graft function, likely reflecting a combination of technical
factors, ischemia-reperfusion injury, and underlying inflammatory
alterations [7].

These perioperative factors have direct implications for early
immunosuppressive management. On the one hand, increased rates
of wound complications and infection may favor more cautious
immunosuppressive exposure in the immediate postoperative phase.
On the other hand, the higher risk of delayed graft function and
obesity-related immune activation may require adequate
immunosuppressive intensity to prevent early rejection. This
clinical tension underscores the need for careful balancing of
efficacy and safety, further calling for an individualized approach

to immunosuppression in obese transplant recipients.

Obesity promoting inflammation
Experimental evidence
Seminal studies defined adipose tissue as an active immune

organ rather than a passive energy reservoir [31, 32]. Here, tumor
necrosis factor-a production from adipose tissue was first identified
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FIGURE 1

Obesity-associated immunological dysregulation relevant to
solid organ transplantation. Schematic representation of the pro-
inflammatory milieu induced by visceral adiposity, characterized
by increased leptin, TNF-a, and IL-6 levels, reduced
adiponectin, and macrophage M1 polarization. Obesity promotes
natural killer cell activation, systemic inflammation, impaired
wound healing, and metabolic complications. These alterations
converge to amplify alloreactivity and increase the risk of graft
rejection, thereby linking adipose-driven immune dysregulation
with inferior transplant outcomes.
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as a link between adiposity and systemic inflammation [33].
Furthermore, leptin, an adipocyte-derived hormone, was shown
to regulate both metabolic and immune processes [34, 35]. Adipose
tissue was subsequently recognized as a major source of interleukin-
6, while adiponectin—an anti-inflammatory adipokine—was found
to be reduced in obesity [36, 37]. Macrophage infiltration into
adipose depots is a further key driver of the chronic low-grade
inflammatory state characteristic of obesity [38, 39]. Recent reviews
these  findings, detailing the regulation of
immunometabolism within adipose tissue [40] and highlighting

reinforce

macrophage recruitment dynamics in obesity-related adipose
tissue inflammation [41].

Clinical evidence

Clinical studies confirm that obesity-induced inflammation is
both measurable and clinically significant in the context of solid
organ transplantation. Visceral adiposity is associated with
increased immune activation and elevated systemic inflammatory
markers compared to subcutaneous depots [42, 43]. In transplant
recipients, obesity is accompanied by a pro-inflammatory state that
directly contributes to poorer graft outcomes [9, 44]. Evidence from
clinical kidney and liver transplantation confirms that the systemic
inflammation characteristic of obesity is a major determinant of
reduced graft survival [44]. These observations establish obesity-
related inflammation as a key regulator linking obesity to inferior
transplant outcomes [10, 32] (see Figure 1).

Immunosuppression and obesity

Obesity has profound impact on the pharmacokinetics and

pharmacodynamics of immunosuppressive  drugs. Here,
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alterations may occur at virtually every step of drug disposition:
absorption, distribution, metabolism, and clearance [45, 46].
Increased adipose mass and lean body mass expand the volume
of distribution for lipophilic agents, while hepatic steatosis and
comorbid metabolic syndrome may impair drug metabolism [47].
Moreover, renal hyperfiltration in obesity alters the clearance of
renally excreted metabolites [48]. These metabolic-driven changes
translate into significant variability in drug exposure, complicating
therapeutic drug monitoring and raising the risk of both rejection
and toxicity [49, 50] (see Figure 2).

Calcineurin inhibitors (tacrolimus and
cyclosporine)

Calcineurin inhibitors remain the cornerstone of most
immunosuppressive regimens. Both tacrolimus and cyclosporine
are highly lipophilic, extensively protein-bound, and metabolized by
CYP3A enzymes, thus making them highly susceptible to obesity-
related alterations [45, 46]. Obesity increases the apparent volume of
distribution, while trough concentrations do not reliably reflect
systemic exposure [51]. Tacrolimus in particular shows reduced
predictability of trough levels in obese recipients, therefore
complicating standard monitoring approaches [49, 52].
Cyclosporine clearance and distribution were already shown
decades ago to be significantly altered by obesity [53]. Clinically,
these pharmacokinetic changes translate into an increased risk of
overexposure and nephrotoxicity. When using conventional weight-
based dosing, whereas fixed or capped dosing strategies may reduce
toxicity, but require close monitoring to avoid underexposure in fast
metabolizers [54]. Further data suggest that full-dose CNI regimens
in obese recipients are disproportionately nephrotoxic [51].
Consequently, minimization strategies and individualized
monitoring are highly recommended [55]. Current practice
increasingly favors fixed dosing with careful monitoring, rather
than strict weight-based dosing, to avoid systematic overdosing

in obese patients [49].

Mechanistic target of rapamycin (mTOR)
inhibitors (sirolimus and everolimus)

Inhibitors of mTOR are also highly lipophilic and demonstrate
significantly altered pharmacokinetics in obesity [56, 57]. In detail,
sirolimus has a prolonged half-life and greater distribution in obese
recipients, increasing the risk of cumulative toxicity [58].
Everolimus, though shorter-acting, has been associated with
increased metabolic  complications in  obese recipients,
particularly dyslipidemia and post-transplant diabetes [59, 60].
These metabolic toxicities align with the pro-inflammatory and
insulin-resistant milieu of obesity, thus finally compounding the
cardiovascular risk [59].

While mTOR CNI

advantageous for nephrotoxicity-prone obese patients, their

inhibitors facilitate minimization,
potential to worsen dyslipidemia and insulin resistance may
offset these benefits,

individuals [55]. Recent registry analyses further support this

particularly in metabolically fragile
concept: in an SRTR cohort, regimens combining mTOR
inhibitors with tacrolimus were associated with reduced acute
rejection rates in obese kidney transplant recipients, suggesting
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FIGURE 2

Impact of obesity on pharmacokinetics and clinical performance of major immunosuppressive drug classes. Overview of how increased adipose mass,
altered CYP3A activity, and inflammation modulate drug disposition in obese recipients. Calcineurin inhibitors exhibit expanded volume of distribution,
unreliable trough levels, and enhanced nephrotoxicity with weight-based dosing. mTOR inhibitors demonstrate variable exposure, prolonged half-life, and
increased metabolic toxicity. Mycophenolate mofetil shows reduced MPA exposure in heavier patients, while glucocorticoids exacerbate metabolic

risk with limited obesity-specific PK data. Belatacept, administered as fixed dosing, may display altered clearance and reduced efficacy in obesity. Together,
these obesity-driven changes underscore the need for individualized dosing and careful therapeutic monitoring.

tailored benefits in this subgroup [61]. In contrast, combinations of
mTOR inhibitors with mycophenolate mofetil have consistently
been associated with inferior efficacy and increased toxicity, and
are therefore neither recommended in obese recipients nor in the
general transplant population [61]. Clinical application therefore
requires judicious patient selection and close metabolic monitoring
[62]. Fixed dosing strategies with trough-level adjustment remain
standard, but variability in obese recipients suggests that more
refined AUC-based or model-informed precision dosing could
improve safety [63].

Mycophenolate mofetil (MMF)

As a hydrophilic prodrug converted to mycophenolic acid (MPA),
MMEF demonstrates high interindividual variability in exposure [64].
Body weight has been identified as a major determinant of exposure
variability: data from the OPTICEPT trial showed that heavier kidney
transplant recipients had significantly lower MPA area under the curve
(AUC) per mg dose compared with lighter patients, despite identical
dosing regimen [65]. A systematic evaluation of clinical practice
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confirmed that individualized dosing based on therapeutic drug
monitoring (TDM) can optimize exposure in patients with high
pharmacokinetic variability, including those with obesity [50].
Clinically, suboptimal MMF exposure in obese recipients can
contribute to breakthrough rejection, while overdosing increases the
risk of leukopenia and gastrointestinal toxicity [66]. Because MMF is
typically applied with fixed dosing, obesity poses challenges in
predicting systemic exposure. This makes TDM of MMF
particularly ~valuable in obese transplant recipients [67].
Unfortunately, routine AUC monitoring is rarely implemented
outside specialized centers, representing an unmet need in current
practice. A prospective multicenter study confirmed that
individualized AUC-based MMF dosing significantly improves

clinical outcomes after renal transplantation [68].
Glucocorticoids

Steroids still remain a backbone of induction and maintenance
therapy, though their utilization has declined due to their well-

known metabolic side effects [69, 70]. Obesity modifies
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glucocorticoid metabolism, leading to altered efficacy and increased
risk of complications such as weight gain, diabetes, and cardiovascular
disease [71, 72]. Evidence for steroid minimization or withdrawal in
obese recipients suggests potential benefits in reducing metabolic
complications, but these strategies carry an increased risk of graft
rejection [69, 70]. While steroid minimization or withdrawal strategies
are often pursued to mitigate the well-documented metabolic adverse
effects of glucocorticoids, increasing evidence suggests that obesity and
post-transplant weight gain may still occur independently of steroid
exposure. For example, in a cohort of kidney transplant recipients
managed with steroid avoidance, Elster et al. reported significant
weight gain despite the absence of maintenance glucocorticoids
[73]. These findings indicate that although glucocorticoids are a
major driver of post-transplant metabolic complications, additional
mechanisms—including pre-existing obesity, immunosuppressive
drug classes such as CNIs or mTOR inhibitors, and lifestyle
factors—may substantially contribute to post-transplant adiposity.
Pharmacokinetic data on steroids in obese transplant recipients are
sparse, thus reflecting a critical gap of knowledge [69]. Unlike for CNIs
and mTOR inhibitors, systematic obesity-stratified pharmacological
studies of glucocorticoids are virtually absent, leaving dosing largely
empirical [74]. Given their profound impact on the individual patients’
metabolic risk, more focused studies are needed to optimize steroid use
in obesity [71].

Belatacept (CTLA4-Ig)

Belatacept, a fusion protein targeting the costimulatory ligands
CDB80/86, is offering an appealing alternative to CNIs [75]. Unlike
small molecules, it is administered at fixed intravenous doses, largely
independent of body weight [76]. Importantly, efficacy of belatacept
has been demonstrated in kidney transplant recipients, including
those with obesity, with a significant lower risk of nephrotoxicity
compared to CNIs [77]. However, recent pharmacokinetic data
indicate altered clearance in obese patients, thus raising the
possibility of under- or overexposure with fixed dosing [78].

In addition, emerging evidence has raised concerns regarding
the efficacy of belatacept specifically in obese recipients. A pooled
analysis of the BENEFIT and BENEFIT-EXT trials demonstrated
that obesity was independently associated with a higher incidence of
acute rejection in belatacept-treated patients [79]. This observation
suggests that obesity-related factors—potentially including altered
pharmacokinetics, increased clearance, or distinct immune
mechanisms—may attenuate the protective effect of belatacept.
Consequently, while belatacept remains a valuable option for
selected obese recipients due to its favorable metabolic and renal
profile, its utilization must be carefully balanced against the risk of
disorder, the

intravenous administration, and foremost the possibility of

post-transplant  lymphoproliferative need for

reduced efficacy in obese patients.

Therapeutic drug monitoring and
tailoring strategies

As already discussed for the individual immunosuppressive
agents, therapeutic drug monitoring (TDM) is indispensable in

obese transplant recipients, but conventional trough-level
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monitoring may be unreliable due to obesity-related changes and
disturbances. In detail, trough concentrations of tacrolimus do not
consistently predict overall exposure [51, 54], and similar limitations
have been reported for cyclosporine [46]. This mismatch thus raises
the risk of relevant therapeutic misclassification in patients with
obesity. Here, limited-sampling approaches and Bayesian AUC
estimation may pave the way towards more accurate dosing
strategies by providing better correlation with exposure. However,
these techniques remain underutilized in current routine care [80].
Along the same lines, AUC-based monitoring correlates more closely
with outcomes than fixed dosing for MMF, as shown in a multicenter
trial where individualized exposure significantly improved patient
outcomes [68]. Another important aspect of tailoring is the choice
between weight-based and fixed-dose regimens. Weight-based dosing
often leads to overexposure in obese patients, particularly for CNIs and
mTOR inhibitors [49, 51]. Therefore, fixed dosing with close
monitoring appears safer but is still associated with the potential
risk of impaired efficacy. Although desperately needed, no
consensus guidelines currently exist [45]. When striving out for
concepts beyond pharmacokinetics, biomarker-based strategies may
further help to refine immunosuppression intensity. Here, donor-
specific antibody monitoring, immune cell functional assays (such as
IFN-y ELISPOT), and transcriptomic signatures have demonstrated
additional prognostic value [81]. Therefore, integration of TDM with
biomarker-based tools might represent the next level in precision
transplant pharmacology [82].

Cross-class comparison

When comparing drug classes, the individual profile of each
immunosuppressive agent reveals both obesity-specific strengths
and limitations. While still representing the gold standard of
immunosuppression in the global population, CNIs remain
highly effective in obese transplant recipients, but their use in
this  particular  patient subgroup is complicated by
pharmacokinetic variability, nephrotoxicity, and the limited
reliability of trough levels; moreover, tacrolimus in particular
confers a substantially increased risk of post-transplant diabetes,
a complication of major concern in this population [45, 46]. Here,
mTOR inhibitors provide an alternative to CNIs and allow for
minimization strategies but frequently exacerbate dyslipidemia and
insulin resistance, thereby worsening metabolic syndrome in obese
recipients [60, 61, 83]. Mycophenolate mofetil is generally well
tolerated but may exhibit exposure variability that may be even
altered by obesity [50, 64]. Glucocorticoids remain the most
problematic class, as their adverse metabolic effects directly
overlap with the obesity phenotype, although systematic obesity-
specific pharmacokinetic data are lacking [70, 71]. Of note,
belatacept has emerged as an attractive therapeutic option
because of its nephroprotective properties, fixed intravenous
dosing, and absence of metabolic toxicity [77, 78, 84]. However,
recent evidence indicates that obese recipients treated with
belatacept may experience a higher incidence of acute rejection,
highlighting the need for careful patient selection and close
immunological monitoring [79].

Taken together, these cross-class comparisons underscore that
none of the presented immunosuppressive agents provides an ideal
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single solution for obese graft recipients. Yet, a rational, tailored
combination—balancing efficacy, nephroprotection, and metabolic
safety—may offer the opportunity to optimize clinical outcomes.
Framing immunosuppression within an individualized, obesity-
aware therapeutic strategy may thus transform the apparent
challenge into an opportunity for precision medicine in
transplantation.

Precision medicine in obese transplant
recipients

Since no single immunosuppressive agent provides an ideal
solution for obese transplant recipients, this obvious limitation
should rather serve as the starting point for future precision
approaches.

In detail,
CYP3A5 genotyping for tacrolimus, may represent another

pharmacogenomic  testing, most notably
tangible strategy for individualized dosing. Growing evidence
supports its value in optimizing initial dosing, although robust
outcome data in obese patient cohorts remain scarce [85-87]. In
addition, advances in biomarker-based monitoring—including
donor-derived cell-free DNA, microRNAs, chemokine panels,
and gene expression profiling—offer further noninvasive tools for
dynamic immunological risk assessment [88, 89]. The Barcelona
Consensus already recommended integrating biomarkers into
clinical ~ immunosuppressive ~ drug  management,  while
acknowledging that most assays still remain under evaluation and
are not yet ready for broad implementation [90].

Beyond pharmacogenomic profiling and pharmacokinetic
monitoring, biomarker-based approaches are increasingly being
explored to refine immunological risk assessment. Here, donor-
derived cell-free DNA (dd-cfDNA) is currently the most advanced
tool in this context and has already shown good performance for the
detection of allograft injury, particularly antibody-mediated
rejection, although its specificity remains limited, as elevated
levels may also occur in the setting of infection or non-immune
injury [89, 91].

Other

chemokine panels, and gene expression profiling, provide

platforms, including circulating microRNAs,
complementary insights into immune activation and graft
injury. Among these approaches, dd-cfDNA is currently the
most clinically advanced and widely implemented one, whereas
transcriptomic platforms are gaining increasing traction in
selected settings. In contrast, microRNAs and chemokine-
based assays remain largely investigational, with limited
While these

approaches have shown promising diagnostic accuracy in

availability in routine clinical practice.
selected settings, their clinical implementation is still limited
by the lack of standardized assays and consistent validation
centers [88, 89].

particular, are

across Transcriptomic strategies, in

increasingly incorporated into clinical
algorithms, especially in heart and kidney transplantation, but
their broader applicability remains under evaluation [82, 89].
Despite these advances, several barriers continue to limit the
routine use of biomarker-based monitoring, including costs, limited
availability outside specialized centers, and inter-variability between

platforms with respect to thresholds and analytical performance
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[89]. Of critical relevance, prospective data demonstrating a clear
impact on clinical outcomes are still scarce.

Importantly, data on biomarker performance in obese
transplant recipients are largely lacking. Given that obesity is
associated with chronic low-grade inflammation, altered immune
cell function, and a high burden of metabolic comorbidities,
biomarker readouts may be more difficult to interpret in this
population [92]. This represents a relevant knowledge gap and
highlights the need for further studies specifically addressing
biomarker-guided immunosuppression across different metabolic
phenotypes. In this context, obesity may represent a clinically
relevant stress model to test and refine biomarker-driven
precision immunosuppression strategies.

Of note, real-world analyses have already begun to address obese
populations specifically: a propensity-matched study in kidney
transplantation demonstrated that immunosuppressive protocol
choice significantly influences outcomes in obese recipients,
supporting the concept of tailored immunsuppressive
approaches [61].

From this perspective, obesity should not only be regarded as a
potentially deleterious patient’s variable but rather as an ideal
clinical scenario for the implementation of precision medicine in
TDM,

pharmacogenomics, and validated biomarkers with detailed

clinical transplantation. Here, integrating
phenotyping and computational modeling may truly enable
individualized immunosuppressive regimens although further
prospective validation will be crucial (see Figure 3).

Building on these concepts, a pragmatic framework for
individualized ~immunosuppressive management in obese
transplant recipients can be proposed. While high-quality
prospective data are lacking, several principles emerge from
available pharmacokinetic and clinical evidence. A concise
overview of key drug-specific considerations is summarized in
Table 1. In general, fixed or capped dosing strategies may be
preferable to total body weight-based approaches for lipophilic
agents such as calcineurin inhibitors, in order to reduce the risk
of overexposure and toxicity. Early and repeated therapeutic drug
monitoring, ideally incorporating AUC-based approaches where
feasible, appears particularly important in this population,
especially for agents such as tacrolimus and mycophenolate.

Drug class selection should be primarily considered based on the
metabolic and clinical profile of the individual patient. In detail,
calcineurin inhibitor minimization strategies may be considered in
individuals at high risk of nephrotoxicity, whereas mTOR inhibitors
require caution in patients with pre-existing dyslipidemia or
impaired wound healing. Mycophenolate exposure may be
reduced in obese recipients, supporting the use of exposure-
guided dosing strategies. In selected cases, belatacept-based
regimens may offer a metabolically favorable alternative, although
data in obese populations remain limited.

Importantly, these considerations should not be interpreted as
prescriptive recommendations but rather as a conceptual framework
to  support

pharmacokinetic monitoring, emerging biomarkers, and clinical

individualized decision-making. Integration of
phenotyping is likely essential to optimize the balance between
rejection and toxicity in this complex patient population.

In addition to immunosuppressive tailoring, adjunctive

management of obesity-related metabolic risk is becoming
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Precision Immunosuppression Framework in
Obesity

Therapeutic Drug Monitoring

(TDM)

. AUC-based dose adjustment

. Bayesian or limited-
sampling models

Pharmacogenomics

. CYP3AS5, UGT1A9,
SLCO1B1 variants

. Genotype-informed

tacrolimus dosing

Clinical Phenotyping/Al

Biomarkers . e .
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FIGURE 3
Precision immunosuppression framework for obese transplant recipients. Integrated model combining clinical phenotyping, metabolic and adipose-tissue

profiling, pharmacogenomics (e.g., CYP3A5 variants), biomarker-based immunomonitoring (dd-cfDNA, microRNAs, cytokine panels), and therapeutic drug
monitoring using AUC-based or Bayesian approaches. This multidimensional algorithm aims to optimize immunosuppressive exposure, reduce toxicity, stabilize

graft function, and improve metabolic outcomes, outlining a precision-medicine strategy tailored to the obese transplant population.

TABLE 1 Immunosuppressive drug class considerations in obese transplant recipients.

Drug class Key considerations in obesity

Calcineurin inhibitors

nephrotoxicity

Variable pharmacokinetics; risk of overexposure with weight-based dosing;

Practical approach

Prefer fixed or capped dosing; early and repeated therapeutic drug

monitoring

mTOR inhibitors Dyslipidemia, insulin resistance; impaired wound healing

Careful patient selection; close metabolic monitoring

Mycophenolate Reduced exposure in higher body weight Consider AUC-guided dosing where feasible

mofetil

Glucocorticoids Enhanced metabolic impairment Early minimization depending on the immunological risk profile
Belatacept Favorable metabolic profile; limited data in obesity Consider in selected patients at high risk of calcineurin inhibitor

toxicity

increasingly relevant in transplant recipients. Emerging evidence
suggests that glucagon-like peptide-1 receptor agonists (GLP-
1RAs) sodium-glucose  cotransporter-2  inhibitors
(SGLT2 inhibitors) may improve body weight, glycemic

and

control, and cardiovascular risk profiles in selected transplant
populations, particularly after kidney transplantation [93, 94].
Available studies further indicate an overall favorable safety
profile, with no consistent evidence for clinically relevant
with immunosuppressive  agents,

interactions standard
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although gastrointestinal intolerance with GLP-1RAs and
with SGLT2
important considerations [93, 94].

genitourinary infections inhibitors remain
Yet, the underlying evidence is still largely observational,

and transplant-specific prospective data remain limited
[93-95]. These agents should therefore be viewed as
promising adjuncts within a multidisciplinary metabolic
strategy than established of

immunosuppressive management.

rather as components
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Knowledge gaps, future directions and
conclusion

Despite a growing body of evidence, important gaps of
knowledge continue to limit the development of evidence-based
strategies for obese transplant recipients. Most pharmacokinetic
studies remain small and retrospective [47, 49, 51], and only few
trials prespecify obesity as a stratification variable, thus leaving
uncertainty about optimal dosing [5, 11]. Especially steroids are
understudied in this vulnerable population [69, 70], and current data
rarely integrate obesity-driven inflammation, pharmacokinetic
variability, and clinical outcomes within the same cohorts [82].
Large datasets seldom include detailed body composition or
metabolic phenotyping [43], and mechanistic insights such as
histopathological ~correlates are only rarely linked with
pharmacological and clinical data [15].

A major limitation in current practice is the reliance on body
mass index as the primary measure of obesity. Additional metrics
such as waist-to-hip ratio, visceral fat quantification, and CT-based
skeletal muscle index provide a more refined assessment of
metabolic and immunological risk and may better identify high-
risk phenotypes such as sarcopenic obesity. BMI does not reflect
body composition or fat distribution and therefore provides only a
limited estimate of metabolic risk. In this context, visceral adiposity
and ectopic fat appear to be more closely linked to metabolic and
inflammatory complications than overall body weight. Similarly,
sarcopenic obesity—defined by the coexistence of excess adiposity
and reduced muscle mass—has been associated with frailty and
poorer post-transplant outcomes [96].

Imaging-based  approaches, computed
tomography-based assessment of skeletal muscle mass, as well

particularly

as functional measures of body composition, may allow for a
more accurate characterization of metabolic risk. Integrating
these parameters into clinical studies and transplant registries
risk stratification and help
strategies

metabolic risk profiles [96].

could improve refining

immunosuppressive according to individual

Nevertheless, these challenges outline a clear roadmap for future
research. Obesity-stratified randomized controlled trials, adequately
powered studies, and
systematic evaluation of AUC-based monitoring will be essential
[68, 80].
pharmacogenomics, and biomarker-guided immunomonitoring
offer

immunosuppressive therapy [82, 97]. Integrating these tools with

pharmacokinetic/pharmacodynamic

Advances in model-informed precision dosing,

unprecedented  opportunities towards individualized
detailed phenotyping and computational prediction models may
help to transform the current limitations into actionable
strategies [97].

In summary, obesity consistently emerges as a risk factor for
inferior graft outcomes, higher perioperative morbidity, and
solid

transplantation [7, 8]. By understanding the complex interplay of

increased  metabolic  complications  across organ
obesity-induced inflammation, pharmacokinetic variability, and

immunological risk [33, 38], clinicians will have to move beyond
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“one-size-fits-all” approaches. Here, tailoring immunosuppression

through  therapeutic  drug biomarker-guided

adjustments, and precision dosing algorithms holds the promise

monitoring,

of improving long-term graft survival and patient wellbeing in this
high-risk population [66, 68, 82, 97]. From this perspective, obesity
should not only be regarded as a clinical challenge but as an ideal
context for precision medicine, where individualized strategies can
turn risk into opportunity.
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Post-transplant lymphoproliferative disorders (PTLD) represent a heterogeneous
group of complications with rising complexity, particularly as EBV-negative forms
are increasingly recognized in adult recipients. While early EBV-driven PTLD was
historically monitored by viral load, this approach fails to detect EBV-negative
disease and lacks specificity even in EBV-positive cases. Recent advances in tumor
immunology, virology, and liquid biopsy technologies have led to the emergence
of novel biomarkers that offer improved diagnostic precision. These include
plasma soluble ZEBRA antigen, reflecting lytic EBV activation; EBV DNA
methylation status, which may distinguish latent from benign viral replication;
and LMP1 sequence variants that influence immune evasion through the NKG2A/
HLA-E axis. For EBV-negative PTLD, circulating tumor DNA profiling has shown
promise for early, non-invasive detection. These innovations are complemented
by preventive strategies such as anti-CD20 therapy in high-risk EBV-seronegative
transplant recipients and ongoing trials of EBV-targeted vaccines. However, such
approaches remain limited to EBV-naive patients. Moving forward, integrating
viral, immune, and tumor-derived markers—alongside host genetic factors—may
enable more personalized surveillance and preemptive interventions. This review
outlines the evolving paradigm of PTLD monitoring and highlights key areas
where viro-immunologic precision medicine may reshape clinical practice.

KEYWORDS
biomarker, EBV, HSCT, PTLD, SOT (solid organ transplant)

Introduction

Post-transplant lymphoproliferative disorders (PTLD) occupy a unique space in
transplantation medicine: relatively rare, with an incidence reaching two percent after
10 years in solid organ recipients [1], but disproportionately feared because of their
unpredictability, severity, and the inadequate precision of available monitoring tools.
For decades, PTLD was predominantly an Epstein-Barr virus (EBV)-driven
complication occurring early after transplantation [2, 3], detectable in some cases by
rising EBV viral loads [4], especially in paediatric population [5]. This paradigm has
been replaced by a much more complex picture, shaped by the rise of EBV-negative PTLD
occurring later after transplantation and by deeper insights into the immune dysfunctions
underlying both EBV- and non-EBV-driven lymphoproliferations. Moreover, improved
understanding of the pathophysiology of this malignant process may support the
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development of a new generation of biomarkers that are more
specific than those currently used, which are often unreliable.

Epidemiological shift towards EBV-
negative PTLD

The first notable shift to highlight is epidemiological. In a recent
Canadian registry study, the authors reported that adult solid organ
transplant recipients now face a sustained risk of late-onset PTLD,
whereas the risk of early PTLD appears to have declined in recent
years [6]. Multiple cohorts, including the French K-VIROGREF
registry, now report that EBV-negative PTLD represents nearly half
of all cases of PTLD in adults. This is a profound transformation,
because EBV-negative disease is biologically distinct from EBV-
positive forms.

Divergent pathways in EBV-negative
versus EBV-positive PTLD

This observation implies that viral monitoring may fail to detect
a substantial proportion of lymphoproliferative disorders. In other
half of PTLD may be
immunologically invisible unless new classes of biomarkers are

words, virologically silent and
developed. Instead of uncontrolled expansion of EBV-infected
B cells due to defective immune surveillance, EBV-negative
PTLD exhibits genomic instability and molecular hallmarks close
to de novo diffuse large B-cell lymphoma, including recurrent
TP53 pathway alterations, overexpression of DNA interaction-
related genes and a heavy burden of chromosomal copy-number
changes [7, 8]. Pathology studies in tumors retrieved from solid
organ transplant recipients have further shown that the immune
microenvironment of EBV-negative PTLD is characterized by CD4-
positive T cells expression of exhaustion markers such as TIM-3 [9].
Moreover, NK cells demonstrate also dysfunctional phenotypes, and
tumor infiltration by effector lymphocytes is sparse [9].

Simultaneously, advances in the understanding of EBV-positive
PTLD have shed new light on its complex pathogenesis. Far from a
simple failure of CD8-mediated control, EBV-positive PTLD now
appears to emerge from a confluence of factors. Dysfunctional NK
cells, despite phenotypic activation, lack cytotoxic competency;
CD8-positive T cells demonstrate impaired effector programs;
and the microenvironment is enriched in PD-L1 expression,
offering an immune-escape niche [9]. These insights have
inspired the search for biomarkers that look beyond viral
quantity to viral behavior, viral genetics, and the host’s capacity
to respond Figure 1.

Innovative biomarkers and PTLD risk
assessment

Soluble ZEBRA: a marker of lytic EBV
activation

One promising development is soluble ZEBRA (Z Epstein-Barr
virus replication activator, a protein encoded by the EBV BZLFI
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gene), a marker of lytic viral activation that appears more specific
than the classical EBV viral load for EBV-driven PTLD [10, 11]. The
presence of ZEBRA in plasma likely reflects a biologically
meaningful transition from viral latency to lytic activation—an
early event associated with oncogenic reprogramming. Moreover,
studies have shown that proteins expressed during the lytic cycle
contribute not only to cellular transformation but also to subsequent
tumor development in animal models and human EBV induced
tumors [12]. Indeed, modulation of host gene expression by ZEBRA
can also deregulate the immune surveillance, allow immune escape,
and favor tumor progression [13]. In a recent multicentric cohort of
solid organ and hematopoietic stem cells transplant recipients,
soluble ZEBRA achieved specificity over ninety percent and
sensitivity eighty percent for EBV-positive PTLD,
outperforming EBV viral load and, surprisingly, identifying four

above

cases of EBER (Epstein-Barr virus-encoded small RNA) negative
tumor with negative blood EBV PCR assays [10]. The performance
of this test was lower in an external validation cohort of solid organ
and hematopoietic stem cells transplant recipients [11], but the
accuracy of this biomarker still needs to be refined and assessed in
additional cohorts of solid organ transplant recipients.

EBV DNA methylation as diagnostic tools

A parallel innovation comes from epigenetic analyses,
particularly DNA methylation assays. DNA methylation plays a
central role in the regulation of gene expression, and both host
genomic DNA and EBV DNA methylation are emerging as potential
biomarkers. Two patients with the same EBV viral load may have
different viral infections. A highly methylated EBV signal would
suggest latent EBV within tumor cells, whereas unmethylated DNA
could indicate a benign lytic infection. Recently, plasma EBV DNA
methylation profiles were shown to discriminate three distinct EBV-
associated conditions—infectious mononucleosis, EBV-associated
lymphoma, and nasopharyngeal carcinoma [14]. In a small study
conducted in patients who had undergone hematopoietic stem cell
transplantation, one patient with predominantly unmethylated EBV
DNA failed to respond to rituximab, whereas those with highly
methylated EBV patterns were consistent with PTLD and responded
to anti-CD20 therapy [15]. Beyond EBV DNA, host genomic DNA
methylation status is also of major interest in oncology. Malignant
tumors are characterized by aberrant DNA methylation. Panels of
methylated host genes in circulating cell-free DNA (cfDNA) have
also shown potential as diagnostic and prognostic biomarkers in
EBV-associated lymphomas in non-transplant patients [16].

Genomic characterization and immune
evasion pathways

Another breakthrough lies in the genomic characterization of
EBV itself. The risk of EBV-associated PTLD has recently been
linked to the NKG2A/LMP1/HLA-E axis, involving specific viral
and host variations [17]. More specifically, recent sequencing
analyses have identified two variants of the EBV
LMP1  gene—GGDPHLPTL and GGDPPLPTL—that are
markedly enriched in solid organ and hematopoietic stem cells
transplant recipients who develop EBV-positive PTLD. Moreover,
patients with PTLD more frequently carry the HLA-E*0103/
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FIGURE 1
Predictive biomarkers for EBV-positive and EBV-negative PTLD.

0103 allele, indicating an increased susceptibility to disease when
EBYV peptides are presented in this context. Lastly, the GGDPHLPTL
and GGDPPLPTL LMP1 peptides strongly inhibit NKG2A" NK
cells and CD8" T cells, thereby promoting immune evasion by these
EBV strains. In the same manner, in a cohort of pediatric solid organ
transplant recipients, the presence of two specific mutations in the
EBV LMPI gene (G212S and S366T) was associated with a nearly
12-fold increased risk of developing PTLD. Nevertheless, it is
important to note that these mutations were also found at a high
frequency in patients without PTLD; however, the absence of these
mutations was associated with a high negative predictive value for
PTLD occurrence [18]. Although these findings have been described
mainly in young patients, they raise the possibility that EBV
sequencing could become part of transplant risk assessment, with
EBV lineage analysis helping to predict which patients are most
vulnerable to malignant transformation following primary
EBV infection.

Liquid biopsy strategies

While EBV-focused biomarkers continue to advance, the
detection of EBV-negative PTLD may benefit most from
technologies adapted from oncology, particularly by detection of
DNA. CfDNA
demonstrated that tumor-derived DNA fragments—harboring

circulating tumor sequencing studies have
lymphoma-associated mutations and characteristic copy-number
changes in specific genes—can be detected in plasma months
before clinical diagnosis. In one landmark study, cfDNA levels
were increased not only in solid organ transplant recipients with
EBV-positive PTLD but also in those with EBV-negative PTLD, with

the observed range of cfDNA levels being consistent with that
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reported in other malignancies [19]. Moreover, cfDNA levels
correlated with tumor burden. Beyond genomic ¢fDNA profiling,
cfDNA methylation provides an additional biomarker. To date,
cfDNA methylation has not yet been evaluated in PTLD.
However, EBV-positive  lymphomas,
methylation patterns in cfDNA can be used as diagnostic

similar  to aberrant
biomarkers and may enable earlier cancer detection -including
lymphoma-than mutation-based cfDNA assays [20]. In addition
to their diagnostic value, these methylation patterns have also shown
prognostic significance, being associated with clinical outcomes
[21]. The implications are substantial: EBV-negative PTLD, once
thought to be “invisible” until symptoms arise, may in fact shed
detectable genetic material long before overt disease. For clinicians,
this could offer a reliable tool for pre-symptomatic detection,
enabling diagnosis at an early stage when treatment is more
effective and potentially improving patient outcomes. However,
despite these promising results, data correlating EBV DNA
methylation patterns with EBV load dynamics or response to
rituximab remain limited, and validation in larger cohorts is
still required.

Torque teno virus load as a surrogate marker
of global overimmunosuppression

Torque teno virus (TTV) load has emerged as a marker
reflecting the net state of immunosuppression in solid organ and
hematopoietic stem cell transplant recipients. Although high TTV
titers have been associated with infectious complications, current
evidence does not establish a clear relationship between TTV
replication and PTLD risk. Only a small exploratory study have
suggested a possible association between high TTV viral load and the
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development of PTLD in hematopoiectic stem cell transplant
patients [22], and no validated thresholds exist to date to guide
PTLD prediction.

Emerging preventive strategies
for PTLD

In parallel, preventive strategies for PTLD are advancing. The
REPLY randomized trial evaluating preventive rituximab in EBV
D+/R-kidney transplant recipients has completed enrolment and
may soon clarify whether early B-cell depletion can prevent primary
EBV infection and subsequent PTLD
(NCT04989491). Another promising development is the
emergence of EBV vaccines, including mRNA- and nanoparticle-

in treated patients

based platforms, which are currently being evaluated in healthy
young adults with the aim of reducing the incidence of infectious
mononucleosis (NCT05164094, NCT05831111, NCT06908096). If
effective, these vaccines could substantially lower the burden of
EBV-driven PTLD in EBV-seronegative transplant recipients and
potentially reshape clinical practice. However, both strategies—anti-
CD20 therapy and EBV mRNA vaccination—would primarily
benefit patients who are EBV seronegative, and therefore would
not apply to the majority of adult transplant recipients, who are
mostly EBV seropositive. Conversely, these approaches may prove
particularly valuable in paediatric transplantation, where a large
proportion of candidates are EBV-naive and at high risk for primary
infection and early PTLD development.

Conclusion

In conclusion, significant hope has emerged from preventive
strategies—either vaccination or therapies aimed at depleting
the EBV reservoir—but these approaches apply primarily to EBV
seronegative organ recipients. In parallel, there is a clear need to
refine biomarkers that can identify patients at highest risk of
developing PTLD, whether during primary EBV infection or
later, at the time of viral reactivation. In addition, specific
EBV
becoming increasingly frequent due to the aging transplant

biomarkers for negative lymphomas—which are

population—must also be developed. A combination of
genetic data, associated with virological, immunological, and
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Sex equity in organ donation and access to transplantation represents a key priority of the
European Committee on Organ Transplantation of the Council of Europe (CD-P-TO). To
increase our knowledge on sex-related differences in transplantation in the Council of
Europe Member States, a specifically designed questionnaire was distributed to the CD-P-
TO countries. Results confirm that, irrespective of the organ, males represent the majority
of patients on the transplant waiting list. For all organs except for heart the time spent on
the waiting list was shorter for men compared to women. Women represent the majority of
living kidney donors (58%), whilst males are the major source of livers from living donation
(54%). Across all organ types, men received 64% of deceased donor organs and 58% of
living donor organs. We have found sex-related differences in transplantation activities
conducted in the Council of Europe Member States. However, these may be the
consequence of the higher incidence of some diseases in men, organ size mismatch,
or the greater difficulty in finding immunologically compatible donors in women. At this
stage, the CD-P-TO will continue its monitoring activity on this highly relevant topic and
possibly extend its commitment beyond sex to include gender related aspects.

Keywords: council of europe, equity, organ donation, sex, transplantation

Abbreviations: European Committee on Organ Transplantation of the Council of Europe; DBD, donor/donation after brain
death; DD, deceased donor; DCDD, donor/donation after circulatory determination of death; LD, living donor; LKD, living
kidney donation; LLD, living liver donation; ONT, Organizacién Nacional de Trasplantes; PMP, per million population.
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Donor and Recipient Sex in Transplantation

The sex of donor and recipients in solid organ transplantation: an in-depth analysis
across many Council of Europe Member States

Countries responding to the survey
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Sex-related differences continue to emerge across the transplantation pathway in Europe, suggesting a
multifactorial interplay of dinical and compatibility factors that deserves further in-depth analyses.

é ESOT

COZZI E, et al. Transpl. Int. 2026
doi: 10.3389/ti.2026.15711

( Transplant
‘T‘" rnat ‘r"u.‘

GRAPHICAL ABSTRACT |

INTRODUCTION

Gender and sex equity in organ donation and access to
transplantation represent a key priority of the European
Committee on Organ Transplantation of the Council of
Europe (CD-P-TO). To date, the sex of donors and recipients
involved in donation and transplantation activities across the
Council of Europe Member States has been preliminarily
investigated through the data collection undertaken by the
Newsletter Transplant of the Council of Europe and a
preliminary analysis on the European landscape of donors and
recipients sex in solid organ transplantation was published in
late 2022 [1].

According to our earlier international investigation involving
69 countries from four continents, globally men are the more
frequent deceased donors, while women are the main source of
kidneys and livers from living donors [1]. Furthermore, men have
a greater access to transplantation compared to women. At
present there is no reason to believe that, as far as the Council
of Europe Member States, such differences between sex in organ
donation and transplantation may be the ultimate outcome of an
unfair process. However, some have previously reported that
some of the differences could be the result of social roles or
pressures on women [2]. Other studies involving men and
women who served as living kidney donors did not
demonstrate differences in psychosocial profiles or greater
vulnerability to family pressure between sex [3]. In any case,
men receive the majority of transplanted organs [4] in part

because of a higher incidence of chronic diseases [5, 6] and
because immunological factors may disadvantage women [7]. In
addition, cultural and social factors, physician biases in the
perception of patient frailty, as well as potential sex-based
inequities of formulas used for organ allocation and transplant
criteria may limit transplant opportunities for women [2, 8-12].
At this stage, the CD-P-TO felt that a more in depth collection
and analysis of data disaggregated by sex would enable a better
comprehension of the possible impact of sex and gender on
transplant opportunities. To this end, the CD-P-TO prepared a
specifically designed questionnaire aimed at supplementing the
information already available through the Newsletter Transplant
[13]. Such a questionnaire was applied to all CD-P-TO Member
States and a detailed analysis of the new set of data collected is
here provided.

MATERIALS AND METHODS

The aim of the survey was to collect comprehensive data on organ
donors and recipients in the CD-P-TO Member States, with a
particular focus on sex. The key components of the study were
composition of waiting lists, donor and recipient baseline
information, sex combinations of donor-recipient pairs for
various organ transplants, and the 5-years graft survival rates
based on these combinations. The collated dataset refers to the
year 2019, which is the latest year that was not affected by the
SARS-CoV-2 pandemic.
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The CD-P-TO established an ad hoc working group lead by
the Italian National Transplant Centre (CNT), who prepared a
questionnaire whose final version was agreed by the CD-P-TO on
7 April 2022, and formally approved in its plenary meeting held in
Warsaw on 7 October 2022. The approved version of the
questionnaire is appended (Supplementary Material). The
questionnaire was circulated to the 39 CD-P-TO Member
States and 5 Observers Countries, and was completed by
national focal points already designated by the Ministries of
Health at each country for the routine data collection
performed for the Newsletter Transplant. CNT then compiled
the information collected by the questionnaires, assessed the
accuracy and level of completeness of the data provided and
performed the data analysis. In cases of inconsistencies, the CNT
contacted the designated focal point in each country for a final
data check.

A total number of 33 countries filled in questionnaires were
received. Four member states were removed from the analysis
due to incomplete data (notwithstanding the extensive efforts put
in place to clarify some inaccuracies or incomplete answers).
Answers to questionnaires included in the analysis were provided
by 6 Ministries of Health and 23 National Competent Authorities
[Supplementary Table S1]. The 5-year organ survival calculation
was derived from data supplied from countries with
10 transplants or more per organ type (from either living or
deceased donor).

Waiting Lists

In the first instance we collected data on the number of male (M)
and female (F) patients that were ever active on waiting lists (WL)
in the year 2019. Additionally, each organ type respondents were
asked to provide, when available, the median waiting time and the
min-max range for all the patients on the WL, as well as the data
disaggregated per male and female, respectively. The waiting time
for kidney patients on the WL was calculated from the first day on
dialysis. All the countries were also asked to provide both the
median waiting time of any patient on the WL in 2019 irrespective
as to whether the patient got transplanted or not, and the waiting
time of only those who were actually transplanted in 2019.

Donors’ Information

The questions relating to deceased organ donors focused on both
donation after brain death (DBD) and donation after the
circulatory ~ determination of death (DCD), including
uncontrolled and controlled DCD, namely type II, III and IV
DCD Maastricht categories. For each of these, mean age and min-
man range of M and F donors was collected. The same set of data
was collected for living donors (LD), namely living kidney donors
(LKD) and living liver donors (LLD), respectively.

Recipients’ Information

In the section relating to recipients of solid organ transplants,
countries provided the total number of M and F recipients of
kidney, liver, heart, lung and pancreas from both DBD and DCD
donors. The information regarding the recipients of organs from
living donors in each respondent country was obtained from
Newsletter Transplant.

Donor and Recipient Sex in Transplantation

Transplantation and Sex Pairs
Sex pairs in organ transplantation from deceased and living

donors were also investigated. For each solid organ, countries
were asked to provide the total number of transplants performed
according to the following sex pairs: male to male (M-M), male to
female (M-F), female to female (F-F) and female to male (F-M).
Additionally, for each organ, countries were asked to provide the
5 year non-censored for death graft survival according to sex pair
combinations.

Relationship Between Living Donors and

Recipients

The survey addressed also the relationship between LKD and LLD
and their recipients. In case of LKD and LLD between parent and
child, the possible combinations were the following: mother-to-
son, mother-to-daughter, father-to-son, father-to-daughter, son-
to-mother, son-to-father, daughter-to-mother and daughter-to-
father. In case of siblings, the possible combinations were the
following: brother-to-brother, brother-to-sister, sister-to-brother
and sister-to-sister. In the case of living organ donation between
spouses, the combinations were husband-to-wife and wife-to-
husband. Additional combinations namely husband-to-husband
and wife-to-wife were provided by the respondent countries,
when available.

Statistical Analysis

When examining the sex differences, all the analyses were
conducted by organ and according to participating country,
and the results were compared with the mean values obtained
when combining all the countries: i) number and percentages of
men and women were presented in the following analyses: (a)
patients enrolled in the organ WL, (b) stratified by living and
deceased transplanted patients and (c¢) DBD and DCD donors; ii)
median age of patients on the WL and of transplanted patients;
iii) 5-year non-censored for death Kaplan-Meier survival
probability estimates. Specific comparisons of sexes were
presented according to different Living Donor-Transplanted
pairs. For all statistical analyses, we used Stata version 17.0
(StataCorp, College Station, TX, USA).

RESULTS

A total of 29 countries accurately completed the questionnaire
and were included in the analysis. These consisted of 26 CD-P-
TO Member States (Albania, Austria, Belgium, Croatia, Cyprus,
Czech Republic, Denmark, Estonia, France, Germany,
Hungary, Ireland, Italy, Latvia, Lithuania, Luxembourg,
Moldova, the Netherlands, Portugal, Slovak Republic,
Slovenia, Spain, Sweden, Switzerland, Turkey and the
United Kingdom) and 3 observer countries (Armenia,
Georgia and Israel). The two main CD-P-TO observer
countries, namely United States and Canada, could not take
part to the analysis. Furthermore, the amount of data required
and the degree of details requested did not allow several
Member States to participate in this analysis.
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Waiting Lists

For the year 2019, a total number of 122.197 patients were ever
active on the WL in Member States that took part to the survey
[Figure 1]. The patient distribution per organ was 91,070 for
kidney (61% M; 39% F); 17,817 liver (66% M; 34% F); 6,880 heart
(78% M; 22,1% F); 4,175 lung (52% M; 48% F); and
2,255 pancreas (58% M; 42% F). For each organ, the median
time spent on the WL is shown in Figure 2.

Donor Information
Transplantation after DBD donation was performed in 26 of the
responding countries. Overall, 8,891 actual DBD donors were
reported, of which 8,495 resulted in at least one organ transplant.
The mean age of DBD donors was 54.4 years for males and
50.3 years for females. Male donors accounted for 56% of both
actual and utilized DBD donors.

Only a limited number of countries performed DCD
donation activities. Among the countries participating in

this analysis, DCD was performed in Austria, Belgium,
France, Ireland, Italy, the Netherlands, Portugal, Spain,
Sweden, Switzerland, the United Kingdom and Israel. In
this context, category III DCD was the most prevalent
form, being performed in 12 of the respondent countries.
Overall there were 1,995 actual DCD donors of which
1,745 were utilised. The mean age of category III DCD
donors was 56.6 years for males and 53 years for females.
Male donors accounted for 67% of actual DCD donors and
66% of utilized DCD donors.

LD transplantation was reported by 26 respondent countries
[Figure 3]. In particular, there were 6,950 LKD and 1,383 LLD.
As far as LKD, living donors accounted for only 30% of the
transplanted kidneys, reaching the highest rate in Turkey (79%
kidney transplants). Females were the most common donors,
accounting for 58% of the donors, but received only 36% of the
organs from LKD [Supplementary Figure S1]. As far as LLD,
living donor lobe donation accounted for 17% of the liver
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transplants performed in Europe; it was performed in only
12 of the respondent countries and represented 76% of living
liver transplants performed in Turkey. Females represented
only 46% of LLD and received 42% of organs from LLD
[Supplementary Figure S1]. The mean age of living donors
according to sex and organ type was 49.3 years for males and
50 years for females LKD; and 47.1 years and 50 years
respectively, for LLD.

Recipient Information
The sex pairs in the case of living or deceased donors are reported
in Figure 4. Our data confirm that men received the majority of
the organs from deceased donors. In particular, males received
63% of kidneys, 69% of livers, 73% of hearts, 58% of lungs, and
56% of pancreases.

Similarly, as far as organs from living donors, males received
the majority of the kidneys (64%) and livers (58%) available.

Sex Pairs and Post-Transplant Outcomes

Five-year graft survival according to sex pairs is reported in
Figure 5. As expected, for each of the sex pairs organs from
living donors had a better 5-year survival compared to the
deceased counterpart. On the other hand, in our study 5-year
graft survival (for organs either from deceased or living

donors) did not differ when considering the different sex
pair combinations.

Relationship Between Living Donors and

Recipients
Out of a total number of 6,950 LKD, 2,339 (34%) organs were
transplanted between parent and child; 1,412 (20%) between
siblings; 1,774 (26%) between spouses; and 1,425 (20%)
between other relatives or friends [Figure 6]. The relationship
between LKDs and recipients in the responding countries is
reported in Supplementary Figure S2. Kidneys from male
living donors (42% of the kidneys from LKD) were
transplanted into 49% of male recipients; in contrast, kidneys
from female living donors (58% of the kidneys from LKD) were
primarily transplanted into males (75%) [Supplementary Figure
S3]. The relationship between LKD and recipients distributed
according to sex pairs is reported in Supplementary Figure S4.
Out of a total number of 1,383 LLD, 902 (65%) organs were
transplanted between parent and child; 217 (16%) between siblings;
83 (6%) between spouses and 181 (13%) between other relatives or
friends [Figure 6]. The relationship between LLD and recipients in
the responding countries is reported in Supplementary Figure S2.
Livers donated from male donors (54% of the overall number of
livers from LLD) were transplanted in 55% of cases into male
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recipients; in contrast, livers from female donors (46% of the overall
number of livers from LLD) were primarily transplanted into male
recipients (63% cases) [Supplementary Figure S3B]. The
relationship between donors and recipients distributed according
to sex pairs are reported in Supplementary Figure S4B.

DISCUSSION

Transplantation is the most effective therapeutic option for
eligible patients diagnosed with advanced or end stage organ
failure. Even though countries performing organ transplantation,
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FIGURE 6 | Relationship between living donors and recipients. (A) Relationship between LK donors and recipients; (B) Relationship between LL donors and

make the treatment accessible to all eligible patients, irrespective
of sex, age and race, it has been previously reported that,
compared to men, women are disadvantaged with regards to
both access to active transplant waiting lists and access to
transplantation after waitlisting [13-17].

Indeed, women have lower access to transplantation. In many
cases, this is the ultimate outcome of unbiased circumstances that
include a higher burden of diseases treatable with transplantation
among men [5, 6], organ size mismatch [18] or greater difficulties
in finding an immunologically compatible donor in women due
to prior immunizing events [4, 7].

Nonetheless, in the context of kidney transplantation, the
choice of glomerular filtration rate (GFR) estimation methods
for determining access to waiting lists remains a subject of debate.
Indeed, both the MDRD and CKD-EPI equations, which are
commonly used to estimate GFR, are creatinine-based and thus
dependent on muscle mass; consequently, they tend to
underestimate GFR in women, despite adjustments also in late
chronic kidney disease (CKD) stages [19, 20]. In clinical practice,
awareness of the systematic underestimation of GFR in women
may create diagnostic uncertainty. This is particularly evident
when evaluating borderline GFR values for transplant eligibility,
where such bias can delay the initiation of the evaluation process,
its completion, or final access to the waiting list—steps that are
less frequent in female patients [21].

With regard to access to liver transplantation, the MELD score
adopted in the United States two decades ago heavily weighted
creatinine, ultimately generating a negative bias for women access
to transplantation. In 2008, the MELD score was modified to
incorporate serum sodium (MELD-Na). However, this update
failed to mitigate—and may have even exacerbated—gender
disparities, with women remaining 20% less likely to receive a
transplant than men [22-24]. Furthermore, women experienced
higher rates of waitlist mortality or delisting due to clinical
deterioration [25]. This higher attrition rate may result, at

least in part, from prolonged waiting times secondary to lower
calculated MELD-Na scores.

Some reports suggest that socioeconomic or cultural factors
may underlie the variation in access to transplantation between
sex [3, 21, 26, 27]. Furthermore, even medical biases have been
described as a possible explanation for the sex-related differences
in access to this treatment [4, 28-30]. Sex-related imbalances in
terms of both donation and access to transplantation have also
been reported when transplantation takes place using organs
from living donors [15].

To study whether sex-related aspects may contribute to a
potential disparity in the transplantation activity in Europe, the
CD-P-TO commissioned a further in depth analysis of organ
donation and transplantation across the Council of Europe
member states previously conducted in 2019 [1]. Our survey
eventually enabled us to have access to data from 26 of the
39 Council of Europe Member States, ultimately covering an
overall population of 527.4 million European citizens (UNFPA
report [31]).

The data collected confirm that, irrespective of the organ
considered, men still account for the majority of the patients
awaiting transplantation.

To establish whether women on the WL wait longer than men,
in this study we determined the median waiting time on the WL.
Our data indicate that in the Council of Europe Member States,
for all the organs except for hearts, women have a longer waiting
time on the WL compared to men.

As far as organ donation is concerned, our data confirm that,
as previously reported, male donors make up the majority of
deceased donors (DBD or DCD) in Europe and females provide
the majority of kidneys from LD. Interestingly, males make up the
majority of living liver donors in the Council of Europe countries.

In light of earlier reports suggesting that sex pairs may affect
graft survival [21, 32], the impact of sex combinations on 5-year
graft survival was analysed for organs from both deceased and
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living donors. As expected, 5-year graft survival of organs from
living donors had a better outcome than that of the deceased
counterpart. However, in our study 5-year graft survival (for
organs either from deceased or living donors) did not differ when
considering the different sex pair combinations. While our data
confirm recent findings suggesting that, per se, the patient sex
may not represent a key determinant affecting transplant
outcomes [33], we cannot rule out that the impact of the
limited number of cases and the duration of the observation
period in our study may explain the different findings compared
to earlier reports [21, 32].

We also analysed the relationship between living donors and
recipients. In Council of Europe countries, the parent-to-child
pair represents the most frequent combination for both LKD and
LLD. The greater involvement of parents in this case is not
unexpected as having a child recipient and helping a family
member are amongst the most motivating factors for
considering living organ donation [34].

We acknowledge that study presents
limitations. First, the analyses were conducted on data
provided by only 26 of the 39 Council of Europe CD-P-TO
Member States. Second, the data provided refer to an
observation period of 1 year, a condition that may not
accurately reflect the routine activities of some of the
countries involved. Third, the use of the median waiting
time on the WL as a means to establish whether women on
the WL wait longer than men does not differentiate whether
patients removal from the WL is due to access to
transplantation, death on the waiting list or delisting due
worsening condition. Fourth, because the data were collected
in aggregate form, it was not possible to perform statistical
inference analyses; therefore, only a descriptive analysis could
be conducted, and differences could be evaluated solely in
these terms. Nevertheless, the available data allowed us to gain
an overall view of the situation. In this light, a follow up study
in countries able to establish the cumulative incidence of
access to transplantation for patients on the active waiting
list will represent an important tool to increase our knowledge
on the impact of sex on the access to transplantation for
women on the active WL. Eventually, the data analysed refer
to the year 2019, the last year that was not impacted by the
COVID-19 pandemic. Still, this is the only set of data available
that explore in detail the impact of sex on transplantation
activities across the CD-P-TO Member States.

In summary, altogether the data collected from 26 Council of
Europe Member States and 3 observer countries suggest that,
whilst men represent the majority of patients on the organ
transplant waiting lists and receive the largest number of
organs from deceased or living donors, at this stage there is
no evidence of unfair sex-related inequities in the transplantation
activities conducted in Europe. Women provide the majority of
kidneys from living donors whilst men are the major source of
livers from living donors. Currently, however, we are still missing
the sex-associated data regarding transplantation activities taking
place in many of the Council of Europe Member States. In this
light, the Newsletter Transplant has now broadened its annual
data collection on organ transplantation activity to include data

our several
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disaggregated by sex. In any case, this analysis provides a
foundation for future in-depth studies aimed at understanding
biological sex disparities in organ donation and transplantation.
In this regard, the CD-P-TO will continue its monitoring activity
on this highly relevant topic, possibly extending its commitment
beyond sex to include gender related aspects. This should allow
the CD-P-TO to uncover possibly unexpected imbalances and,
where relevant, release recommendations that could act as a
trigger for the adoption of new national policies.
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children during the first year after
solid organ transplantation
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Arnaud G. L'Huillier** on behalf of the Swiss Transplant Cohort
Study

Pediatric Gastroenterology, Hepatology and Nutrition Unit, Division of Pediatric Specialties, Department
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Hospital of Eastern Switzerland, St. Gallen, Switzerland, °Division of Infectious Diseases and Hospital
Epidemiology, University Hospital Zurich, Zirich, Switzerland, *'Pediatric Nephrology Service, Department
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Infections are a leading cause of morbidity and mortality in pediatric solid organ
transplant recipients (SOT). Comprehensive data in this population is limited. We
included pediatric SOT from the Swiss national cohort aged 0-18 years
prospectively from 2008 to 2022. Using standardized definitions, all clinically
relevant infections during the first year after transplant were analyzed.
Associations with age, organ type, and rejection episodes were assessed. A
total of 285 pediatric SOT were included, with kidney (41%) and liver (37%)
transplants being the most common. During the first-year post-transplant, 53%
(151/285) of patients experienced at least one infection, totaling 360. The overall
incidence was 1.36 infection/person/year. Viral infections predominated (53%),
followed by bacterial (41%) and fungal infections (6%). Patients receiving liver and
lung transplants had higher infection rates (1.91 and 2.53 per person-year,
respectively). In multivariate analysis type of transplant and male sex remained
associated with increased risk of infection. Viral infections were overrepresented
in younger recipients, while bacterial infections were most frequent in the first
3 months post-transplant. Pediatric SOT recipients face a substantial burden of
infection. This underscores the need for specific prevention, early recognition,
and coordinated management strategies to reduce infection-related morbidity.

KEYWORDS
immunosuppression, infection, opportunistic infection, pediatric, solid organ transplant
(SOT), children transplantation, prophylaxis, PTLD
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GRAPHICAL ABSTRACT

Introduction

Infections are not only a major cause of short- and long-term
morbidity and mortality after solid organ transplantation (SOT)
[1, 2], but also an important cause of hospital admission and
graft failure [3-5]. The timeline of infections in the first year
following SOT was first published more than 25 years ago: at this
point, three different periods (0-1, 1-6 and >6 months)
associated with different infectious risks were described [6]. A
recent analysis of the Swiss Transplant Cohort Study (STCS)
highlighted the substantial burden of infections in adult SOT
recipients, with 55% experiencing at least one event during the
first post-transplant year, predominantly bacterial [7]. However,
these results cannot be directly extrapolated to children, whose
susceptibility to infection is shaped by developmental and
environmental factors: (1) immune system immaturity, (2)
limited prior pathogen exposure and adaptive immunity, (3)
possible incomplete immunization, and (4) higher exposure in
daycare and school settings. In children, infection remains the
most common cause of early death after SOT and continues to
affect the quality of life for several years thereafter 2, 3, 5, 6]. To
the best of our knowledge, no studies have systematically
described the incidence and types of infectious complications
in a large cohort of pediatric SOT recipients. Reports have
generally focused on a single pathogen or on infections in a

Abbreviations: SOT, solid organ transplant recipients; STCS, Swiss Transplant
Cohort Study.
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single organ transplant population. In a cohort of more than
2000 pediatric liver transplant recipients, more than half
presented a serious post-transplant infection [8]. Similarly,
infection is deemed responsible of 20% of deaths after
[9].

comprehensive multicenter analysis of post-pediatric SOT

pediatric ~ kidney  transplantation Therefore, a
infections across various organ types can offer valuable
insight into the overall infection burden and facilitate
comparisons between transplant groups.

This study aimed to characterize infection incidence during the
first post-transplant year in pediatric SOT recipients within the
STCS nationwide cohort and to identify associations between

infection, age, organ type, and rejection episodes [10].

Materials and methods
Study design

This is a prospective study nested in the cumulative recorded
data of the STCS. All solid organ transplant recipients (SOT) of
all ages transplanted in our country are prospectively enrolled
within the STCS. The database, designed as a patient-case
system, longitudinally captures organ- and patient-specific
data, thus providing an ideal source of unbiased data. Clinical
and laboratory information are collected at SOT, 6 and
12 months, and annually thereafter. At each visit, an
infectious disease form is completed by an infectious disease
physician. Regular monitoring and in-depth audits through
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review process of randomly selected patients are performed by
the STCS Central Data Center.

Ethical approval was obtained from all participating centers.
Written informed consent was provided by patients or their legal
guardians to participate to the STCS registry, and the study was
approved by the scientific committee The present analysis was
approved by the STCS Scientific Committee.

Patients

All SOT (kidney, heart, liver, lung, multi-organ transplant
recipients) fulfilling the following criteria were included in the
current study: (1) age <18 years at time of SOT; (2) enrolled in
the STCS between the start of the registry (01.05.2008) and
31.12.2022, allowing at least 1 year of follow-up. Patients were
censored at the last complete infectious disease form, loss of
follow-up, new transplantation, graft-loss or after 1 year of
follow-up, whatever came first.

Definitions
Infections

Inpatient and outpatient infections were identified by pediatric
infectious diseases physicians with experience in transplant
infectious diseases, using electronic hospital records and external
documentation, according to prespecified rigorous and standardized
definitions developed by the STCS infectious diseases working group
[7], and based on guidelines and recommendations from the
American Society of Transplantation and the European
Conference on Infection in Leukemia [11, 12]. Clinically relevant
infectious disease events (IDEs) included proven bacterial, probable/
proven fungal, and probable/proven viral infections or syndromes;
these are hereafter referred to as “infections.” Given the absence of a
consensus definition for opportunistic pathogens, we used a list
validated by the STCS infectious disease working group, including
CMYV, EBV, VZV, HHV6, HHVS, adenovirus, BK polyomavirus,
Aspergillus ~ spp.,
Exophiala, Malassezia, Scedosporium, Trichophyton, Alternaria

Pneumocystis, Zygomycetes, Microsporidia,
and Fusarium spp., Toxoplasma gondii, Cryptosporidium spp.,
Giardia lamblia, spp., Strongyloides stercorales,

Isospora belli, Nocardia spp., Listeria monocytogenes, Legionella

Leishmania
spp., non-tuberculous mycobacteria.
Treatments

The immunosuppressive drugs were recorded at time of the

(—40 +14  days).
drugs are reported

transplantation days, Antimicrobial

prophylactic from the day of
transplantation to the end of follow-up, they were managed
according to institution-specific guidelines based on
international recommendations. In absence of exact day for
treatment initiation, the first day of the month was imputed.
Individual vaccination data were not available in the STCS
registry at the time of analysis. Although vaccination policies
varied slightly between centers, most followed the Swiss Federal
Vaccination Commission schedule [13], with serology-based

catch-up vaccination in some centers [14].
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EBV and CMYV risk stratification

The EBV and CMYV risk stratification was based on donor (D)
and recipient (R) serostatus as follows: high risk: D+/R-; low or
intermediate risk: D+/R+, D-/R- or D-/R+.

Compatibility and rejection

ABO incompatibility in liver transplantation and donor type in
kidney transplantation were recorded, based on the rationale that
ABO incompatibility and deceased donor transplantation in kidney
recipients are associated with increased immunosuppression. HLA
compatibility was not available in the data base. Rejection was
defined as biopsy-proven rejection. Management followed organ-
specific, center-dependent protocols. The association between
infection and rejection was assessed in two directions: rejection
occurring within 30 days after infection, considering the potential
(eg, CMV) or
immunosuppression; and infection occurring within 90 days after
rejection, reflecting the increased infectious risk associated with

impact of infections reduction  in

intensified immunosuppressive therapy.
Statistical analyses

Baseline  characteristics were summarized as counts
(percentages) for categorical variables and medians (interquartile
range) for continuous variables. Cumulative incidence of first
infection was estimated using competing risk methods, and
incidence rates expressed per patient-year. Death, graft loss, and
re-transplantation were considered as competing events. Incidence
rates were calculated accounting for follow-up time using a Poisson
generalized linear model, with the log of follow-up time included as
an offset. Multivariable generalized linear and cause-specific hazard
models identified risk factors adjusted for relevant variables.
Detailed methods are available in Supplementary Material

1 [15-19].

Results
Baseline characteristics

Out of 8267 adult and pediatric patients transplanted in
Switzerland during the study period and included in the STCS,
285 patients met the inclusion criteria and were included in the
dataset (Supplementary Figure 1). The baseline characteristics of the
cohort are presented in Table 1. Kidney and liver transplantation
were the most common, representing 41% (116/285) and 37% (107/
285) of all SOT. Liver transplant recipients were the youngest, with a
median age at transplant of 1.7 years (IQR 0.8-9.7) whereas lung
transplant recipients were the oldest with a median age 15.0 years
(IQR 14.0-17.3). Three patients received combined liver-kidney
transplants.

During the study follow-up, twelve patients died (4%). Graft loss
occurred in eight (3%), leading to retransplantation in six (Table 1).

Immunosuppressive regimens per organ at baseline and
throughout the first year are detailed in Table 1 and in
Supplementary Figure 2.

Published by Frontiers
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TABLE 1 Baseline characteristics of pediatric organ transplant recipients included in the study.

10.3389/ti.2026.16075

Transplanted organ Combined Overall
Number of patients n=3 n = 285
Recipient age at SOT (yrs), 124 (5.7-16.4) 1.7 (0.8-9.7) 15.0 (14.0-17.3) 7.8 (1.5-14.1) 10.4 (2.4-11.6) 8.6 (1.8-15.1)
median (IQR)
Recipient age category, n (%)
<1 year 8 (6.9) 56 (52.3) 0 (0.0) 12 (26.7) 0 (0.0) 76 (26.7)
1-4.99 years 22 (19.0) 16 (15.0) 1(7.1) 8 (17.8) 1(33.3) 48 (16.8)
5-11.99 years 30 (25.9) 14 (13.1) 2 (14.3) 11 (24.4) 2 (66.7) 59 (20.7)
12-17.99 years 56 (48.3) 21 (19.6) 11 (78.6) 14 (31.1) 0 (0.0) 102 (35.8)
Recipient sex (male), n (%) 67 (57.8) 61 (57.0) 6 (42.9) 14 (31.1) 1(33.3) 149 (52.3)
Previous transplant history, n (%) 7 (6.0) 2 (1.9) 0 (0.0) 0 (0.0) 1(33.3) 10 (3.5)
Donor age at donation (yrs), 38.5 (25.0-45.0) 22,0 (12.0-43.0) | 34.0 (25.0-41.0) 9.0 (2.0-24.0) 26.0 (10.0-44.0) 32.0 (16-43.0)
median (IQR)
Donor sex (male), n (%) 67 (57.8) 58 (54.2) 7 (50.0) 16 (35.6) 1(333) 149 (52.3)
CMV risk stratification, n (%)
High risk 44 (38.3) 14 (13.6) 4 (28.6) 15 (33.3) 0 (0.0) 77 (27.5)
Low or intermediate risk 71 (61.7) 89 (86.4) 10 (71.4) 30 (66.7) 3 (100.0) 203 (72.5)
EBV risk stratification, n (%)
High risk 42 (36.5) 40 (38.5) 2 (16.7) 13 (29.5) 1(333) 98 (35.3)
Low or intermediate risk 73 (63.5) 64 (61.5) 10 (83.3) 31 (70.5) 2 (66.7) 180 (64.7)
Induction drugs
Basiliximab, n (%) 71 (61.2) 92 (86.0) 12 (85.7) 13 (28.9) 3 (100.0) 191 (67.0)
ATG, n (%) 2(1.7) 1(0.9) 0 (0.0) 30 (66.7) 2 (66.7) 35 (12.3)
Immunosuppressive drugs?
MME n (%) 113 (97.4) 15 (14.0) 14 (100.0) 40 (88.9) 3 (100.0) 185 (64.9)
TAC, n (%) 79 (68.1) 106 (99.1) 5 (35.7) 24 (53.3) 1(33.3) 215 (75.4)
CsA, n (%) 40 (34.5) 3 (2.8) 10 (71.4) 20 (44.4) 1(333) 74 (26.0)
GG, n (%) 113 (97.4) 78 (72.9) 14 (100.0) 44 (97.8) 3 (100.0) 252 (88.4)
Other, n (%) 4(34) 1 (0.9) 1(7.1) 7 (15.6) 1 (0.0) 14 (5)
Outcome®, n (%)
Death (1 year) 0 (0.0) 5 (4.7) 2 (14.3) 2 (4.4) 2 (66.7) 11 (3.9)
Dropout (1 year) 1(0.9) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 1(0.4)
End follow-up (<1 year) 2 (1.7) 2 (1.9) 0 (0.0) 2 (4.4) 0 (0.0) 6 (2.1)
Graft loss, PNF (1 year) 3 (2.6) 3 (2.8) 2 (14.3) 0 (0.0) 0 (0.0) 8 (2.8)
Number of infections (lyear), n (%)
0 67 (57.8) 36 (33.6) 5 (35.7) 24 (53.3) 2 (66.7) 134 (47.0)
1 28 (24.1) 23 (21.5) 3 (21.4) 12 (26.7) 1(333) 67 (23.5)
2 9 (7.8) 18 (16.8) 3 (21.4) 8 (17.8) 0 (0.0) 38 (13.3)
3+ 12 (10.3) 30 (28.0) 3 (21.4) 1(2) 0 (0.0) 46 (16.1)
(Continued)
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TABLE 1 Continued

Liver
n = 107

Transplanted organ

Number of patients

10.3389/ti.2026.16075

Overall
n = 285

Combined
n=3

Infections incidence rate® 1.00 (0.82; 1.19) 1.91 (1.65; 2.19)

2.53 (1.68; 3.62)

0.74 (0.51; 1.03) 1.36 (1.22; 1.51)

SOT, solid organ transplant; ATG, anti-thymocyte globulin; IQR, interquartile range; CMV, cytomegalovirus; EBV, Epstein-Barr virus; MMF, mycophenolate mofetil; TAC, tacrolimus; CsA,

cyclosporine; GC, glucocorticoids.

“All immunosuppressive drugs recorded (within 14 days after and 30 days before transplantation).
"Censored after graft losses, infections incidence rate : infection/patient/year PNF: Primary non Function.
CMV/EBV risk stratification based on donor (D) and recipient (R) serostatus: high risk: D+/R-; low or intermediate risk: D+/R+, D-/R- or D-/R+.
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Breakdown of infections between (a) organs (b) age groups. All
organs include 1 infection from combined transplant not displayed in
the Panel (a).

Prophylactic strategies are shown in Supplementary Figure 3.
Prophylaxis against Pneumocystis jirovecii was given to 94% (267/
285) for a median of 348 days (IQR 186-261). Additionally, 73%
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(207/285) received antiviral prophylaxis for a median of 185 days
(IQR 116-288), mainly (val)ganciclovir in 68% (194/285).
Antifungal prophylaxis was used in 17% (48/285), mostly in lung
or combined transplant recipients.

Infectious diseases events

Amongst the 285 patients included in the study, 53% (n = 151)
presented at least one infection during the first year after SOT. A
total of 360 infections were documented; 16% of patients
had >3 events (Table 1) and 29% at least 2 infectious events. The
infection incidence rate was 1.36 infection/patients/year (95%
confidence interval [CI]: 1.22-1.51).

The breakdown of infections between organs is depicted in
Figure la. Patients after lung and liver transplantation exhibited the
highest incidence of infection (2.53 [95%CI: 1.68-3.62] and 1.91 [95%
CL: 1.61-2.19], respectively) and heart transplants the lowest
(0.74 [95%CI: 0.51-1.03]). The cumulative incidence of infection
significantly differed between organs (p = 0.001) (Figure 2a).
Among, the three combined transplants, one gastrointestinal
infection with multiple bacteria was observed.

The distribution of infection among age group is presented in
Figure 1b. Sixty-four percent of patients <1 year of age presented
with at least one infection during the first year after SOT (49/76),
compared to 54% (26/48), 46% (27/59) and 48% (49/102) for those
between 1 and <5, between 5 and <12, and between 12 and <
18 years, respectively. Amongst patients aged <1 year at time of
transplant, the infection incidence rate was 2.41 (95% CI: 2.07-2.79),
compared to 0.96 (95% CI: 0.70-1.27), 0.84 (95% CI: 0.62-1.11) and
1.06 (95% CI: 0.86-1.28) in those between 1 and <5, between
5 and <12, and between 12 and <18 years, respectively. The
cumulative incidence of infection is described in Figure 2b.

Forty-two patients with living-donor kidney transplants
experienced 53 infections (1.26 infections per patient), compared
with 58 infections among 74 patients with deceased-donor
transplants (0.78 infections per patient).

Burden of infectious diseases events

Amongst the 360 infections; 53% were caused by viruses (n = 189),
followed by bacteria (41% n = 149]) and fungi (6% [n = 22]) (Figure 1).

Viral infections
Amongst the 189 viral infections, proven infections were

documented in 110 (58%), probable infections in 69 (37%), and
viral syndromes in 10 (5%) cases. Respiratory viruses predominated,
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(a) Causal Infectious agent in bacterial, fungal and viral infections by organ. (b) Infectious site of bacterial, fungal and viral infections by organ.

All organs

followed by CMV (13%, 24/189) of all viral infections (Figure 3a;
Supplementary Table 1a). Sixty percent of viral infections occurred
in transplant (113/189). Respiratory and
gastrointestinal systems were most affected.

Around half of the viral infections occurred in children <1 year
at SOT (49% [93/189]) (Supplementary Table 1b). Twelve EBV
infections occurred in 10 patients, half of whom were stratified as

liver recipients
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EBV high risk at transplantation. Four patients developed post-
transplant lymphoproliferative disorder (PTLD) between 0 and
160 days after EBV infection. Additionally, 27 CMV infections
were recorded in 25 patients, including 15 stratified as high risk
at transplant. Most CMV episodes (19/27) occurred in the absence
of antiviral prophylaxis, whereas 30% (8/27) were
breakthrough episodes.
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TABLE 2 Comparison of patients with and without infection.

10.3389/ti.2026.16075

Characteristic Infections No infections Univariate IRR (95% CI), Multivariate IRR (95% ClI),
Number of patients n = 151 n =134 p-value p-value?
Transplanted organ, n (%)
Kidney 49 (32.5) 67 (50.0)
Liver 71 (47.0) 36 (26.9) 2.16 (1.47-3.18), p < 0.001 2.14 (1.38-3.34) p < 0.001
Lung 9 (6.0) 5(3.7) 2.99 (1.34-7.15) p = 0.007 4.09 (1.79-10.1) p < 0.001
Heart 21 (13.9) 24 (17.9) 0.74 (0.42-1.29) p = 0.29 0.87 (0.49-1.53) p = 0.62
Combined 1 (0.7) 2 (1.5)
Recipient age at transplant (yrs), 6.3 (1.4-14.3) 10.5 (2.9-15.6) 0.96 (0.94-0.99) p = 0.009 0.99 (0.95-1.02) p = 0.39
median (IQR)
Recipient sex (male), n (%) 84 (55.6) 65 (48.5) 1.54 (1.07-2.21) p = 0.016 1.44 (1.01-2.06) p = 0.038
Previous transplant history, n (%) 4 (2.6) 6 (4.5)
CMV risk stratification, n (%)
High risk 44 (29.7) 33 (25.0) 0.85 (0.57-1.28) p = 0.43 1.04 (0.69-1.56) p = 0.86
Low or intermediate risk 104 (70.3) 99 (75.0)
Unknown 3 (2.0) 2 (1.5)
EBV risk stratification, n (%)
High risk 57 (38.0) 41 (32.0) 1.19 (0.83-1.73) p = 0.43 1.22 (0.83-1.80) p = 0.29
Low or intermediate risk 93 (62.0) 87 (68.0)
Unknown 1(0.7) 6 (4.5)
Inductions drugs®
Basiliximab, n (%) 113 (74.8) 78 (58.2) 1.91 (1.28-2.85) p = 0.001
ATG, n (%) 12 (7.9) 23 (17.2) 0.35 (0.18-0.67) p = 0.002
Immunosuppressive drugs
MME, n (%) 84 (55.6) 101 (75.4) 0.52 (0.36-0.75) p = 0.001
TAC, n (%) 107 (70.9) 108 (80.6) 0.86 (0.57-1.30) p = 0.48
CsA, n (%) 49 (32.5) 25 (18.7) 1.22 (0.82-1.84) p = 0.32
GG, n (%) 129 (85.4) 123 (91.8) 0.71 (0.41-1.18) p = 0.19
Other, n (%) 7 (4.6) 6 (4.5) 0.46 (0.18-1.20) p = 0.11
Number of different IS, median (IQR) 3 (2-3) 3 (2-3) 0.7 (0.56, 0.88), p = 0.002

“IRR derived from negative binomial generalized linear model. Effects highlighted in gray are adjusted for Organs, Sex, Age, Gender, CMV Serology and EBV Serology. Effects highlighted in blue
are additionally adjusted for Basiliximab, ATG, MMF/EC-MPA, TAC, CsA, GC, Other IS. Effect highlighted in green are adjusted for the set RF1, Basiliximab and ATG.

All immunosuppressive drugs recorded (within 14 days after and 30 days before transplantation).

IRR: Incidence rate ratio; IQR: interquartile range; yrs: years; CMV: Cytomegalovirus; EBV: Epstein-Barr virus, ATG: anti-thymocyte globulin;

IS, Immunosuppressor. MMF, Mycophenolate mofetil. TAC, Tacrolimus. CsA, cyclosporine A. GC, Glucocorticoid.

CMV/EBV risk stratification based on donor (D) and recipient (R) serostatus: high risk: D+/R-; low or intermediate risk: D+/R+, D-/R- or D-/R+.

Bacterial infections

Amongst the 149 bacterial infections, E. coli was the most
commonly detected pathogen in 17% of cases (25/149), followed
by Clostridium spp. (13% [19/149]) and Pseudomonas spp. (13% [19/
149]) (Figure 3a; Supplementary Table 1a). A total of 45% (68/149)
of bacterial infections were caused by Gram-negative organisms.
Most cases of bacterial infections occurred in liver (42% [62/149])
and kidney (40% [60/149]) transplant recipients. Around half of the
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bacterial infections occurred in children <1 year at SOT (47% [70/
149]) (Supplementary Tables 1lab). Urinary tract infections
predominated in kidney recipients, and respiratory infections in
lung and heart recipients.

Thirteen patients (liver [n = 6], kidney [n = 6]), lung [n = 1]
transplant recipients) experienced at least one infection caused by a
multi-drug resistant (MDR) bacteria, totaling 19 episodes. Of the
19 episodes of infections caused by MDR bacteria, the most
common organisms were MDR Enterobacter spp. (n = 7) and
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E. coli spp. (n = 6). Other identified MDR bacteria were Pseudomonas
spp. (n = 3), Klebsiella spp. (n = 2) and Acinetobacter spp (n = 1). No
carbapenemase-producing Enterobacterales (CPE) or methicillin-
resistant Staphylococcus aureus (MRSA) were identified.

Fungal infections

Amongst the 22 fungal infections, proven infection was
documented in 16 (73%), the remaining being documented as
probable
pathogen was Candida albicans, representing 59% (13/22) of

fungal infection. The most frequently observed
fungal infections (Figure 3a; Supplementary Tables lab). Death
occurred in 3/22 cases (13.6%) 2 candidas and one other fungi, none
of which were receiving antifungal prophylaxis, while 4/

22 infections (18.2%) occurred despite prophylaxis.
Vaccine-preventable pathogens

Among 360 infections, 27 were attributed to vaccine-
preventable pathogens (6%). Of these, 12 infections were caused
by rotavirus, seven by influenza, six by varicella-zoster virus, one by
Haemophilus influenzae type b and one by hepatitis B virus
(donor-derived).

Opportunistic pathogens

Among 360 83 (23%) were
opportunistic pathogens. These pathogens were mostly viruses
(93% [77/83]), such as CMV (n = 24), adenoviruses (n = 16),
HHV6 (n = 13), and BK virus (n = 10), followed by EBV (n = 8)
and VZV n = 6). Other opportunistic pathogens were rare

infections, secondary to

(Aspergillus spp [n = 3], non-tuberculosis mycobacteria ([n = 2]J;
Pneumocystis spp [n = 1]).

Site of infections

Most occurred in abdominal sites (liver, gastrointestinal site and
urinary tract - 39%,140/360), followed by respiratory infections
(22%, 80/360) (Figures 3a,b; Supplementary Table 2).

Timeline of infections

The burden of infections over time is presented by organ in
Figure 4. Bacterial infections predominated in the first 3 months
(56%, (84/149)), mainly Clostridium spp, mixed species, and
Pseudomonas spp. E. coli infections occurred throughout the year
(Supplementary Table 3).

Viral infections remained steady; EBV appeared mainly between
3 and 6 months, CMV throughout, and gastrointestinal viruses year-
round. Most fungal infections occurred in the first month, mainly
Candida spp (Supplementary Table 3).

Infections by organ
Regarding bacterial infections, in the kidney, Gram-negative
bacteria predominated, with E. coli accounting for 17 cases (28.3%),

followed by Klebsiella spp. (8 13.3%) and Pseudomonas spp. (8;
13.3%), while gram-positive organisms remained less frequent. In
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the liver, infections were more evenly distributed, with 22/62
(35.5%) and  25/62  (40.3%)
bacteria, alongside 13/62 (21%) polymicrobial cases. In the lung,
the distribution was heterogeneous, with notable proportions of
Enterococcus spp. (3/12; 25%) and mycobacteria (2/12; 16.7%), and
no clear predominance of Gram-negative organisms. In the heart,

Gram-negative Gram-positive

Gram-positive bacteria dominated (5/7; 71.4%), mainly Clostridium
spp. (2/7; 28.6%) and staphylococci (1/7; 14.3%), whereas Gram-
negative bacteria were rare (1/7; 14.3%) and polymicrobial
infections uncommon.

Regarding viruses, in the kidney, infections were mainly due to
BK virus (10/51; 19.6%) and cytomegalovirus (12/51; 23.5%),
whereas the liver showed a broader distribution including
adenovirus  (14/113;  12.4%), HHV-6 (13/113; 11.5%),
coronaviruses (11/113; 9.7%), and 12/113 (10.6%) multiple viral
infections. In the lung, picornaviruses predominated (6/11; 54.5%),
while the heart displayed a low and heterogeneous viral distribution
without a dominant pathogen.

Four patients liver-transplanted of a ABO incompatibly context
experienced 9 infections (2.25 infections per patient). Forty-two
with
53 infections (1.26 infections per patient), compared with

patients living-donor kidney transplants experienced
58 infections among 74 patients with deceased-donor transplants

(0.78 infections per patient).
Management of infections

Among the 360 infections, information regarding inpatient vs.
outpatient management was available in 290 (81%). Among those,
58% (169/290) required hospitalization for management while 42%
(122/290) were managed on an outpatient basis. Ninety-nine
percent (146/148) of bacterial infections were treated by
antibacterial therapy. Antiviral therapy was administered in 30%
(55/185) of viral infections. All fungal infections were treated with
antifungals. Additionally, a reduction of immunosuppression was
reported in 10% of infections for which information was available
(34/335). Of these cases, 29 involved viral infections (11 CMV;
6 EBV; 6 BK virus).

Among the 11 patients who died, seven had an active infection at
the time of death. Five deaths were attributed to multiorgan failure
secondary to infection, including three due to invasive fungal
infections (one Aspergillus spp with multisystemic involvement
and two Candida spp

affecting the respiratory and

gastrointestinal tract) and two due to Dbacterial sepsis
(Herbaspirillum spp. in blood and Bacteroides fragilis from a
gastrointestinal source). The remaining two patients died from
non-infectious causes (cerebrovascular disease and postoperative

hemorrhage), both associated with concurrent infection.
Risk factors for infections

Demographics of patients with (n = 151) and without infections
(n = 134) are compared in Table 2. In a univariate model, liver and
lung transplantation were associated with an increased infection
incidence rate ratio (IRR) (2.16; p < 0.001 and 2.99; p < 0.007,
respectively). A younger recipient age as well as male sex were also
associated with an increased IRR (0.96; p = 0.009 and 1.54; p = 0.016,
respectively).
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In a multivariate model, only liver and lung transplantation as
well as male sex remained associated with an increased infection
incidence rate ratio (2.14; p < 0.001, 4.09; p < 0.001, 1.44; p =
0.038 respectively). (Table 2). No associations were found with
immunosuppressive regimen or number of drugs (Table 2).
Organ specific analyses did not identify any additional risk
factors for infections beyond male sex (Supplementary Figure 5).

Association with rejection

During the follow-up period, 155 episodes of biopsy-proven
rejections were observed with a median time of 51 days after
transplantation (IQR 18-166) in 85 patients. Fifteen percent (24/
155) episodes of rejection occurred within 30 days after an infection
(Supplementary Table 4). In the multivariate model, no significant
risk of rejection was found in the 30 days following any infection
(HR 1.08; 95% Cl 0.57-2.06; p = 0.800).

Twenty-five episodes of rejection were followed by at least one
infection within 90 days, totaling 43 infections (one infection in
16 cases, >1 infection in 9 cases) (Supplementary Table 4). In the
multivariate model, rejection was not identified as a risk factor of
infection (HR 1.08; 95% Cl 0.58-1.99; p = 0.800). Supplementary
Figure 4 displays the timeline between rejection and infections by
organ and by patient.

Discussion

This nationwide study of pediatric SOT during the first year after
transplantation highlights several findings: (1) more than half of patients
experienced at least one infectious event; (2) incidence of infection was
highest in younger recipients; (3) liver and lung transplantation, as well
as male sex were independently associated with an increased risk of
infections (5) viral infections accounted for the largest proportion of
infections; (6) bacterial infections predominated during the first
3 months, with a large proportion due to Gram-negative organisms
(6) distinct organ-specific microbiological patterns were observed (7)
and the burden of fungal infection was considerable, with 3 of 22 fungal
infections resulting in death.

To our knowledge, this is the first comprehensive and standardized
characterization of the infectious burden within the first year after
pediatric SOT in a nationwide cohort. Most studies have focused on a
single type of infection or on severe infections [20, 21], a single type of
transplanted organ [8, 22], or data collection was restricted to the
immediate early post-SOT period [23]. While organ-specific studies
are essential, our objective is complementary: to provide an overall
view of the infectious burden across pediatric SOT and enable
comparisons between transplant groups, that share underlying
Our data showed that
approximately 50% of pediatric SOT recipients presented at least

immunosuppressive  mechanisms.
one infection during the first year after transplant, in line with
previous reports after pediatric liver transplantation [8]. Notably,
one fifth of patients experienced >3 infections. Nearly half of
infections required hospitalization. The challenge of invasive
diagnostic and therapeutic procedures in children (venous access,
biopsies of the infected sites,. . .), the impact on quality of life, and
the economic burden of these infections were not analyzed in this
study but are likely to be considerable [24].
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At an incidence rate of 1.36 infection, the incidence of infection
in our cohort was very similar to adult SOT recipients using the
same design, definitions, and study population [7]. However,
infection patterns differed substantially between children and
adults, supporting the need for age-specific preventive and
management strategies.

Infections were more frequent in younger patients, likely to
immune immaturity and more frequent behavioural exposure.
Young children lack antigen-specific adaptive responses and
therefore rely on stronger but less specific innate responses [25, 26].
Lung transplant recipients had the highest incidence of infections,
likely attributable to intense immunosuppression, airway exposure to
pathogens and impaired mucociliary clearance [27-29]. Liver
transplant recipients also had a high incidence of infections, despite
a lower immunosuppression [8], and even after adjusting for age. This
may reflect the liver immunologic role, cirrhosis-related immune
defects [30-35] and the role of basiliximab induction. Male sex
remained an independent risk factor, consistent with known sex-
based immune differences and possible behavioral factors, including
treatment non-adherence [36-47].

More than half of infections were viral, contrasting with the
adult study where bacterial infections predominated [7]. Viral
infections were even more frequent in younger children and
occurred year-round, reflecting transitions from donor-derived
and immunosuppression-related risk to community exposure
after return to school or daycare. Respiratory and gastrointestinal
viruses were most common, mirroring pediatric viral epidemiology
[48-50], followed by herpesviruses, reflecting their burden after
pediatric SOT [51-54]. These findings emphasize the need for
heightened vigilance for viral infections in routine pediatric
follow-up, early testing for respiratory pathogens in order to
avoid unnecessary prolonged empiric antibiotherapy, importance
of immunization in the community for vaccine-preventable diseases
immunization and infection control measures such as masks, social
distancing and hand hygiene whenever possible in case of sustained
viral circulation in schools and daycare.

Bacterial infections predominated in the early months, reflecting
intensified immunosuppression and post-operative complications.
Like in adult SOT recipients 7], E. coli was the most frequent cause
of bacterial infections, of which 24% were MDR. [12]. The high
prevalence of Gram-negative pathogens in this cohort supports the
adaptation of empirical antibacterial therapy toward broader-
spectrum coverage in cases of suspected bacterial infection. These
findings also support the importance of early postoperative
surveillance cultures in febrile patients and emphasize the need
for close multidisciplinary coordination between transplant teams
and community pediatricians to ensure timely detection and rapid
referral for suspected severe infections.

Moreover, our findings reveal clear organ-specific
microbiological patterns. Kidney infections were largely driven
by enteric Gram-negative bacteria, consistent with a urinary or
digestive origin, whereas liver infections displayed a mixed and
frequently polymicrobial profile, supporting a biliary or intra-

abdominal source [55, 56]. Lung infections were more
heterogeneous and included opportunistic  pathogens,
suggesting a role for host-related factors such as
immunosuppression. In contrast, heart infections were

predominantly caused by Gram-positive bacteria, reflecting
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typical endovascular infections associated with skin flora and
biofilm formation.

Viral infections also exhibited organ-specific distributions, with
latent viruses predominating in the kidney and a broader, more
diverse spectrum in the liver, possibly reflecting younger age and
primary exposure to common viruses. Lung infections were mainly
driven by respiratory viruses, whereas cardiac involvement
remained rare and nonspecific.

Although the number of reported fungal infections remained
low, the outcome was fatal in 13% of cases. This raises the question
of whether the indications for antifungal prophylaxis in SOT
recipients, rarely applied in our cohort, should be expanded, and
of the clinical situations in which screening for fungal colonization
should be considered.

Less than a quarter of infections in our dataset were caused by
opportunistic pathogens. This is probably overestimated given the
fact that some viral pathogens considered as opportunistic by the
STCS infectious diseases working group might indeed be
opportunistic in the adult setting, but might simply reflect
primary community infection in children (i.e., VZV, adenovirus).
Overall, the relatively low burden of opportunistic infections likely
reflects  effective  prophylaxis, underscoring adherence to
standardized protocols and ongoing education of families and
healthcare providers. Also, only 6% of infections were attributed
to vaccine-preventable pathogens. While this may suggest a potential
contribution of the pre-transplant immunization to post-transplant
protection, this could not be verified in our cohort as individual
immunization charts were not available. [14]. These findings
nonetheless support the importance of ensuring up to date
vaccination before transplantation and post-transplant catch-up
when feasible.

No significant association was found between rejection episodes
and infections. This may reflect limited power and pathogen-specific
differences in the risk of rejection [57]. In this cohort, steroid-free
regimens were not associated with a reduced risk of infection.
However, this finding may be subject to selection bias, as most
patients received steroid-based therapy. Contrary to our initial
hypothesis, recipients of deceased-donor kidney transplants did
not exhibit a higher infection rate, as the number of infections
per patient was greater in the living-donor group.

Limitations of our study include the sample size limiting
conclusion of subgroup analyses, possible reporting bias toward
60%
underreporting of milder community-acquired cases. The absence

severe infections (as required hospitalization), and
of a pediatric control group limits comparison with the general
population, and the results may not be generalized to other settings
with different epidemiology or clinical practices. In addition, detailed
data on immunosuppressive drug dosing and levels, treatment of
rejection were unavailable restricting analysis of their association
with infection. As with all registry-based studies, our findings may
also be affected by loss to follow-up, missing or incomplete data, and
variability in data reporting across centers.

In conclusion, this study provides a comprehensive overview of the
infectious burden in the first year following pediatric SOT. More than
half of patients experienced at least one clinically relevant infection,
with viral predominated highlighting the unique

vulnerabilities of pediatric recipients. The higher risk of infection

infections

was for liver and lung transplant recipients. These findings
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underscore the need for age and organ specific prevention and
management strategies, including optimized vaccination, early
diagnostics, and tailored antimicrobial approaches.
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This study investigated acute rejection in ABO-compatible versus ABO-identical
lung transplants from 2005-2023, with a secondary objective of comparing 5-
year survival. Lung transplantation improves quality of life and survival; however,
organ scarcity remains a major challenge. While ABO-identical matching has
traditionally been preferred, evolving allocation policies and research have
increased the use of ABO-compatible transplants to expand the donor pool. A
retrospective cohort study using the UNOS database included adult recipients (n =
32,761). Comparisons were made between ABO-identical (n = 30,347) and ABO-
compatible (n = 2,414) groups. Logistic regression assessed acute rejection, and
Kaplan-Meier and Cox proportional hazards models evaluated 5-year survival.
There was no significant difference in acute rejection (p = 0.99; OR = 1.03, 95% ClI
0.86-1.21). ABO-identical transplants showed improved 5-year survival (p =
0.019; HR = 0.91, 95% CI 0.85-0.98), with benefits limited to recipients with
obstructive lung disease (p = 0.043) and those in the highest LAS quartile (p =
0.014). The differential benefit of this modest association between ABO-identical
matching and survival in this subpopulation remains unclear. Overall, ABO-
compatible transplantation safely expands donor availability without increasing
rejection risk.

KEYWORDS

ABO blood group system, ABO blood type, lung, lung transplant, allocation

Introduction

Lung transplantation offers improved quality of life and survival, with approximately
88.4% 1-year survival rates in 2018-2023 [1]. Globally, the incidence of lung transplant
surpasses more than 4,600 cases annually, the majority being bilateral, with a median
survival of 6.2 years in the adult population [2]. In 2022, 2,743 lung transplants were
performed, a number that has been gradually increasing since the pandemic, alongside the
addition of 3,161 candidates to the waiting list [3]. However, organ scarcity remains a
significant challenge [3]. Donor-recipient matching is an evolving strategy aimed at
optimizing the best organ for the most medically urgent recipient [3]. Prior to 2023,
lung allocation was determined by a classification-based system [4]. Candidates were
initially arranged into ordered groups based on blood type identical and within
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250 miles of the donor hospital [5]. Within each group, the
candidates were then ranked preferentially by Lung Allocation
Scores (LAS) [5].

In early 2023, the lung allocation policy converted to a
continuous distribution framework, which utilizes a composite
allocation score (CAS) to determine the preferential order of
candidates when a medically suitable donor becomes available
[5]. This change was implemented to improve fairness, decrease
waitlist mortality, increase access to lung transplants for the most
medically urgent candidates, and improve patient outcomes in lung
transplant allocation [5]. The Lung CAS includes nine candidate
attributes, which include two components of the LAS. These are
expected 1-year waiting list mortality without a transplant
(WLAUC), expected 5-year post-transplant survival, blood type
matching, CPRA (HLA antibody sensitization), height, pediatric
status, prior living donor status, travel efficiency (including travel
and transportation costs), and proximity efficiency [5]. Blood type
matching (ABO-compatible, see Methods “ABO Matching”) allows
recipients with harder-to-match blood types to have increased
priority for potential donors compared to those with more
common blood types, providing a recipient with more
prospective donors, compared to blood type identical matching [5].

Traditionally, ABO-identical matching has been preferred in
lung transplantation due to the perceived lower risk of rejection [6].
Non-identical ABO or ABO-compatible lung transplantation is an
area of ongoing research to expand the donor pool for recipients,
with prior studies suggesting good outcomes with ABO compatible
transplants [6-9]. These studies were, however, limited due to
sample size and single-center studies, for instance, investigating
325 patients between 1990 and 2016 [9]. Taghavi et al. examined
6,655 adult double lung transplantations from May 2005 to
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December 2011, and their multivariate analysis demonstrated no
association with long-term or short-term mortality [8]. There was
no clarity, however, on whether acute and chronic rejection were
more common among ABO compatible organs.

Our study builds upon previous research by comparing
outcomes between recipients of identical and compatible ABO
lung transplants, focusing on patient survival and acute rejection
rates. Acute rejection is a clinically meaningful marker of immune
injury due to the possibility of ABO-incompatibility triggering acute
[10] and
complications such as passenger lymphocyte syndrome [11], as

or hyperacute antibody-mediated graft rejection

well as it being a risk factor associated with the development of
chronic lung allograft dysfunction [12]. 5-year survival is a robustly
captured endpoint in UNOS that has notably been incorporated in
the lung allocation policy to prioritize candidates, reflecting
consensus that this endpoint is an important measure of
transplant benefit [13]. The aim of our study is to gain insight
into the role of ABO compatibility in optimizing lung transplant
outcomes and inform clinical decision-making to enhance donor
organ utilization.

Materials and Methods
Study design and population

United Network for Organ Sharing (UNOS) is a non-profit
organization contracted by the federal government to manage organ
donation and allocation. The Standard Transplant Analysis and
Research data files, a public-access dataset, were obtained from the
UNOS registry. All lung transplants, both single and double,
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performed in the United States from June 2005 to June 2023 were
examined. ABO compatible transplants were compared to ABO
identical transplants, with an endpoint of risk-adjusted all-cause
mortality. Acute rejection, which was defined as any recorded acute
rejection episode in the follow-up window of our dataset, was used
as a secondary endpoint.

Study population (inclusion/
exclusion criteria)

We included all de-identified lung transplants in the UNOS
registry from June 2005-June 2023 with donor-recipient ABO match
categorized as ABO-identical or compatible. We excluded pediatric
recipients, recipients without an acute rejection episode status
classification, recipients without a recipient BMI or associated
donor BMI, and cases without ischemic time. Re-transplantations
and multi-organ transplants were not excluded. For survival
analyses, recipients missing survival time were excluded and
follow-up was censored at 5 years.

Primary exposure

The ABO blood group compatibility was classified into
“Identical” and “Compatible.”

Primary outcome

The primary outcome used in our analysis was risk-adjusted all-
cause mortality.

Confounding variables

Additional variables examined included recipient age, donor
age, lung transplant type (single or double), recipient gender, and
medical conditions of the recipient before transplantation,
categorized as “hospitalized but not ICU”, “Intensive Care”, or
“Not Hospitalized”.
categories from LAS in this analysis, including obstructive lung

We also maintained the four major
disease, pulmonary hypertension, cystic fibrosis, and restrictive lung
disease [14]. We also used the UNOS data set to calculate age
difference as the absolute age difference between the recipient and
donor. We calculated BMI differences as the absolute difference in
BMI between the recipient and donor, and height differences as the
absolute height difference between the recipient and donor. The
initial Lung Allocation Score was cut at the 25th (33.74) and 75th
(44.96) percentiles to define three (below  1st,
1st-4th, above 4th).

groups

Statistical analysis

Univariate comparisons between groups based on ABO
compatibility and acute rejection event used chi-square tests for
categorical variables and t-tests for continuous variables. Statistical
significance was defined as a two-tailed p-value of less than 0.05.
Multivariable logistic regression was utilized to assess the association
between ABO status and acute rejection ABO status and ICU status,
ICU status and blood type, and high vs. low LAS score as a function
of blood type.
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Kaplan-Meier survival analysis was used to estimate overall
survival probabilities over 5 years post-transplant, capped at
1825 days (5 Years), and the status of each patient (alive or
deceased). A Cox proportional hazards model was used to assess
the impact of ABO status on survival, adjusting for age, allocation
quartile, and disease category, transplant type, and gender.

Data organization, analysis, manipulation, visualization, and
statistical analysis were performed using R statistical software
while running and utilizing the following packages: survival,
dplyr,  ggplot2, readx],  and
compareGroups [14-19].

survminer, tidyverse,

Ethics statement

According to our institution’s IRB office this study does not
meet the criteria for IRB approval as this study does not include
identifiable human subjects. This study only contains de-identified
UNOS data and is not interacting with any participants or obtaining
identifiable data from other sources.

ABO matching

ABO blood grouping, also known as blood type, is the presence
or absence of antigens, labeled A and B, on the surface of a red blood
cell (RBC) [20]. In the absence of one or both antigens, antibodies
against the antigen are formed [21]. It is these antibodies that cause
mismatch reactions. People whose red blood cells display only the A
antigen generate serum anti-B antibodies and are labeled as type A*'.
Conversely, those with B-antigen have anti-A-antibodies and are
considered type B. Individuals with both A and B antigens do not
produce any antibodies and are labeled AB. Lastly, people expressing
neither antigen are considered O-type and generate antibodies to
both A- and B-type antigens [21].

ABO matching has been a significant cornerstone of
transplantation [22]. Type O recipients can only receive blood
from donors who are also Type O, as they have circulating
antibodies to both A and B antigens [22]. Type A can receive
organs from type A or O donors and Type B can receive organs
from type B or O donors [22]. Type AB individuals do not have
antibodies; therefore, they can receive donors from all blood types.
When a recipient and donor are matched to the same ABO type (e.g.,
a Type A recipient receiving a Type A donor), this is referred to as
ABO-identical matching. Minor ABO-incompatibility, or ABO-
compatible transplantation, occurs with a blood type O donor
lung transplanted into A, B, or AB recipients, or a blood type A
and B donor lung transplanted into a AB recipient [22].

Major ABO-incompatibility occurs when an organ with A or B
antigens is transplanted into a recipient with corresponding
antibodies, most seen when blood type O patients receive lungs
from A, B, or AB donors. ABO-incompatible cases have been done
only inadvertently due to clerical errors [7, 23, 24].

Results

During the study period, 34,369 patients underwent lung
transplantation, as reported by the UNOS database. Pediatric
patients under the age of 18 years were excluded, leaving
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| Lung Transplant cases in UNOS Data Base (LAS Era) from 06-08-2005 to 6-28-2023, n = 34,369 |

I

| Included: Recipients over 18 years of age, n = 33,706, Excluded: Pediatric Patients, n=663 |

l

| Included: Recipients with recorded status of acute rejection Y/N, n = 33,324, Excluded: No recorded status, n=382 |

l

| Included: Recipients with recorded BMI, n = 33,283, Excluded: No recorded recipient BMI, n=41 |

l

| Included: Cases with recorded Donor BMI, n = 33,256, Excluded: No recorded donor BMI, n=27 |

]

| Included: Cases with recorded Ischemic Time, n = 32,761, Excluded: No Ischemic Time, n=495 |

FIGURE 1
Schematic representing cohort selection.

TABLE 1 Summary of patient characteristics (Univariate/Unadjusted analysis).

Variable Compatible, n = 2,414 Identical, n = 31,235
Acute Rejection 0.99
No 2251 (93.2%) 28289 (93.2%)
Yes 163 (6.75%) 2058 (6.78%)
Recipient Gender 0.437
F 997 (40.5%) 12031 (39.6%)
M 1437 (59.5%) 18316 (60.4%)
Recipient Age 58.4 (12.0) 57.1 (12.6) <0.001
Recipient BMI 25.3 (4.35) 25.5 (4.55) 0.005
Medical Condition 0.002
Intensive Care 285 (11.8%) 3888 (12.8%)
Hospitalized - Not ICU 193 (8.00%) 3016 (9.94%)
Not Hospitalized 1936 (80.2%) 23443 (77.2%)
Disease Stratification <0.001
Cystic Fibrosis 170 (7.04%) 2464 (8.12%)
Obstructive 835 (34.6%) 7619 (25.1%)
Other 233 (9.65%) 3496 (11.5%)
Restrictive 1176 (48.7%) 16768 (55.3%)
Lung Transplantation <0.001
Single 798 (33.1%) 8419 (27.7%)
Double 1612 (66.9%) 21920 (72.3%)
Allocation Quartile <0.001
Top 496 (20.5%) 7802 (24.0%)
Middle 1134 (47.0%) 15276 (50.3%)
Bottom 784 (32.5%) 7269 (24.0%)
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33,706 adult patients. These were screened for documentation of
acute rejection episodes (33,324). Patients with missing data for
body mass index (BMI) from either the donor or the recipient were
also excluded, as were patients with no recorded ischemic time,
resulting in a final retrospective cohort of n = 32,761 (Figure 1). Of
this, 30,347 transplants occurred with identical ABO matching, and
2,414 occurred with compatible matching.

Acute rejection

In the univariate analysis (Table 1), there was no significant
difference in gender or acute rejection between identical ABO and
compatible matching. The ABO compatible group had an older
mean age (58.4 in compatible vs. 57.1 in identical) (age, p < 0.001)
and a similar BMI (25.3 in compatible and 25.5 identical) (BML, p =
0.005). There was a small, but statistically significant difference in
the ABO identical group being more likely to be transplanted from
the ICU (12.8% in identical vs. 11.8% in compatible) and non-ICU
hospitalizations (9.9% in identical vs. 8.0% in compatible). In
contrast, the ABO compatible group was more likely to be
transplanted from an outpatient setting (80.2% in compatible vs.
77.2% in identical). (Medical conditions, p = 0.002). Patients with
low LAS scores are likely to be on the waitlist for a long time as they
are not a priority due to their LAS score, which is calculated by their
disease severity as a factor. As a result, they are more likely to have
compatible ABO matching because they would not otherwise receive
a transplant. Additionally, to examine if ABO-compatible grafts
were used in more clinically stable patients, we fit a multivariate
logistic regression model with ABO-identical vs. ABO-compatible
matching as the outcome. We found a modest increase in use of
compatible donors in ICU cases vs. non-ICU-cases (OR 1.26, 95%
CI 1.04-1.52). We also fit a multivariate logistic regression model
with ICU vs. non-ICU status as the outcome, and found more O type
patients (who can only receive ABO-identical grafts) in the ICU (OR
1.16, 95% CI 1.07-1.24). Additionally, we fit a multivariate logistic
regression model with high LAS vs. non-high LAS as the outcome
and found that O type patients were also in the highest allocation
quartile (OR 1.09, 95% CI 1.03-1.15).

Comparing recipient diagnosis, patients with obstructive disease
were more likely to undergo ABO compatible matching (34.6% in
compatible vs. 25.1% in identical). Higher use of ABO-compatible
donors in patients with obstructive disease likely reflects real-world
patterns in center allocation of lungs. Specifically, patients with
obstructive disease were more likely to fall into a lower LAS score
(65% of obstructive vs. 9.6% and 13.8% of restrictive and other
diagnoses, p < 0.001) and be transplanted from an outpatient setting
(92.1% of obstructive vs. 73.8% and 69.8% of restrictive and other
diagnoses, p < 0.001). Centers may be more willing to accept ABO-
compatible organs to expand donor utilization and shorten wait
times for this population of patients. In comparison, restrictive
(55.3% identical vs. 48.7% compatible), cystic fibrosis (8.12%
identical vs. 7.04% compatible), and all other diagnoses (which
includes less ubiquitous diagnoses such as Kartagener’s
syndrome, common variable immune deficiency, or associated
diagnoses such as pulmonary hypertension) (11.5% identical vs.
9.65% compatible) were more likely to undergo ABO identical
matching (recipient diagnoses, p < 0.001). 33.1% of recipients
with  ABO  compatible underwent

matching single-lung
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transplantation. In contrast, 27.7% of recipients with ABO
identical matching underwent single-lung transplantation (lung
transplant type, p < 0.001, Table 1). When stratified by allocation
score, the top third and middle tier scores were more likely to receive
an ABO identical matching (24.0% and 50.3% in top and middle
third) versus compatible (20.5% and 47% in top and middle third).
The lower third of allocation scores, however, were more likely to
have ABO compatible matching (32.5%) compared to ABO identical
(24.0%). (LAS score, p < 0.001). Reviewing episodes of acute
rejection, there was no significant difference found between ABO
identical matching and ABO compatible matching (acute rejection,
p = 0.990).

Based on the univariate results, we adjusted for recipient
age, gender, medical condition, and disease type in the logistic
regression model (Table 2). Recipients with restrictive disease
and the “other” category were at an increased odds of acute
rejection compared to the cystic fibrosis phenotype (Odds Ratio
[OR] = 1.28, 95% Confidence Interval [CI]: 1.05-1.56), (OR
1.28, 95% CI = 1.05-1.56). Female recipients also had lower
odds of acute rejection than their male counterparts (OR = 0.83,
CI: 0.76-0.90). There was no significant risk of acute rejection
for the recipient, regardless of medical conditions
(Hospitalized-Not ICU, Intensive Care, or Not Hospitalized),
when adjusting for confounders identified in the univariate
analysis (Table 2).

When adjusted for age, gender, medical condition, disease
category, and lung transplant type, the multivariate analysis
showed no significant difference in acute rejection between the
ABO identical and compatible matching (Table 2).

Overall survival

A Cox proportional hazards regression was used to further
investigate the impact of covariates on 5-year survival. Five year
survival is reported by the ISHLT data base as it best assesses
survival immunogenicity; shorter survival, such as 1 year
survival often reflects mortality from infection and acute
rejection risk [2]. The factors included gender, ABO status,
allocation quartile, disease category (grouped into cystic
fibrosis, obstructive, restrictive, and other), and transplant
type (single vs. double). The model revealed that ABO-
identical matches were associated with a decreased risk of
death (Hazard Ratio [HR] = 0.91, 95% CI = 0.85-0.98).
Additionally, the highest age quartile of the recipient (HR =
1.48, 95% CI = 1.39-1.58) and the highest allocation score
quartile (HR = 1.29, 95% CI = 1.20-1.36) were associated
with an increased risk of death. Lastly, recipients with disease
in the “other” category were associated with increased risk of
death (HR 1.37, 95% CI = 1.25-1.49) (Table 3).

Across all patients analyzed, the Kaplan-Meier 5-year survival
curve demonstrated a significant survival benefit towards ABO-
identical matching compared to compatible matching (p =
0.02) (Figure 2).

A Kaplan-Meier survival analysis was used to compare the 5-
year survival for the four different disease categories: cystic fibrosis,
obstructive, restrictive, and other. The analysis revealed a significant
difference in survival among the different disease groups (p <
0.0001). Cystic fibrosis had a significantly improved 5-year

Published by Frontiers
European Society for Organ Transplantation


https://doi.org/10.3389/ti.2026.15722

Bugacov et al. 10.3389/ti.2026.15722

TABLE 2 Multivariate/Adjusted analysis. Logistic regression - Relative odds of Acute rejection episode confounding for ABO status using logistic regression
recipient age, recipient gender, medical condition and disease category. Identical blood type, Hospitalized not ICU and Cystic fibrosis were reference

categories for analysis.

Comparison Odds Ratio Lower CI Upper ClI
ABO Identical vs Compatible 0.99 0.84 1.17
Intensive Care Unit (ICU) vs Not Hospitalized 1.25 1.09 1.42
Hospitalized, not ICU vs Not Hospitalized 111 0.95 1.28
Obstructive vs Cystic Fibrosis 1.18 0.95 1.46
Restrictive vs Cystic Fibrosis 1.21 0.99 1.48
Other vs Cystic Fibrosis 1.23 1.01 1.51
Top Quartile Allocation Score vs Middle Quartile 1.22 1.09 1.36
Bottom Quartile Allocation Score vs Middle Quartile 0.98 0.86 1.11
Single vs. Double Transplant 0.68 0.62 0.76

TABLE 3 Adjusted overall survival investigated using logistic and Cox proportional hazards regression, adjusted for sex, age, allocation quartile, and disease

category.
Comparison Hazards Ratio Lower .95 Upper .95
ABO Identical vs Compatible 0.92 0.86 0.99
Top LAS vs Middle LAS 131 123 1.39
Bottom LAS vs Middle LAS 1.07 1.02 1.13
Obstructive vs Cystic Fibrosis 1.04 0.95 1.13
Restrictive vs Cystic Fibrosis 1 0.92 1.08
Other vs Cystic Fibrosis 1.32 1.21 1.45
Single vs. Double Transplant 0.78 0.75 0.81
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Kaplan-Meier 5-year survival analysis of ABO Compatible vs. Identical Groups.

< Identical

p-value = 0.018

Years

survival, with the other categories having the worst survival
outcomes (Figure 3). When assessing stratification between
disease processes, only obstructive disease was found to have a
significant difference in survival between ABO identical and ABO
compatible groups (p = 0.038) (Figure 4). Restrictive, cystic fibrosis,
and the other group did not demonstrate a significant survival
difference between identical and compatible matching.

Transplant International

Another Kaplan-Meier survival analysis compared the 5-
year survival rates of the three allocation score categories: below
1st, 1st—-4th, and above 4th, with LAS scores as follows: below_
Ist = 0-33.74, Ist-4th = 33.75-44.95, and above_4th =
44.96-100. The analysis revealed a significant difference in
survival among these three groups, with recipients in the first
quartile having the highest 5-year survival rate and those in the
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Kaplan-Meier 5-year survival analysis of lung transplant recipients categorized by ABO identical vs. compatible status receiving lung transplantation
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lowest quartile having the poorest (p < 0.0001) (Figure 5). When
further stratified into allocation score tiers, only the top third of
allocation scores demonstrated significant survival with ABO
identical matching (p = 0.014); the middle and lowest tiers found
no significant difference (Figure 6).

Lastly, when comparing single and double lung transplantation,
there was a significant difference in overall survival (Figure 7) which
is consistent with previously published highlighting a survival
advantage in double lung transplantation [25, 26]. However,
when stratified by ABO compatibility, there is no statistical
difference in either the single or double lung transplantation
groups, regardless of whether ABO identical or ABO compatible
matching occurred (Figure 8).
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Discussion

In sum, our work utilized the UNOS database to evaluate
outcomes in ABO matching in lung transplantation. Two
endpoints were examined: acute rejection and overall survival.
Further sub-analysis was performed comparing ABO matching
within recipient diagnosis, lung allocation score breakdown, and
single versus double lung transplantation. After adjusting for
confounding variables, our multivariate analysis demonstrated no
significant risk of acute rejection when ABO compatible donors
were used compared to the ABO identical group.

When comparing all lung transplants across the board, during
the study period, our findings suggest improved long-term survival
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FIGURE 6
Kaplan-Meier 5-year survival analysis of lung transplant recipients categorized by lung allocation score quartile and stratified by ABO identical vs
compatible status.

with ABO identical lung transplants. However, it was found that
ABO compatible donors were significantly more likely to undergo a
single lung transplant than a double lung transplant. A double lung
transplant is widely known to have improved long-term survival
compared to a single lung transplant [25]. When the survival data
were analyzed after stratifying for transplant type, double versus
single, no significant long-term survival difference was found
between ABO compatible and ABO identical lung transplant
recipients.

We evaluated the long-term survival of ABO compatible
versus ABO identical lung transplantation based on recipient
diagnosis: obstructive, restrictive, cystic fibrosis, and a fourth
category, which included less ubiquitous diagnoses such as
Kartagener’s syndrome, common variable immune deficiency,
or associated diagnoses such as pulmonary hypertension. We
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found no significant difference in overall survival in all

diagnostic ~ categories except for obstructive disease.
Obstructive lung disease is the only diagnosis found to be
with  better with  ABO-identical

transplantation. The biological basis for decreased survival

associated survival
with ABO compatible remains unclear and warrants further
investigation considering our findings reflect those of an
observational study with retrospective analysis of the
database. Based on this, it can be inferred that for other
disease categories, ABO-compatible transplantation is a viable
option with favorable long-term outcomes.

We then stratified the data by allocation score, dividing it into
three parts: the lowest, middle, and top tiers. It was found that only
the top tier, with the highest allocation scores, showed statistically
significant differences between ABO-identical and ABO-compatible
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d by ABO identical vs. compatible status receiving lung transplantation

transplantation in terms of overall survival. All other allocation
scores showed no significant differences in survival; therefore, an
ABO-compatible transplant is a reasonable option.
Chronic rejection is a major driver of reduced long-term
[27, 28]. that
rejection and consequent

survival ~after lung transplant Given

immunogenicity drives risk for
mortality, the primary outcome of acute rejection is a useful
proxy for understanding the role of ABO-compatible and ABO-
identical blood typing. Fewer HLA mismatches, particularly class I,
have been shown to significantly decrease the rate of chronic
rejection and the development of bronchiolitis obliterans, thus
influencing survival [29]. This effect has been demonstrated in
the lab as well as in humans. Donor-specific anti-HLA antibodies
appear to correlate with elevated defensin levels, which promote
sustained inflammation and epithelial proliferation, leading to
chronic rejection [30]. Class II HLA mismatching predisposes the
recipient to acute rejection [29, 31]. HLA matching chronic rejection
is further demonstrated in areas of the world where lobar lung
transplantation is performed. Living-donor lobar lung transplant
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recipients appear to have immunological advantages, such as a
reduced incidence and delayed onset of chronic rejection, as well
as fewer de novo donor-specific antibodies, which may translate to
[32].
potentially owing to HLA similarities due to blood-related

improved outcomes The immunological benefits are
donors [32]. The alloimmune response after transplant clearly
plays an important role in the development of rejection and
therefore significantly affects graft function both in the short and
long term. Our primary analyses were limited to acute rejection
events captured in the registry and all-cause long-term survival, and
we were not able to assess HLA mismatch burden or clinician-
diagnosed chronic rejection. An area for future study will be to test
the effect of HLA mismatching in ABO-identical and compatible
transplants on long-term survival in datasets that include detailed
HLA typing endpoints.

We find that ABO compatible lung transplantation of both
single and double lungs does not increase the risk of acute rejection.
Given that single lung transplant recipients may begin at an
immunological disadvantage, our findings may further support
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the usage of ABO compatible lung allocation as opposed to strictly
ABO identical matching. Additional research is needed to examine
the development of chronic rejection and its effect on long-term
survival in the context of ABO compatible lung transplantation.
Going one step further, ABO compatibility in lung transplantation
remains in an evolutionary phase, as successful ABO-incompatible
living-donor lobar lung transplantation has been reported [33].

While our findings indicate that ABO compatibility does not
significantly influence acute rejection rates, it is associated with
differences in survival outcomes among patients receiving a lung
transplant for obstructive lung disease and for patients in the highest
quartile of lung allocation scores. However, this effect was modest.
This may be due to residual confounding in patients with obstructive
disease and high LAS, or differential biological vulnerability to
immune-mediated injury in high-risk phenotypes, such as due to
passenger lymphocyte syndrome [34]. When considering factors for
matching recipients and donors, results from this study underscore
the importance of considering disease-specific and allocation score
factors when evaluating the need for ABO identical matching. Based
on our analysis, identical matching is not required for most lung
transplant cases, which could shorten a patient’s waitlist time and
increase the number of donor lungs available for transplantation [6].

The advent of ex vivo lung perfusion (EVLP) has shown
tremendous promise in the field of lung transplantation,
particularly in evaluating marginally acceptable organs for pre-
treatment and improving organ quality [35]. An area of future
direction related to the topic of this article is the possibility of
converting a type A organ to type O, thereby creating a universal
donor through enzymatic pre-treatment of donor lungs using EVLP
[26, 35-37]. More research is needed with this novel technology,
which could markedly increase ABO-compatible organs to broaden
the donor pool.

These results should be evaluated in consideration of several
limitations. At the same time, adjusted models accounted for several
confounders, such as ABO status, recipient age, gender, medical
condition, and disease classification, as an observational study can
still introduce bias due to confounding. One limitation is that CLAD
is a major determinant of late mortality after lung transplantation.
However, CLAD is not available in a standardized form in the
UNOS dataset we analyzed [38]. We therefore used acute rejection
and 5-year survival as complementary endpoints. Another
limitation is that our acute rejection endpoint is not time-to-
event and may be affected by early death, because time-to-first
acute rejection was not available in a consistent timestamped
manner in our dataset. In addition, a further limitation of this
study is its retrospective design, which spans from 2005 to 2023.
Although the analysis spanning almost two decades may be

strength,

technology could inherently introduce several potential biases in

considered a variations in documentation and
the data set, such as evolving diagnostic and reporting standards,
advancements in transplant care, and LAS implementation since its
first implementation in May of 2005, in alignment with this study’s
starting point. Since the conclusion of our study period, the LAS
scoring system has been replaced by continuous allocation scoring;
therefore, the findings may not be directly applicable to today’s lung
transplant patients. Following the implementation of continuous
distribution for lung allocation in the United States, we observed a
significant increase in ABO-compatible transplants-doubling from
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14% to 28% of annual lung transplants. The principle from our study
would still be relevant, that while we believe there is a role for ABO
compatible lung matching, the sickest patients may benefit from
ABO identical organs.

These findings underscore the importance of considering both
disease-specific factors and allocation scoring when assessing the
potential benefits of ABO-matching. While identical matching may
be modestly associated with a survival advantage in specific high-
risk subgroups, our results support the broader use of ABO-
compatible organs, which could reduce waitlist times and expand
access to transplantation without increasing the risk of acute
rejection while also selecting for the best candidates for
compatible matching.

Conclusion

ABO compatible lung transplants can safely be performed as
there is no significant difference in acute rejection, provides a larger
pool of donors, and increases access to lung transplantation. Caution
needs to be taken with specific subsets of recipients, such as those in
the top LAS quartile, due to their higher 5-year survival with ABO
identical matching.
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Survival after lung transplantation lags that of other solid organ transplants. Long-
term survival is hampered primarily due to chronic lung allograft dysfunction
(CLAD) development. It remains elusive how (chronic) rejection is organized
within the lung graft over time post-transplant. Using a model of orthotopic
left lung transplantation in major mismatched mouse strains with daily
immunosuppression, we aimed to study the spatiotemporal dynamics of
(chronic) rejection, using micro-computed tomography imaging, flow
cytometric analyses and spatial proteomics. Endothelial cells demonstrated
early activation and destruction (day 7 post-transplant). The accompanying
early inflammation at the vascular compartment, progressed towards aberrant
tissue repair resulting in irreversible bronchovascular fibrosis and chronic graft
dysfunction. We provide new insights in the spatiotemporal dynamics of (chronic)
rejection with a vascular-oriented onset that may have future implications for
diagnosis and treatment in clinical lung transplantation.

KEYWORDS
blood vessels, chronic lung allograft dysfunction (CLAD), chronic rejection, flow
cytometry, lung transplantation, murine orthotopic left lung transplantation, spatial
proteomics
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GRAPHICAL ABSTRACT

Introduction

Lung transplantation is the only curative treatment for end-stage
lung diseases. Despite advances in donor selection, surgical
techniques, and immunosuppressive strategies, survival after lung
transplantation lags that of other solid organ transplants with a
median survival of only 6 years post-transplantation [1-3]. Beyond
the first post-transplant year, survival is predominantly limited by
the development of chronic lung allograft dysfunction (CLAD) [1, 4,
5]. CLAD is clinically defined by an irreversible decline in lung
function and represents an umbrella term encompassing
heterogeneous pathological processes. It is not exclusively defined
by rejection, but rather as a broad term for irreversible loss of lung
function. Three clinical phenotypes of CLAD are currently
recognized, including, ‘bronchiolitis obliterans syndrome’ (BOS),
‘restrictive allograft syndrome’ (RAS) and a mixed phenotype [6].
These phenotypes reflect the complexity of CLAD from a clinical
point of view. Importantly, this CLAD definition does not provide
insights into the underlying drivers of graft injury [1, 5]. CLAD has
historically been conceptualized as a predominantly airway-centered
disease, with clinical and research efforts largely focused on
bronchiolar pathology [7-9]. However, this airway-centric view
contrasts with established paradigms of vascular chronic rejection
that is well characterized in other solid organ transplants, where
chronic rejection has been perceived as a vessel-centered process in
which persistent immunological and endothelial activation induces
thrombosis, intimal proliferation, and vascular remodeling act as
hallmarks of chronic allograft vasculopathy [10-12].

The apparent disconnect between lung transplantation and
other solid organs is therefore striking, particularly given the

shared immunological principles governing allograft rejection.

Transplant International

Considering transplant rejection can be described as an immune-
mediated recognition of the donor graft HLA antigens as ‘non-self,
where both cellular and humoral mechanisms of the innate and
adaptive immune system get involved [13].

So, despite vascular chronic rejection being well characterized in
other transplanted organs and some studies within the field of lung
transplantation reporting perivascular inflammation histologically,
its central role and the temporal and spatial relationships between
vascular injury and graft dysfunction have never been investigated in
the context of lung transplantation, and direct evidence in human
lung allografts remains limited [9, 11, 12, 14]. This conceptual gap
has contributed to an incomplete understanding of chronic lung
allograft injury and may partially explain the lack of effective
targeted therapies [1, 15, 16].

Importantly, the traditional dichotomous classification of
rejection into “acute” and “chronic” forms complicates
interpretation. In clinical practice, rejection cannot be regarded
as a binary or purely temporal process. Lung transplant
recipients may experience chronically ongoing antibody-mediated
rejection, recurrent or persistent episodes of acute rejection, or
overlapping immunopathological processes resulting in chronic
[17].
pathophysiological mechanism from chronically ongoing forms

graft injury Distinguishing “chronic” rejection as a
of “acute” rejection is therefore essential [12, 18-20]. Controlled
experimental models may act as a valuable tool to obtain essential
and fundamental information on the spatiotemporal dynamics of
vascular involvement in (chronic) rejection [21-24].

Building on these observations, we hypothesize that (chronic)
rejection in lung transplantation may originate in the vascular
compartment with a significant role for endothelial cells. We aim
to map the temporal and spatial progression of vascular pathology in
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a murine lung transplant model to understand how vascular injury
contributes to chronic graft dysfunction. We will use our murine
model of rejection after orthotopic left lung transplantation and use
advanced methodologies including multicolor flow cytometry, in
vivo and ex vivo pCT imaging and spatial proteomics.

Materials and methods

Orthotopic mouse left lung transplantation
and study design

Mice (male) were purchased from Janvier Labs (Le Genest-
Saint-Isle, France) and transplanted between eight to 10 weeks of
age. Recipients were C57BL/6N (H-2K") and donors were either
C57BL/6N (H-2K") for isograft transplantation or BalbC (H-2K9)
for allograft transplantation. Serial sacrifice was performed at three
different time points, on post-operative day 1, 7 and 35. All mice
were housed in a conventional facility with individually ventilated
cages (IVC) and received ad libitum standard chow and water.
Orthotopic left lung transplantation was performed as previously
described [22, 25, 26]. After surgery, mice were allowed to recover
on a heating pad overnight and received buprenorphine for the
following 72 h. Both isografts and allografts received daily
subcutaneous immunosuppression consisting of 10 mg/kg/day
cyclosporine (Sandimmun®, Novartis, Vilvoorde, Belgium) and
(SoluMedrol®,  Pfizer,
Brussels, Belgium) started immediately after transplantation. The

1.6 mg/kg/day methylprednisolone

specifics of the study design are illustrated in Figure 1A. The
experimental procedure was approved by the Ethical Committee
for Animal Research at KU Leuven (P194/2019). To determine
leukocyte and endothelial cell numbers and activation, flow
cytometry was performed on the entire left lung graft at the
three timepoints (n = 5-6/group/timepoint). Longitudinal, non-
terminal in vivo pCT imaging was performed on day 1, 7 and 35 in
the grafts (n = 6/group) of the flow cytometry experiment sacrificed
day 35. Terminal exsanguination with retro-orbital blood collection
was performed, prior to sacrifice for measuring the cyclosporine A
trough level by an immunoassay (Dimension® RXL, Siemens
Medical solutions, Diamond diagnostics, USA) (Supplementary
Figure S1). The experiment with isografts and allografts was
repeated for histological analyses (n = 4-5/group/timepoint). At
the time of sacrifice, lungs were perfused with saline and inflated,
followed by perfusion with 4% PFA at 4 °C for 24 h. The grafts were
subsequently embedded in paraffine and processed into 4 pm thick
sections which were stained with Hematoxylin-Eosin and Masson’s
trichrome. Images were taken with an Olympus BX61 microscope.
The percentage of collagen in a stained lung section with Masson’s
trichrome was quantified using QuPath 0.3.2 with a personalized
Pixel Classifier created with the “Train Pixel Classifier’ tool.

Flow cytometric analysis to quantify
leukocyte and endothelial cell numbers and
activation

At time of autopsy, the transplanted lung was removed and cells
were isolated as previously described [27]. The lung was extracted and
collected in RPMI buffer [RPMI GlutaMAX/FCS (5%)/ 1% penicillin/
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streptomycin/ 0.1% beta-mercaptoethanol], minced and incubated for
30 min at 37 °C in digestion medium consisting of 2 mg/mL collagenase
D and 0.1 mg/mL DNase I in RPMI buffer. Subsequently, lung tissue
was homogenized using a 20-gauge needle and new digestion medium
was added, followed by a second incubation period of 15 min at 37 °C.
Cells were washed and red blood cell lysed using 0.83% NH,Cl/10 mM
Tris at 37 °C and passed through a 70 um nylon cell strainer. After a last
washing step, live leukocytes were counted in a Biirker chamber with
trypan-blue staining.

For the flow cytometry 1.5-3 million lung cells were used. Cells
were incubated with a viability dye, Zombie Aqua (Biolegend, San
Diego, CA, USA) or Zombie UV (Biolegend), together with Mouse
Fc block (MACS Miltenyi Biotec.) for 15 min at room temperature.
After washing twice, cells were stained with a panel of monoclonal
antibodies (Supplementary Table S1) dissolved in Brilliant stain
buffer (BD Biosciences, Erembodegem, Belgium) for 20 min at 4 °C.
After surface staining, 100,000 or 200,000 live single cells were
analyzed per sample with a BD LSR Fortessa Flow cytometer (BD
Biosciences). The flow cytometric panels used allow to quantify
viable cells, leukocytes, endothelial cells numbers and activation
status (Supplementary Table S1). For the activation status we used
MHC1/2 (central for T cell activation), adhesion molecules ICAM-1
(present on leukocytes and endothelial cells) and VCAM-1 (present
on endothelial cells). Data were analyzed with FlowJo v10 software
(FlowJo LLC, Ashland, OR, USA) and cells were gated according to
predefined gating strategies (Supplementary Figure S2). The
absolute number of leukocytes and endothelial cells were
calculated by the percentage of CD45" and CD45~ CD31" cells,
respectively, among the live cells multiplied by the total number of
live cells determined with the Biirker chamber.

In vivo and ex vivo yCT imaging to identify
and locate rejection

For in vivo uCT imaging free-breathing mice were scanned with
a whole-body small animal uCT scanner (SkyScan 1278, Bruker
uCT, Kontich, Belgium). Animals were anesthetized with isoflurane
(2% in pure oxygen) and placed in supine position. Following scan
parameters were used: 50 kVp X-ray source, 350 uA current, 1 mm
aluminum X-ray filter and 150 ms exposure time per projection
acquiring projections with 0.9° increments over a total angle of 220°.
Acquisition resulted in a respiratory-weighted reconstructed 3D
dataset with an isotropic voxel size of 50 pm in a total scan time of
3 min, associated with a radiation dose exposure of 69-89 mGy [28].
The images were reconstructed with the following parameters:
smoothing of one, beam-hardening correction of 10%, post-
alignment and ring artefact reduction were optimally set for each
individual scan. Images were processed and calibrated to Hounsfield
units (HU) as described before [29]. Image reconstruction, analysis
and quantification were performed using NRecon, DataViewer and
CTAn software provided by the manufacturer. Quantification of
total lung volume and mean lung density was performed for a
manually delineated region of interest (ROI), resulting in a volume
of interest (VOI) on the transversal uCT images at end-expiration.

For ex vivo uCT imaging separate transplant allograft, isograft and
non-transplant control mice were used (Figure 1A). The lungs were
fixated as previously described and chemically dehydrated in a graded
series of ethanol concentrations followed by hexamethyldisilazane
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FIGURE 1
Study design and standard elements of the murine orthotopic left lung transplantation. (A) Orthotopic left lung transplantation was performed to

create isografts (C57BL/6 NRjin C57BL/6 NRj) and allografts (Balb/cJRjin C57BL/6 NRj). In vivo uCT was performed on the same groups of mice used for

flow cytometry sacrificed on day 35. Animals used for histology were also used to perform spatial proteomics. (B) Representative macroscopic pictures of

lung blocs with the corresponding pCT images. The left transplanted lung is indicated with Tx and delineated in yellow on uCT sections. (C) Mean

lung density difference in left transplanted lung, calculated from end-expiratory uCT images. Mean is shown with error bars indicating SEM. (D) Evolution

of total lung volume of left transplanted lung with relative change compared to the measurement of day one. Volumes were calculated based on end-
(Continued)
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(Sigma-Aldrich, Overijse, Belgium) submersion overnight. Dried lungs
were scanned using a Skyscan 1272 pCT scanner (Bruker, Kontich,
Belgium) with a resolution of 3.5 um. 3D images were reconstructed
using the NRecon software (version 1.7.0.4, Bruker microCT, Kontich,
Belgium) and 3D segmentations of airway lumina, arteries and veins
was performed semi-automatically by ITK-SNAP software [30].

Bulk spatial GeoMx proteomics to validate
vessel orientated rejection in lung sections

GeoMX spatial proteomic profiling was performed to determine
the spatial localization of different immune-related proteins of
interest. By selecting specific regions of interest based on the
anatomical location, we performed a regional analysis subdividing
airways, arteries, veins, and parenchyma (Figures 5A,B). Formalin-
fixed and paraffin-embedded (FFPE) lung tissue sections (4 pm) were
obtained from one isograft at each time point (day 1, 7 and 35) and
three allografts at each timepoint. For each tissue section, three
regions of interest (ROIs) were selected and paired for the
parenchyma, bronchioles, arteries, and veins (total of 12 ROIs),
based on the anatomical orientation in the H&E image. For the
spatial proteomics, the GeoMx assay and platform was performed at
the F Polverino lab in Baylor (Houston, USA). Tissue sections were
incubated with 47 oligo-labelled primary antibodies of interest
(Supplementary Table S2) and analyzed using the Nanostring
GeoMx Digital Spatial Profiler as per manufacturer’s instructions.
The detection antibodies comprised three fixed panels of the GeoMx
assay (GeoMx immune cell profiling panel, GeoMx immune
activation status panel, GeoMx immune cell typing panel).

Statistical analysis

Data analysis was performed using GraphPad statistical
software (Prism, version 10, San Diego, CA, USA). To compare
the different groups one-way ANOVA was used. To compare the
different time points in isografts or allografts, a mixed effects
model with Siddk multiple comparisons test was conducted. To
compare isografts and allografts, a mixed effect model with
Tukey’s multiple comparisons post hoc was used. A p-value
of <0.05 was considered significant. Differential protein
expression analyses (spatial proteomics) were performed to
compare allografts and isografts in different compartments of
the lung. Third quartile normalization was performed on the
obtained expression matrix to allow comparison between samples.
Of the 47 included proteins, 35 were assigned to a specific cluster
(structural, hematopoietic, innate immunity, adaptive immunity,
stromal and proliferation). To be able to pool multiple proteins
per cluster, expression values were scaled to Z-scores for each
protein separately. Statistical analysis on these differences was
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expiratory uCT images. Data is expressed as mean with SEM. (E,F) Masson's trichrome images of isograft and allograft on day 35 after transplantation,
collagen deposition is indicated in blue. Scale indicates 50 pm; * = blood vessel; A = airway. (G) Collagen staining intensity was quantitatively calculated in
tissue sections stained with Masson'’s trichrome using QuPath software. (H) Flow cytometry was used to determine absolute numbers of leukocyte cells
and to determine the surface expression of adhesion molecules on these leukocytes (I) ICAM-1 and (J) VCAM-1. Data are shown as box-and-whisker
plots (box: median with interquartile range, whiskers: full data distribution) with each dot representing an individual mouse sample. Tx = transplanted;
HU = Hounsfield units; ISO = isograft; ALLO = allograft; MFI = mean fluorescence intensity.

performed using mixed modeling in R (version 4.2.2), using the
“Imer” function. The model used a full factorial design between
graft (isograft and allograft), day (1, 7, 35) and tissue type (airway,
artery, vein, parenchyma), with notation “graft*day*tissue”.
Different mouse individuals were included as random effect.
The least squares method (“emmeans” function) was used to
perform pairwise comparisons between allograft and isograft.

Results

Lung morphology and density after murine
orthotopic single lung transplantation

Isografts ~maintained normal macroscopic appearance
throughout follow-up, whereas allografts progressively developed
yellow discoloration with patchy dark areas by day 35

vivo revealed normal

(Figure 1B). uCT
morphology in both groups on day 1; by day 7, allografts showed

Longitudinal in

complete consolidation corresponding to atelectasis, while isografts
remained aerated. On day 35, patchy dense regions persisted in
allografts, contrasting with preserved isograft structure. Quantitative
analysis confirmed these changes: mean lung density was
significantly higher in allografts compared to isografts on day 35
(—87 + 154 HU vs. -376 + 27 HU, p = 0.016), while isografts showed a
modest decline in density over time (p = 0.043) (Figure 1C). Lung
volumes increased from day 7 to 35 in both groups (isograft p = 0.04;
allograft p = 0.008) with no overall differences between both groups
(Figure 1D). Histology confirmed these findings by preserved
parenchymal architecture without cellular infiltrates or connective
tissue deposition and fibrosis formation in isografts versus
bronchovascular inflammation and fibrosis in allografts on day 35
(Figures 1E-G; Supplementary Figure S3).

Flow cytometry for leukocyte and
endothelial cell numbers and
activation status

The number of leukocytes (CD45") significantly increased in the
allograft left lung on day 7 (p = 0.037) but decreased again on day 35
(p = 0.020) (Figure 1H). These leukocytes significantly presented
more ICAM-1 on their surface on day 7 (p = 0.0026) and 35 (p =
0.0045) compared to isografts, while no change in VCAM-1 was
observed (Figures 1L]).

Endothelial cell (CD31%) numbers remained stable in isografts.
In contrast, allografts showed a significant reduction on day
7 compared to day 1 (p = 0.024), which only partially recovered
by day 35 (p = 0.199) (Figure 2A). Endothelial cells showed to be
activated, as VCAM-1 was significantly increased on day
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FIGURE 2

Total endothelial cell numbers and endothelial surface expression of adhesion and MHC molecules in the murine left transplanted lung. Isograft
(C57BL/6NRj in C57BL/6NRj) and allograft (Balb/cJRjin C57BL/6NR)) transplantations were performed and sacrificed at indicated time points. (A) Absolute
number of CD31* endothelial cells. (B—E) Flow cytometry was used to determine the surface expression of adhesion molecules (VCAM-1 and ICAM-1) and
MHC molecules (MHC I and Il) on CD31* endothelial cells. Data are shown as box-and-whisker plots (box: median with interquartile range, whiskers:

full data distribution), with each dot representing an individual mouse sample. EC = endothelial cells; Leuko = leukocytes; MFI = mean

fluorescence intensity.

7 compared to isografts (p = 0.047) and remained increased on day
35 versus day 1 (p = 0.049) (Figure 2B). No change in ICAM-1
expression by endothelial cells was observed (Figure 2C).
Endothelial MHCI and MHCII expression were increased in
allografts compared to isografts on day 7 (p = 0.045; p = 0.0002,
respectively) and MHCII remained significantly increased on day 35
(p = 0.006) (Figures 2D,E).

Histological visualization of vessel-
centered rejection

Isografts showed preserved vascular, airway, and pleural
architecture, with minimal focal edema on day 1 that resolved by
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day 35. Allografts displayed a vascular driven pathology. On day 1,
the multifocal intra-alveolar edema was accompanied by subtle
perivascular changes (Figure 3). By day 7, dense cuff-like
perivascular infiltrates dominated, composed of lymphocytes and
histiocytes, frequently accompanied by pleural extension. On day 35,
these infiltrates became organized and shifted in composition
toward plasma cell-rich cuffs with fewer lymphocytes, paralleled
by progressive perivascular fibrosis (Figure 3; Supplementary Figure
S3). The parenchyma showed edema on day 1 that was largely
resolved in isografts but more extensive in allografts (Figure 3). The
airways remained preserved in isografts, whereas allografts
demonstrated peribronchial fibrosis on day 35 (Figure 3;
Supplementary Figure S3).
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FIGURE 3

Representative histological images of isografts and allografts of the different compartments (blood vessel, airway, parenchyma, and pleura) over

time. Representative Hematoxylin-Eosin (H&E) staining of the different groups on day 1, 7, and 35 after transplantation (n = 4/5). Scale bar of parenchymal
images indicates 100 pm, scale bar of all other images indicates 50 ym, * = blood vessel; A = airway.
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FIGURE 4

Spatial proteome analysis at regions of interest: artery, vein, airway, and parenchyma. (A,B) Example of allograft on day 1 and day 35 after
transplantation with regions of interest (ROIs), yellow indicates parenchyma, red vein, green airway, and blue artery. (C) Heatmap of spatial proteomics
according to the anatomical location of the immune process in the transplanted lung. Protein expression levels were quantified around the airways,
arteries, veins and in the parenchyma region of interest in formalin-fixed paraffin embedded (FFPE) tissue sections from the left transplanted lungs of
isografts (C57BL/6NRj in C57BL/6NR)) (n = 1/time point) and allografts (Balb/cJRj in C57BL/6NR}) (n = 3/time point) by NanoString GeoMX digital spatial
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profiling. On day 1, no significant differences between allograft and isograft were observed. Data of day 1 was discarded for this figure (and excluded
from the model). Additionally, since no major differences were observed between day 7 and day 35, data of day 7 and 35 were pooled together for
simplicity of the figure. This was performed by still including day 7 and 35 in the model but only performing pairwise comparisons between allograft and
isograft for all tissue regions. Z-score differences between allograft and isograft were hence computed for each cluster and tissue region separately
(colors). The mixed model provided p-values of the pairwise comparisons are indicated on the figure.

Bulk spatial GeoMx proteomics confirm
vessel orientated rejection

2D-UMAP projection of all included samples, based on
normalized protein expression, showed isografts at all timepoints
clustering together with allograft day 1, while a second cluster
consisted of allograft day 7 and 35 together (Supplementary Figure
$4). Indeed, no significant differences were found comparing isografts
and allografts on day 1. To continue, based on this clustering, data of
allograft day 7 and 35 were pooled and this was compared to isograft
(Figure 4C). We observed a higher expression of most of the proteins at
the arterial regions in allografts compared to isografts. Particularly
CD45 (pan leukocyte marker), CD4 and CD44 (T cell markers) were
more present around the arteries of allografts compared to isografts
(p < 0.001; p = 0.001; p = 0.002, respectively) and the other structures.
Expression of CD19 (B cell marker) was also higher around the arteries
of allografts compared to isografts (p = 0.006). Both innate and
adaptive immune markers were more expressed in the allografts’
arteries compared to isografts and other structures. The expression
of CD11c (dendritic cell marker) was increased in allografts in the
parenchyma (p = 0.001) and around the arteries (p = 0.006) and
airways (p = 0.029), compared to isografts. Protein expression of
CD39, CDI163, PD-L1 and
FoxP3 decreased in the allograft’s parenchyma (p < 0.001; p <
0.001; p < 0.001; p < 0.001) and veins (p < 0.001; p < 0.001; p <
0.001; p = 0.002) compared to isografts. Expression of other adaptive
immunity markers CD27, ICOS and CD40L (T cell activation
markers) were significantly less detected in allografts’ vein
compared to isografts (p < 0.001; p < 0.001; p < 0.001). EpCAM
and PanCK (epithelial markers) were decreased in allografts’ airways

immune regulatory markers

(p < 0.001; p < 0.001) in comparison to isografts. Smooth muscle actin
(SMA) was significantly lower in allografts’ airways (p < 0.001) and
arteries (p < 0.001). However, fibronectin seemed to be higher in
allografts, although not significant. Ki-67 (proliferation marker) was
expressed more highly around the arteries and parenchyma of the
allografts compared to the other structures, and to isografts (p = 0.023;
p = 0.023).

3D visualization by ex vivo uCT imaging to
locate rejection

Ex vivo uCT was performed on donor controls, isografts, and
allografts on day 1, 7, and 35, enabled segmentation of the airway
tree, pulmonary arteries, and veins (Figure 5). Donor control lungs
(Balb/c and C57BL/6) and isografts demonstrated preserved
morphology of both airway and vascular compartments at all
time points. Allografts appeared normal on day 1, with intact
airways and vasculature comparable to controls. In contrast, by
day 35, allografts exhibited marked vascular pathology: arteries and
veins were narrowed, collapsed, and embedded within dense fibrotic
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regions. Notably, airway structures appeared intact without evidence
of distortion or malformation and airway obstruction was only
found secondary and in severe stages of rejection.

Discussion

This study demonstrated a vasculature and endothelial cell
centered onset of rejection in a mouse model of chronic lung
rejection. Our findings indicate that endothelial cells are key in the
immune response of acute rejection (day 7) and the fibrotic remodeling
of chronic rejection (day 35) around the arteries, analogous to chronic
vascular injury observed in other solid organ transplants.

We previously characterized the alloimmune response in this mouse
transplant model with both innate and adaptive immune cells involved
[22, 25]. In this study we confirmed the temporal relation between
immune activation on day 7 (with little fibrosis), and organized fibrosis
on day 35 in the allografts. As such, day 7 may be regarded as acute
rejection and day 35 may be regarded as chronic rejection. In the current
study, we observed an early (day 7) loss of endothelial cells that
coincided with this inflammatory peak of the acute phase of
rejection. Moreover, early lymphocyte activation and leukocyte
adhesion to the endothelium was enhanced by endothelial cell
activation with increased expression of VCAM-1 and increased
expression of ICAM-1 in leukocytes. The parallel increase in MHC
molecules on endothelial cells (especially MHCII) further supports the
leading role for the endothelium in orchestrating the immune response,
by activating the adaptive immune system with its antigen-presenting
Jambusaria et al.
demonstrated that lung endothelial cells express higher levels of

capacity, directly activating T-helper cells.

immunoregulatory genes than those from the brain or heart,
underscoring  their =~ unique = immune-modulating  capacity
[31]. Carmeliet et al. further introduced the concept of
“immunomodulatory endothelial cells” (IMECs), a specialized subset
capable of engaging directly in immune signaling [32]. Histology and
especially the spatial proteomics highlighted compartment-specific
patterns of injury, confirming innate and adaptive organization
specifically localized to arteries. Our findings suggest that endothelial
cells function not only as targets of the immune response but also as
active contributors to ongoing alloimmune activation within the graft.
Since the alloantigenic stimulus persists, the immune response cannot
resolve. Continuous endothelial activation and injury likely promote
maladaptive repair processes, further resulting in perivascular fibrosis.
This remodeling extends into adjacent parenchymal, pleural and airway
compartments, providing a mechanistic link between early vascular
injury and later graft dysfunction. Collectively, these observations
position the vasculature as a central orchestrator of both the
inflammatory and fibrotic phases of chronic lung allograft injury.
How this concept of a vessel-centered rejection process
translates to the human clinical setting with CLAD (both RAS
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FIGURE 5
Representative ex vivo high resolution pCT cross-sections of the left (transplanted) lung with 3D segmentation. Allografts (Balb/cJRjin C57BL/6NR))

left transplanted lung at three different time points after murine single lung transplantation. Left lung of a non-transplant BalbC mouse for comparison,
showing healthy parenchyma with open airways, lined by an artery. Allograft on day 1 showing interstitial edema. On day 7, an increased density was
noticed around the blood vessels, this might indicate perivascular inflammation. Allograft on day 35 after transplantation showed intense increased
density in the whole lung, which could be pulmonary fibrosis. 3D segmentation shows a prominent decrease in blood vessel density and branching in
transplanted mice compared to control. Blue indicates airways, purple indicates arteries and red shows the veins
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and BOS) is highly relevant. Acute rejection is histologically
confirmed by the presence of lymphocytic perivascular
infiltrates in the clinic, which is in parallel with the acute
rejection observed on day 7 in the mice. In addition, some
human studies highlighted the vascular contribution to CLAD,
with reduced VEGF levels in bronchoalveolar lavage fluid of
patients with RAS [9], and vascular remodeling, including
pulmonary arteriopathy and venopathy, has been described in
both BOS and RAS [7, 33].

To extend our molecular and histological observations to the
macrostructural level, a high-resolution ex vivo microCT was used
enabling segmentation of the airway tree and pulmonary vascular
compartments. Consistent with our molecular findings, vascular
structures in allografts showed progressive narrowing, pruning, and
remodeling by day 35, while airway architecture remained largely
preserved, providing 3D confirmation that chronic graft injury in this
mouse model primarily affects the vasculature rather than the airway
compartment. This vascular involvement suggests that vascular injury
precedes or drives subsequent parenchymal or airway remodeling
which ultimately leads to loss of lung function. From a translational
perspective, this also implies that, potentially, in vivo imaging
approaches focusing on vascular alterations could serve as sensitive
tools to detect CLAD progression in clinical lung transplantation at
earlier stages, prior to the decrease in lung function. Advanced imaging
modalities capable of assessing pulmonary perfusion or vascular
integrity may therefore hold diagnostic value in identifying patients
at risk for CLAD. Moreover, therapeutic strategies aimed at preserving
endothelial integrity or modulating vascular inflammation might
complement current immunosuppressive regimens and offer a new
avenue to improve long-term graft survival.

The limitations of this study are the nature of the model, being a
highly controlled setting to dissect alloimmune mechanisms, which
cannot fully replicate the complexity of human lung transplantation.
Immunosuppressive regimens also differ between species; we used
cyclosporine A to moderate the immune response, whereas
tacrolimus-based therapy is standard in clinical practice, which may
affect the kinetics and nature of rejection. Only male mice were
included, and potential sex-specific immune differences therefore
remain unexplored. Furthermore, the number of isograft controls
was limited, which may reduce statistical power for some
comparisons. Mechanistic pathways underlying endothelial cell loss
and its direct effects on fibroblast activation and fibrosis were not
addressed here but represent an important direction for future work.
Finally, this is a murine model of rejection, not CLAD. Modeling CLAD
requires graft-specific functional measurements, and their absence is a
limitation of this study. Despite these limitations, this model and study
offered a unique opportunity to study rejection processes under
reproducible and isolated conditions, minimizing confounding
factors that are difficult to control in human transplantation.

In conclusion, the current study reveals that chronic vascular
injury is a central feature of rejection also in the lung, preceding and
potentially driving fibrotic remodeling. By identifying the
endothelium as an active participant rather than a passive target,
this study redefines lung rejection as a vessel-centered process.
Targeting vascular inflammation and preserving endothelial
integrity may thus hold the key to improving long-term lung
allograft survival. This study invites to investigate how vascular
rejection fits into the concept of CLAD.
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Venous reconstruction in living
donor liver transplantation:
lessons learned from a new
national program in a
resource-limited setting

K. Semash ® *, T. Dzhanbekov ® , M. Nasirov ® , A. Subanov ®
and B. Umarov ®

Department of Minimally Invasive Surgery and Transplantation, National Children’s Medical Center,
Tashkent, Uzbekistan

Complex venous outflow reconstruction in living donor liver transplantation
(LDLT) is technically demanding, particularly in resource-limited settings
lacking consistent access to synthetic or cryopreserved grafts. We
retrospectively analyzed 45 consecutive LDLTs performed during the initiation
of a national program. Venous anatomy was evaluated using preoperative CT
volumetry and intraoperative findings. Reconstruction strategies included direct
anastomosis, unification venoplasty, PTFE grafts, and autologous conduits
(falciform ligament, umbilical vein). Outcomes were compared between
patients with (n = 17) and without (n = 28) venoplasty. Additional venous
reconstruction was required in 37.8% of cases. In 6.7%, anatomically indicated
veins could not be reconstructed due to lack of suitable conduits. No early venous
thrombosis occurred, and all autologous conduits remained patent during follow-
up. Small-for-size physiology developed in 11.1% of recipients, resolved
conservatively, and was not associated with unreconstructed major veins.
Major morbidity (Clavien—-Dindo > Illb) occurred in 42.2%. The 90-day
mortality rate was 11.1%, and 3-year survival was 82.2%, without significant
differences between groups. In a newly established program within a
resource-limited setting, predominantly autologous venoplasty was feasible
and provided satisfactory early and mid-term outcomes.

KEYWORDS
hepatic veins, liver transplantation, living donors, resource-limited settings, venous
reconstruction

Introduction

Living donor liver transplantation (LDLT) has become an essential strategy for
addressing the persistent shortage of deceased donor organs in many regions of the
world. The success of LDLT depends critically on the restoration of adequate venous
outflow. Unlike deceased donor liver transplantation that uses a whole organ with relatively
uniform venous anatomy, LDLT relies on partial grafts with substantial anatomical
variability. This variability creates significant technical challenges during reconstruction
of the hepatic veins [1, 2].

Insufficient venous drainage is one of the major determinants of early graft dysfunction.
Impaired outflow may result in congestion of the graft, reduction in microvascular
perfusion, cholestasis, ischemic injury, and in severe cases complete graft loss [3]. The
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GRAPHICAL ABSTRACT

venous system of the liver demonstrates extensive variation. It
includes the right hepatic vein, the middle hepatic vein, the left
hepatic vein, and the inferior right hepatic veins. The number,
diameter, and drainage patterns of these veins differ markedly
among donors. These anatomical factors directly influence the
choice of surgical technique required for reconstruction [4-6].
Restoration of tributaries of the middle hepatic vein, accessory
veins of segments five and eight, and inferior right hepatic veins
becomes especially important when these vessels drain a
considerable portion of the graft or when the risk of small for
size physiology is anticipated [7-12].

Advances in preoperative imaging, including multidetector
computed tomography with three dimensional reconstruction
and intraoperative Doppler ultrasonography, provide precise
visualization of venous anatomy and allow surgeons to anticipate
technical difficulties in advance [13, 14]. These imaging modalities
help guide the selection of individualized reconstruction strategies.
Depending on the specific configuration of the graft, options may
include direct anastomoses, unification venoplasty, extended
venoplasty, and the use of autologous, homologous, or synthetic
venous conduits [7-11].

Most innovations in venous outflow reconstruction have been
developed in the context of right lobe LDLT, where the drainage of
segments five and eight presents a particular challenge because the
middle hepatic vein is usually retained in the donor to preserve
function of the remnant liver. However, left lobe grafts, left lateral
sector grafts, and monosegmental grafts also require precise venous
reconstruction. In pediatric recipients, and especially in neonates and
infants in whom vascular diameters are extremely small, these
procedures are frequently performed using microsurgical
techniques that reduce the risk of early venous thrombosis [4, 15-18].

Transplant International

Despite considerable progress, there remains no universally
accepted standard for venous outflow reconstruction in LDLT.
Publications from high volume centers in Japan, the Republic of
Korea, China, Taiwan, Singapore, India, and Europe demonstrate
substantial variation in surgical approaches [7, 10, 11, 16, 19, 20].
Differences include the criteria for reconstruction of segment five
and segment eight tributaries, the preferred type of venous conduit,
the method of forming a common venous channel, and the strategies
used to maintain patency of reconstructed veins. This variability
underlines the need for comprehensive reviews that integrate
current evidence with actual clinical experience.

This study incorporates clinical data from our national LDLT
program. At present, Uzbekistan has no deceased-donor organ
procurement program [21], and all liver transplantations rely
exclusively on living related donors, which further restricts the
availability of vascular conduits for complex reconstructions.
Working within a setting where we had limited availability of
prosthetic graft materials and biological conduits, these cases provide
important insight into the practical challenges of venous outflow
reconstruction. To the best of our knowledge, this study represents
the first comprehensive report of venous outflow reconstruction in a
newly established national LDLT program operating without a
deceased-donor vascular bank and with only intermittent availability
of synthetic grafts. This series offers a practical, reproducible framework
for other resource-constrained programs worldwide.

Materials and methods

This study was reviewed and approved by the Institutional
Review Board (protocols No 11-17-98/2025 and No 77-77/2025).
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All procedures were conducted in accordance with the ethical
standards of the institutional and national research committees
and with the 1964 Helsinki Declaration and its later amendments.

This study was designed as a single-center retrospective
observational cohort study and included 45 consecutive living-
related donor liver transplantations performed between October
2021 and December 2024. The institutional cases were conducted by
the same surgical team and represent the initial phase of program
development in a resource limited setting. Overall, 42 cases involved
related donorship. The relationships of donors to recipients were as
follows: 11 sons, 10 brothers, nine sisters, five cousins, two fathers,
two mothers, two aunts, and one nephew. Additionally, under the
laws of the Republic of Uzbekistan, spouses are eligible to be organ
donors if they have been married for over 3 years [21]. In this study,
three wives were approved as donors.

All donors underwent high resolution multiphase computed
tomography using a GE Revolution HD 256 slice scanner. A uniform
protocol was employed for arterial, portal venous, and hepatic
venous phases [21]. The hepatic venous phase served as the
primary dataset for evaluation of venous anatomy. Three
dimensional reconstruction and volumetric assessment were
performed on a GE Advantage Workstation equipped with the
Hepatic VCAR application and OsiriX software. In two cases, 3D
virtual modeling was used to access vascular anatomy of the donor’s
liver (Supplementary video S1) [22].

The venous anatomy was assessed in detail. The right hepatic vein,
middle hepatic vein, left hepatic vein, and inferior right hepatic veins
were evaluated for number, diameter, distance between their orifices,
and drainage territories. Tributaries of segments five and eight were
specifically analyzed to determine diameter, length of extrahepatic
course, and the angle of entry into the middle hepatic vein. The
expected drainage volume of each tributary was estimated using three
dimensional volumetry. Reconstruction of S5 and S8 tributaries was
planned when at least one of the following objective criteria was met:
(1) venous diameter >5 mm on preoperative CT or intraoperative
measurement; (2) estimated drainage territory >20-30% of the
anterior sector volume based on three-dimensional volumetry; or
(3) graft-to-recipient weight ratio (GRWR) <1.0%, indicating
increased risk of small-for-size physiology.

Left sided grafts were evaluated as a separate anatomical
category. Particular attention was given to the configuration of
the left hepatic vein trunk, the drainage patterns of segments two
and three, and the relationship between the left hepatic vein and the
middle hepatic vein. Left lobe grafts commonly demonstrated
separate entry of the middle and left hepatic veins into the
inferior vena cava, which necessitated systematic preoperative
planning of venous reconstruction. For left lateral segment grafts,
venous drainage was reassessed when the segment two and segment
three veins entered the inferior vena cava as independent openings.
This classification of right sided and left sided drainage patterns
guided the selection of unification venoplasty, patch augmentation,
or other reconstructive techniques to ensure adequate venous
outflow for each graft (Table 1).

The surgical technique for donors and recipients has been
[23].
Intraoperatively, the diameters of the S5, S8, and inferior right

described previously in our previous publications

hepatic veins were assessed, and veins measuring greater than 5 mm
were classified as significant; in addition, back-table evaluation
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included assessment of preservative solution outflow through
individual venous branches, and veins measuring 5 mm or less
were also considered for reconstruction when they demonstrated
substantial efflux of preservative solution. Reconstruction of inferior
right hepatic veins was performed by direct end-to-side anastomosis
to the recipient inferior vena cava. Each significant iRHV was
implanted separately when anatomically feasible to ensure
adequate venous drainage and prevent segmental congestion. In
cases where an isolated significant segment V (S5) or segment VIII
(S8) tributary was identified, the respective vein was reconstructed
using an interposition conduit and anastomosed to the recipient
middle hepatic vein to restore anterior sector outflow. When both
S5 and S8 tributaries were deemed significant, reconstruction of
middle hepatic vein performed on the graft, which was then
reconstructed toward the recipient IVC. If necessary, Unification
plasty was performed using a continuous 6/0 polydioxanone suture.
When autologous conduits (falciform ligament or recipient
umbilical vein) were utilized, reconstruction of the corresponding
venous branches was carried out on the back table. The conduit was
tailored to the required diameter, anastomosed to the segmental
veins under magnification, and tested for watertight integrity using
preservation solution before implantation. After graft implantation,
venous outflow patency was monitored with Doppler
ultrasonography immediately after reperfusion, at twenty-four
hours, and at regular intervals during the postoperative period.
Computed tomography was obtained in cases where
ultrasonographic evaluation suggested impaired venous flow.
Laboratory markers and clinical parameters of graft congestion
were correlated with imaging findings. We also evaluated
postoperative criteria for small for size syndrome. Clinical and
laboratory indicators were monitored in accordance with
established definitions of small for size physiology, including
early hyperbilirubinemia, coagulopathy that persisted despite
correction, excessive ascites production, and characteristic
[24].

parameters such as portal venous flow and pressure were

trajectories of aminotransferase levels Hemodynamic
assessed when clinically indicated. These variables were analyzed
to identify early signs of graft dysfunction related to insufficient graft
size or compromised venous outflow.

Follow-up was conducted from the date of transplantation until
the last available clinical assessment. The duration of follow-up
varied among patients due to the ongoing nature of the program.

Continuous variables were reported as mean #* standard
deviation or median [interquartile range], according to their
distribution, which was assessed using the Shapiro-Wilk test.
Categorical variables were summarized as absolute and relative
frequencies. Group comparisons (venoplasty vs. no venoplasty)
were performed using Fisher’s exact test or the chi-square test
and Student’s t-test or the

Mann-Whitney U test for continuous variables, selected based

for categorical variables
on data distribution and variance homogeneity. Potential
confounders were evaluated through univariable analyses, and
variables with clinical relevance or p < 0.10 were entered into a
multivariable logistic regression model to identify independent
predictors of early biliary leakage. Adjusted odds ratios with 95%
confidence intervals were calculated, and model fit was assessed
using standard goodness-of-fit diagnostics. Survival outcomes were
estimated using the Kaplan-Meier method with right-censoring at
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TABLE 1 Classification of hepatic venous drainage patterns and their implications for reconstruction.

Anatomical group

Key venous features

Diagnostic criteria Reconstructive implications

Right hepatic vein dominant Single large RHV draining the RHV with sufficient diameter and long Usually suitable for direct anastomosis. Patch

drainage majority of the right hemiliver extrahepatic cuff enlargement used when cuff is short

Inferior right hepatic vein Presence of one or more IRHVs IRHV diameter large enough to require Often requires separate anastomosis or interposition

dependent drainage with significant drainage territory | preservation. Visible on CT and confirmed | graft. Failure to reconstruct may lead to segmental

intraoperatively congestion

Segment five tributaries (S5) One or more veins draining Diameter and drainage area significant

on CT

Options include direct anastomosis, unification
segment five toward the MHV venoplasty, or patch augmentation depending on

number and size

Segment eight tributaries (S8) | Major or minor veins draining Preoperative CT shows significant Frequently requires venoplasty or use of conduits.

segment eight into the MHV S8 venous branch Combined reconstruction with S5 when orifices are

adjacent

Left lobe venous drainage Separate drainage of MHV and Consistent finding in majority of left lobe | Venous reconstruction always planned preoperatively

LHYV into the inferior vena cava donors. Assessed with three dimensional due to mandatory restoration of outflow for segments

reconstruction two, three, and four

Left lateral segment drainage Segment two and segment three Identified on CT and confirmed with 3D | Requires unification venoplasty or patch reconstruction

(segments two and three) veins draining into IVC through reconstruction to create a common outflow channel and prevent

separate openings stenosis

Combined right sided and left | Complex or mixed drainage Variability confirmed by preoperative CT + | Reconstruction individualized using a combination of

sided anatomical variants patterns involving multiple venous

territories

3D reconstruction

direct anastomosis, unification venoplasty, patch

augmentation, or conduits

Abbreviations: RHV, right hepatic vein; MHV, middle hepatic vein; LHV, left hepatic vein; IRHV, inferior right hepatic vein; S5, segment five; S8, segment eight; S2, segment two; S3, segment

three; IVC, inferior vena cava.

the date of last follow-up. A post hoc exploratory subgroup analysis
was performed comparing the first 30 cases with the last 15 cases to
assess the potential influence of program maturation and learning
curve on outcomes. A two-sided p-value <0.05 was considered
statistically significant. All analyses were conducted using IBM
SPSS Statistics, version 26.0 (IBM Corp., USA).

Results

A total of forty-five grafts were analyzed, including forty-two
right lobe grafts, one left lobe grafts, and two left lateral segment
grafts. Variants of hepatic venous anatomy and the corresponding
reconstructive strategies are summarized in Table 2. Median GRWR
was 1.1% (0.7-2.7). The median GRWR was 1.05% (range 0.7%-
2.0%) in the venoplasty group and 1.1% (range 0.85%-2.7%) in the
no-venoplasty group.

Right liver grafts

The majority of right liver grafts demonstrated a single
dominant right hepatic vein. In twenty eight cases, a single right
hepatic vein with no significant accessory branches was present,
which allowed for a single caval anastomosis without the need for
venoplasty. When a hepatic vein that required reconstruction was
left unreconstructed, post-reperfusion inspection consistently
revealed an area of congested graft parenchyma with a darker,
bluish discoloration (Figure 1).

Transplant International

An additional inferior right hepatic vein was identified in three
grafts. In these cases, two separate caval anastomoses were
performed, and no venoplasty was required because the diameter
and venous territory of the inferior right hepatic vein permitted
direct implantation.

Two grafts demonstrated three independent right hepatic
venous trunks, two of which corresponded to inferior right
hepatic veins with significant drainage territories. These cases
required unification venoplasty of the inferior right hepatic veins
followed by two separate caval anastomoses.

Reconstruction of segmental veins from segments five
and eight was required in several grafts. PTFE interposition
grafts were used in five grafts. In two cases a PTFE conduit was
used for outflow reconstruction of a segment five vein, and in
one of these cases conduit was anastomosed to the recipient’s
middle hepatic vein draining into the inferior vena cava
(Figure 2). One graft required PTFE reconstruction for a
segment eight vein. In one graft a single PTFE conduit was
used to unify and drain both segment five and segment eight
veins into the inferior vena cava. Additionally, in one
case PTFE conduits were used to reconstruct the separate
S5 and S8 hepatic veins, resulting in three distinct outflow
channels that were anastomosed individually to the IVC
(Figures 3A-C).

Autologous tissue was used for venous reconstruction in three
cases. Two grafts required unification of the segment five and
segment eight veins using a conduit fashioned from the falciform
ligament (Figures 4A-C). In one case the umbilical vein of the
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TABLE 2 Venous Outflow Anatomy and Reconstruction Techniques (n = 45 grafts).

Graft type Venous structure/configuration Number of grafts  Reconstruction/anastomosis technique
RL Single RHV, no significant accessory veins or there was no 28 Single caval anastomosis; no venoplasty
possibility of reconstruction

RL One additional iRHV 3 Two caval anastomoses; no venoplasty

RL Three RHVs (two iRHV accessory veins) 3 Unification plasty of iRHVs + two caval anastomoses

RL PTFE graft to S5 vein 2 PTFE conduit anastomosed to IVC

RL PTFE graft to S8 vein 1 PTFE conduit anastomosed to IVC

RL PTFE graft connecting S5 + S8 and separate iRHV 1 PTFE conduit of separate S5 and S8 — three anastomoses
with IVC

RL S5+88 reconstruction using falciform ligament graft 2 Autologous FL conduit for unification, anastomosed
to IVC

RL $5+88 reconstruction using umbilical vein of recipient 1 Umbilical vein conduit obtained from recipient for
unification, anastomosed to IVC

RL S8 was close to the RHV 1 Unification plasty of RHV and S8

LL Three separate veins (MHV, S2, S3) 1 Unification plasty

LLS Single LHV 1 Single caval anastomosis; no venoplasty

LLS Separate S2 and S3 veins 1 Unification plasty

Abbreviations: RL, right lobe; LL, left lobe; LLS, left lateral section; RHV, right hepatic vein; MHV, middle hepatic vein; LHV, left hepatic vein; iRHV, inferior right hepatic vein.
S2, S3, S5, S8, hepatic segmental veins corresponding to Couinaud segments two, three, five, and eight; IVC, inferior vena cava; PTFE, polytetrafluoroethylene; FL, falciform ligament.

recipient was harvested and used as an interposition conduit to
reconstruct the outflow of both segment five and segment eight veins
(Figures 4D-F).

One graft demonstrated a segment eight tributary running
very close to the right hepatic vein. In this case, unification
without  the use  of

venoplasty ~ was  performed

interpositional material.
Left liver grafts

During harvesting LL graft, we faced an unusual and technically
challenging venous configuration that resulted directly from an
intraoperative mechanical complication. During donor left
hepatectomy, the stapling device malfunctioned, causing the
venous structures to be transected lower than the planned level.
As a result, the middle hepatic vein, the segment two vein, and the
segment three vein were obtained as three separate orifices located at
a considerable distance from one another. The distance-spaced
venous openings required an extensive and complex unification
venoplasty to create a single, adequate outflow channel suitable for
implantation into the inferior vena cava (Figure 3D).

Also, two left lateral section grafts were included. One graft contained
a single left hepatic vein and required only one caval anastomosis without
the need for additional venoplasty. The second graft demonstrated
separate venous orifices from segment two and segment three. These
veins were reconstructed using unification venoplasty.

Postoperative outcomes
Early and late postoperative complications were compared

between recipients who underwent a single hepatic vein
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anastomosis (no venoplasty, n = 28) and those who received
venous outflow reconstruction (venoplasty, n = 17) (Table 3).
Overall, most vascular complication rates were low and did not
differ significantly between the groups.

Hepatic artery thrombosis occurred only in the single-vein
group (3.6%) and was not observed in venous reconstruction
group (p = 1.000). Hepatic artery stenosis was comparable
between cohorts (10.7% vs. 59%, p = 1.000), with a non-
significant trend toward a lower risk in the venoplasty group
(OR 0.58, 95% CI 0.06-6.06). Clinical features consistent with
splenic artery steal syndrome (SASS) were observed only in
patients without venoplasty (10.3% vs. 0%, p = 0.542). SASS was
defined clinically as a combination of persistently reduced hepatic
arterial flow on Doppler ultrasound in the absence of hepatic artery
thrombosis or stenosis, associated with a disproportionately
increased splenic artery flow, and improvement after splenic
conservative

artery-directed intervention or

Angiography was performed selectively when clinically indicated.

management.

Portal vein thrombosis developed more frequently among
patients who underwent venous reconstruction (11.8% vs. 3.6%),
although the difference did not reach statistical significance (p =
0.287; OR 4.00, 95% CI 0.34-47.4).

Early biliary leakage occurred in 13 of 45 patients (28.9%). The
incidence was significantly higher in the venoplasty group (58.8% vs.
10.7%, p = 0.001). This difference was most pronounced during the
first 30 cases (64.3% vs. 18.8%, p = 0.023) and decreased in the last
15 consecutive cases after introduction of an ultrasonic cavitation
aspirator (CUSA), improved liver retraction systems, and stricter
donor selection (8.3% vs. 0%, p = 1.000). Multivariable logistic
regression showed that venoplasty was not an independent predictor
of early biliary leak (adjusted OR 2.8, 95% CI 0.6-13.2, p = 0.19). The
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FIGURE 1

Three-dimensional CT reconstruction of the donor’s venous outflow. Arrows indicate the significant venous branches of segments 5 and 8, as well as

the inferior right hepatic vein (IRHV)

FIGURE 2

Reconstruction of segment five vein in right lobe liver graft using PTFE graft. (A) Back-table stage. A PTFE conduit was anastomosed with significant
S5 vein on the liver graft. (B) A veno-caval anastomosis was performed. Preparation for PTFE graft anastomosis. (C) The PTFE conduit was anastomosed to
the recipient’'s middle hepatic vein. Appearance after venous reperfusion. Abbreviations: PTFE, polytetrafluoroethylene; S5, segment V of the Couinaud

liver segmentation system

only independent risk factors were the number of bile duct orifices
(OR 4.7 per additional orifice, 95% CI 1.6-13.8, p = 0.005) and the
early phase of the program (first 30 vs. last 15 cases: OR 22.4, 95% CI
2.5-201, p = 0.005). Late biliary strictures occurred in two patients
(4.4%), one in each group, and were successfully managed surgically.
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Postoperative bleeding requiring relaparotomy was noted only
in the no-venoplasty cohort (6.9% vs. 0%, p = 0.531). The overall
burden of severe complications (Clavien-Dindo > IIIb) was higher
among patients who underwent venous reconstruction (50.0% vs.
34.5%), although this difference was not statistically significant (p =
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FIGURE 3

0.360; OR 190, 95% CI 0.56-6.45). 90-day mortality
(Clavien-Dindo grade V) was similar between groups (12.5% vs.
10.3%, p = 1.000). The Comprehensive Complication Index (CCI)
demonstrated a significantly higher cumulative morbidity in the
venoplasty group, with a median of 39.8 (IQR 26.2-66.3) compared
with 20.9 (IQR 0-39.8) in the single-vein cohort (p = 0.047),
indicating a greater severity and overall burden of complications
in patients requiring venous reconstruction.

Clinical features consistent with small-for-size syndrome were
observed in five recipients (11.1%). Three cases occurred in the no-
venoplasty group (3/28, 10.7%) and two in the venoplasty group (2/
17, 11.8%), with no statistically significant difference between
groups (p = 1.000). SFSS was defined clinically based on
persistent  hyperbilirubinemia,
prolonged coagulopathy in the absence of mechanical outflow

refractory  ascites, and/or

obstruction or other identifiable causes. Management was
performed according to standard recommendations and included
optimization of hemodynamics, albumin supplementation, diuretic

therapy, careful fluid balance control, and close Doppler
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Variations of venous anatomy in liver grafts (A) A right-lobe liver graft with two separate inferior right hepatic veins required unification venoplasty of

the inferior veins and construction of two distinct veno-caval anastomoses. (B) A right-lobe liver graft with significant venous branches from segments
5 and 8, as well as an additional inferior right hepatic vein. S5 vein canulated for conservant solution outflow assession. (C) A venous reconstruction
approach for segments 5 and 8 using separate PTFE conduits; additionally, this graft contained an accessory inferior right hepatic vein that required

an independent anastomosis to the inferior vena cava. (D) A left-lobe liver graft in which unification venoplasty was performed to combine the S2 and
S3 venous branches with the middle hepatic vein; the probe is positioned within the lumen of the S3 vein. Abbreviations: PTFE, polytetrafluoroethylene; S2,
S3, S5, S8, segments I, Ill, V, and VIII of the Couinaud liver segmentation system.

surveillance. All cases were managed conservatively without graft
loss attributable to SFESS.

There was no venous outflow-related complications in the study
cohort. No cases of early thrombosis of reconstructed venous outflow
were observed. Refractory ascites was observed in 3 patients (6.7%)
and was attributed to small-for-size syndrome, as there was no
objective evidence of impaired venous outflow in these patients,
in conjunction with a low graft-to-recipient weight ratio.

The median follow-up duration was 32.5 months for patients
without venoplasty and 27 months for those who underwent
venoplasty. Across the entire cohort, the median follow-up time
was 29 months. Overall patient survival did not differ significantly
between recipients who underwent venoplasty and those with a
single vein anastomosis (log-rank p = 0.62; Figure 5). The actuarial
1-year and 3-year patient survival rates estimated by Kaplan-Meier
analysis were were 86.8% and 82.8%, in the single-anastomosis
group and 87.5% and 81.2% in the reconstruction group,
respectively. Median survival was not reached in either group
during the maximum follow-up of 50 months. Hospital mortality

Published by Frontiers
European Society for Organ Transplantation


https://doi.org/10.3389/ti.2026.15985

Semash et al.

10.3389/ti.2026.15985

FIGURE 4

(A) A conduit was fashioned on the back table from the donor’s falciform ligament, which was wrapped around a sterile 14-F tube to create a tubular
graft. (B) Anastomosis of the falciform-ligament conduit to the venous branches of segments 5 and 8 was performed and unified with the right hepatic
vein on the graft. (C) Appearance of the graft prior to venous reperfusion. (D) The recipient's umbilical vein shunt was harvested, and openings were
created to enable anastomosis with the significant venous branches of segments 5 and 8. (E) The umbilical vein conduit was anastomosed to the

S5 and S8 branches and unified with the right hepatic vein on the graft. (F) Appearance of the graft following venous reperfusion. Abbreviations: PTFE,
polytetrafluoroethylene; S5, S8, segments V, and VIII of the Couinaud liver segmentation system.

in the cohort was 11.1% (5 of 45 patients). Two patients died from
severe acute rejection, two from sepsis, and one from complications
related to portal vein thrombosis. During long-term follow-up, three
additional deaths occurred: one due to COVID-19 associated
pneumonia, one due to nonadherence to immunosuppressive
therapy, and one due to aspiration. No death in the entire series
was attributable to venous outflow compromise.

Discussion

Venous outflow reconstruction remains one of the principal
determinants of graft function in living donor liver transplantation
[11]. The present series illustrates not only the anatomical
complexity of partial liver grafts but also the considerable
constraints imposed by a resource-limited environment. The
absence of a deceased donor program, the restricted availability
of vascular prostheses, and the inability to perform graft biopsy for
differential diagnosis significantly influenced surgical decision-
making and postoperative management. These conditions
differentiate our experience from that of high-volume centers in
East Asia and Europe, where venous reconstruction techniques have
evolved in settings with broad access to vascular materials and
advanced diagnostic infrastructure.

Transplant International

At the initial stage of the program, donor selection was
intentionally prioritized  donors  with
straightforward hepatic anatomy and grafts with a favorable graft-
to-recipient weight ratio. As surgical experience accumulated, we
gradually expanded the range of acceptable anatomical variations and

conservative:  we

began to undertake more complex venous outflow reconstructions.
International experience consistently supports an assertive strategy
for reconstruction of segment V and segment VIII tributaries when
these veins exceed four or 5 mm in diameter or drain a substantial
portion of the anterior sector [11, 25]. This approach is grounded in
extensive evidence from different transplant centers, where centers
routinely employ autologous, homologous, and synthetic conduits
and where vascular banking is standard practice. Studies by
Sakamoto, Jeng, Thorat, Taha, Pamecha, Park, and others
demonstrate that restoration of middle hepatic vein tributaries
improves parenchymal perfusion, reduces venous congestion,
enhances early graft regeneration, and mitigates the risk of small-
for-size physiology [7, 8, 12, 20, 25-27]. Work by Mizuno et al has
shown that regeneration of the anterior sector is significantly greater
in grafts with reconstructed venous outflow [28].

The application of these principles in our program was
necessarily ~ selective. ~ Although preoperative imaging and
intraoperative assessment in several cases demonstrated clear
indications for venous reconstruction, the unavailability of PTFE
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Parameter No venoplasty (n = 28) Venoplasty (n = 17) p-value
Hepatic artery thrombosis 1 (3.6%) 0 1.000
Hepatic artery stenosis 3 (10.7%) 1 (5.9%) 1.000
Splenic artery steal syndrome 3 (10.7%) 0 0.290
Portal vein thrombosis 1 (3.6%) 2 (11.8%) 0.546
Postoperative bleeding requiring relaparotomy 2 (7.1%) 0 0.525
Clinical features for small-for-size syndrome 3 (10.7%) 2 (11.8%) 1.000
Early biliary leak — overall 3 (10.7%) 10 (58.8%) 0.001
Early biliary leak — first 30 cases (1-30) 3/16 (18.8%) 9/14 (64.3%) 0.023
Early biliary leak — last 15 cases (31-45) 1/12 (8.3%) 0/3 1.000
Late biliary stricture 1 (3.6%) 1 (5.9%) 1.000
Number of bile duct orifices — mean + SD 1.8 £0.8 24+07 0.018
Number of biliary anastomoses — mean + SD 1.7 £ 0.7 24+ 06 0.006
Clavien-Dindo > IIIb 10 (35.7%) 9 (52.9%) 0.360
90-day mortality 3 (10.7%) 2 (11.8%) 1.000
Comprehensive complication index, median [IQR] 20.9 [0-39.8] 42.6 [26.2-66.3] 0.032
Patient actuarial survival 1/3 years 86.8%/82.8% 87.5%/81.2% 0.78
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FIGURE 5
The actuarial Kaplan—Meier overall patient survival curves stratified by performance of venoplasty.
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these made standard  reconstruction

technically impossible. Decisions were therefore individualized.

grafts in cases
Reconstruction was prioritized when volumetric analysis indicated
a substantial drainage territory, when diameters exceeded 5 mm, and
when the graft-to-recipient weight ratio approached the lower
acceptable threshold. When prosthetic material was unavailable,
methods These
reconstruction with the falciform ligament, the

alternative were  employed. included
recipient’s
umbilical vein, or spontaneously developed portosystemic shunts.
Such solutions reflect the adaptive strategies described in early LDLT
program development and demonstrate that acceptable venous
outflow can be achieved even in the absence of dedicated
vascular grafts.

An additional aspect that deserves consideration is the use of
venous patch augmentation, which is frequently employed in high-
volume transplant centers to facilitate creation of a wide and
congruent anastomotic surface. Patch reconstruction enlarges the
venous orifice, reduces the risk of anastomotic stenosis, and
improves the geometric alignment between the graft vein and the
recipient inferior vena cava. In many programs, homologous venous
patches obtained from deceased donors or synthetic prosthetic
patches are routinely applied [29]. In our series, patch venoplasty
was not performed because no deceased-donor venous patches were
available in our setting.

The most notable difference between the groups was the
higher crude incidence of early biliary leaks in patients who
underwent venoplasty (58.8% vs. 10.7%, p = 0.001). However,
this association was almost entirely confined to the initial phase
of the program and disappeared completely after technical
maturation. Of the 13 early biliary leaks, 12 (92.3%) occurred
within the first 30 cases (64.3% vs. 18.8% in the venoplasty and

no-venoplasty groups, respectively). In the most recent

15 consecutive LDLTs (cases 31-45), performed after
introduction of an ultrasonic cavitation aspirator (CUSA),
advanced liver retraction systems, and stricter donor

selection, only one early biliary leak was recorded in the
entire cohort (6.7%), and it occurred in the no-venoplasty
8.3%, p = 1.000). Multivariable logistic
regression confirmed that venoplasty was not an independent
risk factor for biliary leakage (adjusted OR 3.1, 95% CI 0.6-15.4,
p = 0.17). The only independent predictors were multiple bile
duct orifices (OR 4.9 per additional orifice, 95% CI 1.6-15.0, p =
0.005) which were significantly more common in grafts

group (0% vs.

requiring venous reconstruction and the early program period
(first 30 vs. last 15 cases: OR 24.8, 95% CI 2.7-227, p = 0.004).
These findings strongly indicate that the observed association
was driven by selection of anatomically complex donors and the
institutional learning curve rather than by the venous
reconstruction itself. In the mature phase of the program,
venoplasty was not associated with increased biliary
morbidity. Collectively, these factors, together with the
influence of the institutional learning curve [30], likely
affected the outcomes observed during the early development
of our program. Our biliary leak rates align with reported ranges
in emerging LDLT programs [31], and the rapid decline
demonstrates the impact of technical evolution.

A further challenge of the resource-limited setting was the
absence of liver

biopsy, which prevented histological
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differentiation of early postoperative dysfunction. Biopsy
remains the most reliable method to distinguish small-for-size
syndrome from acute rejection and sepsis-associated cholestasis
[32, 33]. In our series, clinical assessment depended on
biochemical trends, Doppler ultrasound, and advanced
imaging. Clinical suspicion of small for size syndrome was
documented in five recipients. Three of these patients
presented exclusively with high volume ascitic output during
the first ten postoperative days. Daily drainage volumes reached
up to four thousand milliliters and required replacement with
crystalloid solutions, albumin infusion, and prolonged
maintenance of abdominal drains. Two of these three patients
had a single venous anastomosis and relatively small grafts with
GRWRs of 0.7 and 1.1. The third patient with the same clinical
pattern had two venous anastomoses, specifically the right
hepatic vein and an inferior right hepatic vein, and a GRWR
1.1. The clinical pattern was consistent with the diagnostic
framework proposed by the ILTS consensus group [34, 35].
In another patient, uncontrolled hyperbilirubinemia initially
raised concern for outflow impairment, but the clinical course
ultimately revealed reactivation of autoimmune hepatitis, which
responded favorably to bortezomib [36]. This case underscores
the diagnostic uncertainty inherent in the absence of histological
confirmation. One female recipient with a GRWR of 0.9 and a
single venous outflow presented with uncontrolled
postoperative hyperbilirubinemia. Mechanical obstruction was
excluded by magnetic resonance cholangiopancreatography and
endoscopic retrograde cholangiopancreatography. The clinical
picture was interpreted as a combination of sepsis and acute
rejection. Due to limited resources, graft biopsy could not be
performed. On postoperative day five, the patient developed
ovarian apoplexy which required surgical intervention.
Postoperative infectious complications progressed, and the
patient ultimately died from sepsis.

The observation that clinical features suggestive of splenic
artery steal syndrome occurred only in grafts without venoplasty
should be interpreted cautiously. Given the retrospective design
and limited number of events, this finding is hypothesis-
generating and does not imply a causal protective effect of
venous reconstruction.

Donor morbidity was analyzed according to the Clavien-Dindo
classification. Overall, complications were predominantly minor
and managed conservatively. Wound seroma developed in two
donors and was treated with local measures. One donor
developed hospital-acquired pneumonia (Clavien-Dindo grade
II), which resolved with appropriate medical treatment. One
donor developed acute renal dysfunction during antibacterial
with

proteinuria, hematuria, peripheral edema, and pleural effusion.

prophylaxis sulperazone, presenting with oliguria,
Sulperazone was discontinued, and diuretic therapy was initiated,
resulting in complete recovery of renal function. Pleural effusion
occurred in two donors and required therapeutic thoracentesis. Two
donors developed postoperative bilomas that were successfully
managed with percutaneous drainage. In two additional cases of
bile leakage, surgical revision was necessary. One donor experienced
postoperative bleeding due to slippage of a clip from the inferior
vena cava, necessitating urgent reoperation. No donor mortality

occurred in this series.
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Comparison of our findings with the international literature
reveals considerable alignment. The functional importance of
anterior sector drainage, the necessity for detailed preoperative
three-dimensional venous mapping, and the contribution of
reconstructed middle hepatic vein tributaries to early graft
performance are all consistent with established evidence [17, 34].
Our results also emphasize that acceptable outcomes can be achieved
in a resource-constrained program when surgical planning is
meticulous and techniques are adapted to the available materials.
In cases with a high GRWR, the physiological reserve of the graft may
compensate for small unreconstructed venous branches, and
reconstruction is not always necessary or feasible. The frequent
need to substitute autologous or unconventional conduits for
synthetic or homologous grafts highlights the divergence between
theoretically optimal strategies and the realities of clinical practice in
a developing transplantation system.

Several limitations of the present study stem directly from the
context in which the program operates. The absence of a deceased
donor program precludes procurement and cryopreservation of
vascular conduits. The intermittent unavailability and high cost
of PTFE grafts restrict their use and limit uniformity of surgical
technique. The lack of biopsy capability complicates postoperative
diagnostic accuracy. In addition, the proportion of left lobe and left
lateral segment grafts was small. Also, donor selection during the
initial period was intentionally conservative, favoring anatomically
straightforward grafts with favorable GRWR, which may introduce
selection bias. In addition, the progressive accumulation of surgical
experience and technical refinements over time represent potential
confounding factors that may have influenced complication rates
independently of venous reconstruction strategy. Therefore,
subgroup comparisons should be interpreted cautiously. Despite
these limitations, this series represents the early developmental
phase of a national LDLT program and illustrates the feasibility
of venous outflow reconstruction under resource-constrained
conditions, while underscoring the importance of structured
program maturation and cautious interpretation of outcomes.

Conclusion

This study demonstrates that venous outflow reconstruction in
living donor liver transplantation can be successfully implemented
in a resource-limited setting during the early phase of program
development. In this cohort, autologous reconstruction techniques
provided satisfactory early and mid-term patency without evidence
of venous outflow-related graft loss.

Importantly, our experience indicates that clinical outcomes
were influenced not only by the reconstructive strategy itself but also
by progressive institutional learning, refinement of surgical
technique, and more selective donor assessment. The marked
reduction in biliary complications over time highlights the
critical role of programmatic maturation in determining results.

These findings suggest that, in emerging transplant programs,
structured technical standardization and accumulation of surgical
experience may be as important as the choice of venous
reconstruction method in achieving safe and reproducible
outcomes. Further studies with larger cohorts and longer follow-
up are required to confirm long-term durability.
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ABO-incompatible (ABOi) kidney transplantation carries a high risk of acute
antibody-mediated rejection due to the presence of isoagglutinins. To mitigate
this risk, current protocols recommend performing apheresis before
transplantation. Our objective was to evaluate outcomes in ABOi recipients
with low isoagglutinin titers, comparing those who did and did not undergo
pre-transplant apheresis. We conducted a multicenter study including recipients
of ABOi kidney transplants between 2012 and 2022. A total of 78 patients with
baseline isoagglutinin titers <1:8 were included; 41 received pre-transplant
apheresis, 37 did not. Patients who did not undergo apheresis had more
rejection episodes (p = 0.01), and a trend toward higher rates of delayed graft
function and antibody mediated rejection, which adversely impacted patient and
graft survival. At 3 years, event-free survival (death or graft loss) was 90% in the
apheresis versus 79% in the no-apheresis group (p = 0.02). In multivariable
analysis, factors associated with improved event-free survival included pre-
transplant apheresis (HR = 0.31, p = 0.049) while ABMR within the first month
was associated with poorer outcome (HR = 5.18, p = 0.0007). No differences
emerged regarding the occurrence of overall infections. These findings suggest
that apheresis should be systematically performed prior to ABOi transplantation,
regardless of baseline isoagglutinin titer.

KEYWORDS
ABO incompatible, antibody mediated rejection, apheresis, delayed graft function,
infections
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ABO-Incompatible Kidney Transplantation: Impact of Apheresis on Graft and Patient
Survival in Recipients with Low Isoagglutinin Titer

STUDY DESIGN

POST-TRANSPLANTATION OUTCOME

GRAFT AND PATIENT SURVIVAL
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GRAPHICAL ABSTRACT

Introduction

ABO-incompatible (ABOi) kidney has
expanded the living donor pool by overcoming the traditional

transplantation

limitations imposed by ABO blood group compatibility. This
strategy has become increasingly relevant in the context of organ
shortage and prolonged waiting times, particularly for recipients
with less common blood types. In addition to increasing access to
transplantation, ABOi kidney transplantation retains the inherent
advantages of living donation: elective surgery scheduling, better
immunological matching through donor selection, and shorter cold
ischemia times. Thanks to advances in immunosuppressive
strategies, ABOIi transplantation is now routinely performed in

many centers. Protocols typically include pre-transplant
rituximab ~ administration, and  extracorporeal  antibody
removal—via plasma exchange (PE) or immunoadsorption

(IA)—in patients with elevated isoagglutinin titers. Several studies
have documented favorable outcomes following ABO-incompatible
kidney transplantation, supporting the efficacy of contemporary
desensitization strategies [1, 2]. Nonetheless, these findings remain
debated, as two meta-analyses reported inferior graft survival in

Abbreviations: ABMR, antibody mediated rejection; APKD, autosomal
polycystic kidney disease; ATG, Anti Thymoglobulin; CTIN, chronic tubulo
interstitial nephropathy; DGF, Delayed Graft Function; DFPP, double filtration
plasmapheresis; DSA, donor specific antibody; eGFR, estimated glomerular
filtration rate; IA, immunoadsorption; IHG, Isohemagglutinin; MFI, mean
fluorescence intensity; PE, plasma exchange; TCMR, T cell mediated rejection.
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Poorer outcomes in the absence of
pre-transplant apheresis
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ABOi recipients compared with ABO-compatible controls [3, 4].
ABOi transplantation continues to represent a procedure with
substantial immunologic risk, primarily due to the potential for
early antibody-mediated rejection (ABMR) driven by anti-A and/or
anti-B antibodies, with a relative risk approaching four [4], and
occasionally manifesting as severe thrombotic microangiopathy [5].
The relationship between pre-transplant isoagglutinin titers and
rejection risk remains controversial: while several investigations
have demonstrated a positive correlation between higher titers
and increased incidence or severity of rejection [5], others have
found no such association [6, 7].

Although a target titer of <1:8 on the day of transplantation is
frequently used, this threshold varies across institutions. Moreover,
in patients with low baseline isoagglutinin levels, the role of
apheresis remains controversial. Indeed, despite their potential
immunological benefits, apheresis procedures are associated with
significant logistical, financial, and clinical burdens. These include
the need for central venous access, increased bleeding risk due to
coagulation factor depletion, and heightened infection risk. Some
studies have also reported higher 1-year mortality and infection rates
in ABOi recipients, likely linked to intensified immunosuppressive
protocols [1, 4]. Over the past decade, some centers have adopted
protocols that omit apheresis when pre-transplant isoagglutinin
titers are already below the target threshold, typically <1:8. In
this context, Masterson [8] reported the outcomes of 20 ABO-
incompatible kidney transplants performed at the Royal Melbourne
Hospital using a standard immunosuppressive regimen with
basiliximab induction but without rituximab nor pre-transplant
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apheresis, in patients with baseline anti-A and/or anti-B IgG
titers <1:16 confirmed by three independent techniques. Graft
survival at 3 years was 100%, with no significant impairment of
graft function. The incidence of ABMR was 5%, comparable to rates
reported  in  studies  where  isoagglutinin  depletion
protocols were used.

The aim of our study was to evaluate patient outcome as well as
graft and patient survival following ABOi kidney transplantation in
a French cohort, in patients with initial low isoagglutinin titers (<1:
8) according to whether or not pre-transplant apheresis was
performed. We also assessed the incidence of immunological and
infectious complications, to determine whether apheresis conferred

any benefit in this low-risk population.

Patients and methods

For this purpose, we conducted a multicenter retrospective
study involving recipients of ABO-incompatible (ABOi) living
donor kidney transplants. Participating centers included Necker
Hospital (Paris), Strasbourg University hospital, Rouen University
hospital, Nantes University hospital, and Bordeaux University
hospital. Ethical approval was granted from Bordeaux
institutional review board (CER-BDX 2025-338).

Study population

Eligible patients were all adults who underwent ABO
incompatible living donor kidney transplantation with a baseline
anti-A and/or anti-B IgG isoagglutinin titer <1:8. Transplants were
performed between October 2012 and December 2022. Follow-up
was completed until October 31, 2023.

Study design and objectives

Our objectives were to compare: i) graft and patient survival
-defined as survival free from graft loss or death-according to the use
or absence of pre-transplant apheresis in patients with low baseline
IgG isoagglutinin titers (<1:8); ii) the incidence of immunological
complications - ABMR, T cell-mediated rejection [TCMR],
borderline rejection- and iii) the occurrence of infectious
complications between groups. We also aimed to identify risk
factors associated with graft and patient survival.

Data collection

Clinical data were retrospectively extracted from medical
records—both paper and electronic—using local hospital systems:
Sined and DxCare (Strasbourg), Orbis (Necker), Sined (Rouen),
Millenium and DIVAT database (Nantes), DxCare and R@N
(Bordeaux). Isoagglutinin titers were provided by the French
Blood  Establishment (EFS). We
administration (date and dose),

recorded  rituximab
therapy (anti-

thymocyte globulin (ATG) or basiliximab), and maintenance

induction

immunosuppression  at  hospital  discharge  (tacrolimus,
cyclosporine, mycophenolate mofetil [MMF], corticosteroids).
The number and type of apheresis sessions (PE, IA, or double

filtration plasmapheresis [DFPP]) performed pre- and post-
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transplant were documented. The wuse of intravenous
immunoglobulin (IVIg) in the post-transplant period was also
recorded. Presence of preformed or de novo donor specific
antibodies (DSA) was recorded considering a MFI threshold of

1000 (Luminex assay, Lab. One lambda, in all centers).
Isoagglutinin titers

Anti-A and/or anti-B IgG and IgM titers were measured at
baseline (prior to desensitization), on the day before or the day of
transplantation (pre-transplant titer), and post-transplant at week 1,
month 1, month 3, and month 12, as well as at the time of any
suspected rejection. For final analysis, only IgG titers were
considered. Techniques used for isoagglutinin measurement
varied by center: tube hemagglutination at Necker, gel
hemagglutination at Rouen, Strasbourg, Bordeaux and Nantes.

Pre-transplant desensitization

Rituximab (a single dose of 375 mg/m?) was administered before
transplantation (day —30) in all but four patients, according to local
protocols. Apheresis sessions were performed according to local
procedures. It was systematically applied in Strasbourg (9 patients,
treated with 3 sessions) and in the majority of patients in Necker (24/
28 patients treated with 1-13 sessions; mean 3.3 sessions). In
contrast, apheresis was generally not used in Rouen (6/9 patients
without apheresis), Bordeaux (9/11 patients without apheresis), or
Nantes (15/18 patients without apheresis).

The apheresis techniques used were as follows: Glycorex
immunoadsorption (n = 5) and plasma exchange (n = 4) in
Strasbourg; plasma exchange in Necker (n = 23), except for one
patient with preformed DSA treated with immunoadsorption (IA);
plasma exchange in Bordeaux (n = 2) and Nantes (n = 3); and
immunoadsorption (IA, Globaffin®) in Rouen (n = 3). Additional
details
Supplementary Table S1.

regarding local procedures are provided in

Post-transplant follow-up

Delayed graft function (DGF) was defined as the need for at least
one dialysis session during the first post-transplant week. Follow-up
variables included serum creatinine and glomerular filtration rate
according to CKD EPI formula at 3, 12, and 36 months, graft
function status at end of follow-up, date of return to dialysis (if
applicable), patient death (date and cause: cardiovascular, oncologic,
or infectious), and biopsy-proven rejection episodes (classified
according to Banff criteria). The presence of de novo DSA,
including MFI and class, and isoagglutinin titer at the time of
rejection, were also recorded. ABMR was defined as follows:
immediate cortical necrosis consistent with hyperacute
rejection occurring within hours after transplantation, early
thrombotic histological

consistent with ABMR according to the Banff classification on

microangiopathy, or findings
graft biopsy performed later post-transplant. Early ABMR was
defined as ABMR rejection occurring during the first post-
transplant month.

For infectious complications, the type and date of each event
were collected. In cases of recurrent infections of the same type, only
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the first occurrence was dated. Events occurring after graft loss were
not included in the analysis.

Statistical analysis

All statistical analyses were performed using R software (version
4.3.2) and appropriate packages. Quantitative variables with a
symmetrical distribution were summarized as mean + standard
deviation (SD), while non-normally distributed quantitative
variables and ordinal data were presented as median [first
quartile; third quartile]. Categorical variables were expressed as
counts (percentage). A p-value <0.05 was considered statistically
significant. Group comparisons were conducted using Fisher’s exact
test for categorical variables and the Kruskal-Wallis test for
continuous variables. Survival analyses were performed using a
composite endpoint defined as “graft loss or patient death.”
Event-free survival was estimated using Kaplan-Meier curves,
and differences between groups were assessed with the log-rank
test. For the analysis of rejection events, cumulative incidence
functions were estimated using the Aalen-Johansen estimator,
accounting for graft loss or death as competing events. Between-
group comparisons were performed using Gray’s test. Risk factors
associated with ABMR, biopsy-proved rejection episodes (BPAR:
ABMR + TCMR), and a composite endpoint of graft loss or death
were investigated using Cox proportional hazards models. Cox
regression results are reported as hazard ratios (HR) with 95%
confidence intervals (95% CI). Comparisons of HRs to the null value
(HR = 1) were assessed using Wald tests. Explanatory variables were
first assessed in univariate analyses including all patients with
available data. A multivariable Cox model was then constructed,
incorporating variables that were statistically associated with the
outcome in univariate analysis and those considered clinically
relevant (p < 0.2). In addition, we performed a LASSO-Cox
regression to assess the association of the covariables with death
and graft failure. The regularization coefficient was selected using 5-
fold cross-validation as the one that optimized the C-statistics [REF
glmnet]. Stability of variable selection was assessed by bootstrapping
the whole procedure (1000 samples) then computing the proportion
of samples for which each variable was selected by the LASSO-Cox
regression.

Results
Patient characteristics

A total of 78 patients with baseline anti-A and/or anti-B IgG
isoagglutinin titers <1:8 were included (see characteristics in
Table 1). The cohort was predominantly male (69%). Preemptive
transplantation was performed in 45% of cases. Prior to
transplantation, 58% of patients (n = 45) were sensitized and 6
(7.7%) had also preformed DSA with a median sum of MFI of 1400
(range 1000-6500). Blood group O was the most common
among recipients (46%). Donors were predominantly female
(71%), with blood group A being the most frequent (63%),
followed by group B (26%) and AB (12%). The most common
donor-recipient combination was from a group A donor to a
group O recipient, accounting for 36% of cases. Most patients
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(94%) received anti-CD20 monoclonal antibody therapy prior to
transplantation.

Among the 41 patients (53%) who did undergo apheresis, PE
alone was most commonly used (n = 31), followed by IA (n = 6), and
a combination of PE and IA (n = 3). One patient received a
combination of PE and DFPP. On average, patients who
underwent apheresis received 3 sessions (range: 2-5). In
contrast, pre-transplant apheresis was not performed in
37 patients (47%).

The main baseline differences between patients who did and did
not undergo pre-transplant apheresis are summarized in Table 1. Of
note, one of the 37 patients with a baseline IgG <1:8 who did not
undergo apheresis showed an increase in IgG titer to 1:16 on the day
of transplantation. Briefly, patients in the no-apheresis group were
less often treated with IVIG and MMF (p < 0.01 and
0.046 respectively).

Post transplant outcome

In the whole cohort, patient survival after transplantation was
99.5% at 1 year, 97% at 3 years, and 95.5% at 5 years and graft
survival was 94.3% at 1 year, 90% at 3 years, and 86% at 5 years.

A total of eight patients experienced delayed graft function and
one patient displayed primary non-function (Table 2). Only
4 patients showed a IHG rebound (defined as a post-transplant
IgG titer >1:16) in the first post-transplant month. During follow-
up, we recorded 22 rejection episodes which occurred in 21 patients,
including 14 ABMR, 3 TCMR, and 5 borderline rejections. Among
them, 7 patients developed early acute ABMR, most cases occurring
immediately after transplantation. Their
described in Supplementary Table S2. During follow up,

characteristics are

11 patients developed de novo DSA, after a median delay of
15.3 months (range 0.5-83 months). Cumulative incidence of
ABMR was 12% at 1 year, and 19% at 3 and 5 years (Figure 1A).
Ten patients lost their graft (see Supplementary Table S3) and
6 died. Median follow-up time after transplantation was
4.29 years [2.22, 6.72].

Comparison of outcomes according to pre-transplant apheresis
status is shown in Table 2. In the group without apheresis, one
patient experienced graft loss due to cortical necrosis at the time of
transplantation, and four patients developed hyperacute rejection
with thrombotic microangiopathy. Consistent with these findings,
there was a trend toward a higher incidence of DGF in patients who
did not receive apheresis compared to those who did (19% vs. 5%,
p =0.077). In 5 out of 8 patients with DGF (four in the no-apheresis
group and one in the apheresis group), DGF was attributed to
thrombotic microangiopathy and/or hyperacute rejection. The
evolution of isoagglutinin titers during the first post-
transplantation year according to the groups is depicted in
Supplementary Figure S1 and showed a rebound in 3 patients of
the apheresis group and 1 in the no-apheresis group. Post transplant
apheresis were performed in 5 patients of each group, according to
local center procedures, due to isoagglutinin rebound (n = 3) and/or
rejection episodes (n = 7).

Rejections episodes were more frequent in the no-apheresis
group (40.5% vs. 14.6%, p = 0.01). Early ABMR episodes were also
more frequent in the no-apheresis group (14% vs. 4.9%), although

the difference did not reach statistical significance (p = 0.25). Of
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TABLE 1 Baseline characteristics of 78 kidney transplantation recipients with a baseline isoagglutinin titers <1:8 and comparison between groups according to
pre-transplant apheresis sessions. Mean + SD, median [IQR], number (%).

Variables Total cohort n = 78 Patients with apheresis n = 41 Patients without
apheresis n = 37
Recipient age (year) 50.37 + 13.8 50.04 = 13.81 50.73 + 13.98 0.83
Recipient sex (M/F) 54 (69%)/24(31%) 29 (71%)/12 (29%) 25 (68%)/12 (32%) 0.81
Nephropathy 0.45
CTIN 30 (38%) 17 (41%) 13 (35%)
Glomerulopathy 22 (28%) 10 (24%) 12 (32%)
APKD 14 (18%) 8 (20%) 6 (16%)
Vascular nephropathy 7 (9%) 2 (5%) 5 (14%)
Other 5 (6.4%) 4 (10%) 1 (3%)
Preemptive transplantation (yes/no) 35 (45%)/43(55%) 17 (41%)/24 (59%) 18 (49%)/19 (51%) 0.65
Graft rank 0.22
1 65 (83%) 35 (85%) 30 (81%)
2 or more 13 (16.6%) 6 (15%) 7 (19%)
Preformed DSA (yes/no) 6 (7.7%)/72(92.3) 4 (9.7%)/37 (90.3%) 2 (5.4%)/35 (94.6%) 0.68
Blood type incompatibility 0.76
A>B 21 (27%) 12 (29%) 9 (24%)
A>0 28 (36%) 17 (41%) 11 (30%)
AB > A 6 (7.7%) 3 (7%) 3 (8%)
AB > B 3 (3.8%) 1 (2%) 2 (5%)
B>A 12 (15%) 5 (12%) 7 (19%)
B>0O 8 (10%) 3 (7%) 5 (14%)
Rituximab (yes/no) 73 (94%)/5(6.4%) 40 (98%)/1 (2.4%) 33 (89%)/4 (11%) 0.18
Baseline IHG titer 0.18
0 or 1:1 20 (25.6%) 7 (17%) 13 (35.1%)
1:2 or 1:4 37 (47.4%) 21 (51.2%) 16 (43.2%)
1:8 21 (26.9%) 13 (31.7%) 8 (21.6%)
Pre transplant apheresis
PE 31 (40%) 31 (40%) —
IA 6 (7.7%) 6 (7.7%) —
IA + PE 3 (3.8%) 3 (3.8%) —
PE + DFPP 1 (1.3%) 1 (1.3%) -
Pre transplant apheresis number 3 (2, 5] 31[2,5] —
Pre transplant IA number (n = 9) 3 (2, 5] 31[2,5] —
Pre transplant PE number (n = 35) 3 (1, 5] 3[1,5] —
IHG titer at time of transplantation 0.19
0 or 1:1 34 (43.5%) 22 (53.6%) 12 (32.4%)
1:2 or 1:4 29 (31.2%) 12 (29.3%) 17 (45.9%)
1:8 13 (17%) 6 (14.6%) 7 (18.9%)
1:16 1 (1.3%) 0 (0%) 1 (3%)
Missing data 1 (1.3%) 1 (2.4%) —
Donor sex (M/F) 23 (29%)/55(71%) 12 (29%)/29 (71%) 11(30%)/26 (70%) 1
(Continued)
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TABLE 1 Continued

Variables Total cohort n = 78 Patients with apheresis n = 41 Patients without

apheresis n = 37
Donor age (year) 53.95 + 12.23 54.2 £ 1151 53.68 + 13.14 0.85
Donor GFR (mL/min) 94.68 + 1331 92.79 + 13.28 96.76 + 1321 0.19
Induction: basiliximab/ATG 34 (44%)/44(56%) 27 (66%)/14 (34%) 17 (46%)/20 (54%) 0.11
CNI: Tacrolimus/Cyclosporine 76 (97%)/2(2.6%) 39 (95%)/2 (5%) 37 (100%)/0 (0%) 0.49
MMF (yes/no) 74 (95%)/4(5.1%) 41 (100%)/0 (0%) 33 (89%)/4 (11%) 0.046
IVIg (yes/no) 26 (33%)/52(67%) 21 (51%)/20 (49%) 5 (14%)/32 (86%) 0.00062

CTIN, chronic tubulo interstitial nephropathy; APKD, autosomal Polycystic Kidney Disease; DSA, donor specific antibodies; PE, plasma exchange; TA: immunoadsorption; DFPP, double
filtration plasmapheresis; GFR, glomerular filtration rate; IHG, Isohemagglutinin (IgG only); ATG, Anti-Thymocyte Globulin; CNI, calcineurin inhibitor; MMF, mycophenolate mofetil; IVIg,
Intravenous Immunoglobulin.

*comparisons between groups with or without apheresis.

TABLE 2 Post transplantation outcome of the whole population, and in the 2 groups of patients, according to pretransplant apheresis sessions. Median [IQR],
number (%).

Variables Total Cohort, Patients with apheresis, Patients without apheresis,
n=78 n =41 n=37
DGF or primary non function 0.077
No 69 (88%) 39 (95%) 30 (81%)
Yes 9 (12%)$ 2 (5%) 7 (19%)$
Post transplant apheresis 0.24
none 65 (83.3%) 33 (80.5%) 32 (86%)
PE 10 (16.7%) 5 (12.2%) 5 (14%)
Missing data 3 (3.9%) 3 (7.3%) 0
Number of post-transplant PE sessions 5 [3; 5] 5 [3; 5] 4 (2 5] 0.67
IHG titer >1:16 during the first month post- 4/68 (5.9%) 3/37 (8.1%) 1/31 (3.2%) 0.39
transplant (%)
De novo donor-specific antibody 11 (14.1%) 6 (14.6%) 5 (13.5%) 0.88
At least one rejection (yes/no) 21(26.9%)/57(73.1%) 6(14.6%)/35 (85.4%) 15(40.5%)/22(59.5) 0.01
ABMR (yes/no) 14 (17%)/65(83%) 4 (9.8%)/37 (90%) 10 (27%)/27 (73%) 0.075
Including early ABMR (Yes/No) 7 (9%)/71 (91%) 2 (4.9%)/39 (95%) 5 (14%)/32 (86%) 0.25
TCMR (yes/no) 3 (3.8%)/75(96%) 1 (2.4%)/40 (98%) 2 (5.4%)/35 (95%) 0.6
Borderline rejection (yes/no) 5 (6.4%)/73(94%) 1 ((2.4%)/40 (97.6%) 4 (10.8%)/33 (89.2%) 0.18
Graft failure (yes/no) 10 (13%)/68(87%) 3 (7.3%)/38 (93%) 7 (19%)/30 (81%) 0.18
Death (yes/no) 6 (7.7%)/72(92%) 1** (2.4%)/40 (98%) 50 (14%)/32 (86%) 0.096

DGF, delayed graft function; PE, plasma exchange; ABMR, Antibody Mediated Rejection; Early ABMR, ABMR, rejection occurring during the first post-transplant month; TCMR, T-cell
Mediated Rejection.

°1 patient with primary non function.

*comparisons between groups with or without apheresis.

**from neoplasia.

1 from cardiovascular cause (heart rhythm disorder), 1 from infectious cause (pneumocystis) and 3 due to neoplasia.

note, one of the two early ABMR episodes in the apheresis group ~ ABMR episodes in patients who did not receive apheresis (p =
occurred in a patient with high preformed donor-specific antibodies ~ 0.073, Figure 1B). Evolution of glomerular filtration rate in both
(DSA) with a cumulated MFI >6000. Kaplan-Meier analysis  group during the study is depicted in Figure 2 and was not different
similarly demonstrated a trend toward a higher incidence of  between groups.
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FIGURE 1

(A) Cumulative incidence of ABMR in the whole cohort (n = 71) (B) Antibody mediated rejection cumulative incidence according to pre-transplant
apheresis status. Patients who did not undergo apheresis had a trend toward more ABMR episodes (p = 0.073, log-rank test). Patients with apheresis, n =
41, red curve and patients without pretransplant apheresis, n = 37, blue curve.
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Evolution of eDFG (CKD EPI formula) in the 3 post-transplant

compared to the no-apheresis group (blue plots).

years, in patients with a functioning graft, in apheresis group (red plots)
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FIGURE 3

Event-free survival (graft survival and patient survival) according

to pre-transplant apheresis status. Patients who did not undergo
apheresis had significantly lower event-free survival (p = 0.021, log-
rank test). Patients with apheresis, n = 41, red curve and patients
without pretransplant apheresis, n = 37, blue curve.

Patient and graft survival

A significant difference in event-free survival—defined as
survival free from graft loss or all-cause mortality—was observed
comparing patients who underwent pre-transplant apheresis and
those who did not (p = 0.021), with inferior outcomes in the no-
apheresis group (Figure 3). At 3 years, event-free survival (death or
graft loss) was 90% in the apheresis group and 79% in the no-
apheresis group. At 5 years, it was 86% in the apheresis group and
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apheresis, n = 20, blue curve.
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(A) Event-free survival stratified by induction therapy. Thymoglobulin was associated with significantly better outcomes compared to Basiliximab;
Basiliximab, n = 34, red curve and ATG, n = 44, blue curve. (B) Event-free survival by combined stratification of pre-transplant apheresis and induction
regimen. The subgroup receiving both apheresis and thymoglobulin induction showed the highest survival rates (p = 0.026, log-rank test): ATG +
apheresis, n = 27 green curve; ATG without apheresis, n = 17, purple curve; Basiliximab + apheresis, n = 14, red curve; and Basiliximab without

68% in the no-apheresis group. When event-free survival was
analyzed according to baseline THG titer strata, no significant
differences were observed between groups (Supplementary Figure
S2). Subsequent analysis based on the induction regimen revealed
that patients receiving thymoglobulin (n = 44) demonstrated
superior event-free survival compared to those treated with
Basiliximab (n = 34) (Figure 4A). When stratifying both
apheresis status and induction therapy, the subgroup receiving
pre-transplant apheresis in combination with thymoglobulin
induction exhibited the most favorable p =
0.026) (Figure 4B).

When death and graft loss were analyzed separately, a higher

outcome

number of events was observed in the group that did not
undergo pre-transplant apheresis, but these differences did
not reach statistical significance (p = 0.07 for mortality and
p = 0.19 for graft loss, Supplementary Figure S3). Precise causes
of graft loss are provided in Supplementary Table S3. When
comparing outcomes based on induction therapy, graft loss was
significantly less frequent among patients who received
thymoglobulin compared to those who received basiliximab
(p = 0.012, Supplementary Figure S4), while no significant
difference was observed in mortality between the two groups
(p = 0.61, data not shown).

Factors associated with patient and graft
survival and rejection episodes (AMR
and BPAR)

Factors significantly associated with improved patient and graft
survival in univariate analysis were the use of pre-transplant
apheresis (HR = 0.28, 95% CI 0.091-0.89, p = 0.03) and
thymoglobulin induction therapy (HR = 0.28, 95% CI
0.096-0.81, p = 0.019). Conversely, delayed graft function and
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early ABMR were linked to an increased risk of graft loss and
patient death (HR = 3.3, 95% CI 1.1-10, p = 0.041 and HR = 6.9,
95% CI 2.1-22, p = 0.0012, respectively). The presence of
preformed donor-specific antibodies was not statistically
associated with outcomes in this cohort. These findings are
summarized in Table 3. In multivariable Cox regression
analysis, apheresis was  independently
associated with improved patient and graft survival (HR =
0.31, 95% CI 0.10-0.99, p = 0.049). Conversely, the
occurrence of early ABMR (within the first month post-
transplant) was significantly associated with an increased risk
of patient death and graft loss (HR = 5.18 95% CI 1.58-17.01, p =
0.0007). These results are summarized in Table 4. The variables
selected by the LASSO model corroborate those identified in the
multivariate Cox model (Supplementary Figure S5).

Regarding rejection episodes, we observed a trend toward an

pre-transplant

association between pre-transplant apheresis and ABMR or BPAR
(p = 0.08 and 0.09, respectively), in both univariate and multivariate
analyses (Supplementary Tables S4, S5).

Infections

No differences were observed between groups with or without
pre-transplant apheresis considering occurrence of all infections.
The probability of viral, bacterial and fungal infections at 1- and 3-
year post-transplantation according to apheresis group are described
in Table 5. There were more fungal or parasitic infections in the no
apheresis group (p = 0.047) —1 microsporidiosis vs. 2 pneumocystis
pneumonia, 2 candidiases and 3 cryptosporidioses-, and a trend
toward a higher incidence of CMV infection among patients who
underwent apheresis (p =
Presumed BKV nephropathy incidence was not different between

0.056; Supplementary Figure S6).

the two groups.
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TABLE 3 Factors associated with event free survival (graft survival and patient survival) in 78 kidney transplant recipients with low (<1:8) IHG in univariate

analysis.

Variables HR CI95 p
Recipient age 1 [0.97; 1] 0.81
Recipient sex (F vs. M) 0.47 [0.13; 1.6] 0.24
Preemptive transplantation (yes vs. no) 0.35 [0.099; 1.2] 0.10
First graft (yes vs. no) 1.87 [0.42; 8.3] 0.41
A to O transplantation (vs. other incompatibilities) 1.56 [0.58; 4.2] 0.38
Sensitized (yes vs. no) 0.64 [0.23; 1.8] 0.40
Preformed DSA (yes vs. no) 2.49 [0.56; 11.09] 0.23
Rituximab (yes vs. no) 0.36 [0.08; 1.6] 0.18
Pre transplant apheresis (yes vs. no) 0.28 [0.091; 0.89] 0.03
Donor age 1 [0.96; 1] 0.93
Donor sex (F vs. M) 3 [0.69; 13] 0.14
Donor eGFR 1.02 [0.99; 1.1] 0.18
IgG at DO

<1:8 ref. - -

>1:8 0.63 [0.14; 2.8] 0.54
Induction (ATG vs. basiliximab) 0.28 [0.096; 0.81] 0.019
DGF (Yes vs. No) 33 [1.1; 10] 0.041
Early ABMR (yes vs. no) 6.9 [2.1; 22] 0.0012

CTIN: chronic tubulo-interstitial nephropathy; APKD, autosomal polycystic Kidney Disease; eGFR, estimated Glomerular Filtration Rate; ATG, anti thymoglobulin; DGF, delayed graft
function; PNF, primary non function; ABMR, antibody mediated rejection; DSA, donor specific antibodies; D0, day of kidney transplantation.

TABLE 4 Multivariate analysis of factors associated with event free survival
(graft survival and patient survival) in 78 kidney transplant recipients with
low IHG (IgG<1:8).

Covariable HR CI95 p

Preemptive transplantation 0.30 [0.08; 1.07] 0.064
Pre transplant apheresis 0.31 [0.10; 0.99] 0.049
Early ABMR 5.18 [1.58; 17.01] 0.0007

Early ABMR , antibody mediated rejection in the first post transplant month.

Discussion

This multicenter French study examined the outcomes of
78 ABO-incompatible kidney transplant recipients with baseline
anti-A and/or anti-B IgG titers <1:8, over a median follow-up of
4 years. In this cohort, both patient and graft survival rates were
excellent, with patient survival at 99.5% at 1 year, 97% at 3 years, and
95.5% at 5 years, and graft survival at 94.3% at 1 year, 90% at 3 years,
and 86% at 5 years. However, patients who did not undergo pre-
transplant apheresis had poorer outcomes, with lower event-free
survival (defined as survival free from graft loss or death), a higher
rate of rejection, and a trend toward higher rates of DGF and ABMR.

Opverall, patient and graft survival in our cohort appears higher
than that reported in studies including ABO-incompatible
transplant recipients regardless of baseline isoagglutinin titers. In
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the study by Montgomery et al. [9], patient survival was 93.7% at
3 years and 88.3% at 5 years, while in the cohort reported by Barnett
et al. [10], 1- and 3-year survival rates were 94.5% and 91.9%,
respectively. In contrast, our results align with a single-center study
from Spain [11], which included 57 patients with low baseline
isoagglutinin titers (<1:16), of whom 50% did not undergo pre-
transplant apheresis. In that study, patient survival was 100% at both
1 and 5 years, and graft survival was 90% at both time points.
However, patients in that cohort were younger and less sensitized
than those in our study.

In our cohort, patients who did not undergo pre-transplant
apheresis had poorer outcomes compared to those who did, with
reduced event-free survival and a marked trend toward higher
ABMR incidence. We observed one case of primary non-function
due to cortical necrosis in the no-apheresis group, and six additional
early ABMR episodes with thrombotic microangiopathy (TMA)
within the first month, of which four occurred in the no-apheresis
group. It should also be emphasized that the two groups were not
fully comparable, as patients in the no-apheresis group generally
received less intensive immunosuppression, including lower use of
rituximab, MMF, and ATG induction therapy.

Studies investigating ABO-incompatible kidney transplantation
without pre-transplant apheresis in patients with low isoagglutinin
titers have also reported cases of hyperacute rejection. Shinoda et al.
[12] described one episode of hyperacute rejection with TMA and
thrombosis among 35 patients without apheresis. In the study by
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TABLE 5 Probability of infections occurrence at 1- and 3-year post-transplantation according to pre transplant apheresis or not.

Infection Apheresis group (n = 41) No apheresis group (n = 37)

Any infection 058
1 year 42 [26, 57] 32 [18, 48]
3 years 59 [40, 74] 53 [35, 68]

Any viral infection 012
1 year 24 [11, 38] 14 [4.8, 27]
3 years 37 [21, 53] 23 [10, 38]

Presumptive BKV nephropathy 0-39
1 year 16 [6.3, 29] 11 [3.4, 23]
3 years 19 [8.2, 33] 11 [3.4, 23]

CMV disease 0.17
1 year 0 0
3 years 0 5.7 [0.99, 17]

CMV infection 0056
1 year 21 [9.5, 35] 2.7 [0.2, 12]
3 years 23 [11, 38] 8.2 [2.1, 20]

Viral pneumonia 0.086
1 year 5.2 [0.9, 15] 2.7 (0.2, 12]
3 years 12 [3.5, 25] 59 [1, 17]

Norovirus 052
1 year 2.6 [0.2, 12] 0
3 years 5.7 [0.98, 17] 3.2 0.22, 14]

Any bacterial infection 083
1 year 23 [11, 38] 22 [10, 36]
3 years 37 [21, 53] 39 [23, 55]

Bacterial pneumonia 072
1 year 24 [0.18, 11] 2.7 0.2, 12]
3 years 8.6 [2.1, 21] 8.6 [2.1, 21]

Pyelonephritis 089
1 year 18 (7.9, 32] 19 [8.2, 33]
3 years 18 [7.9, 32] 31 [16, 46]

Bacteriemia 0.14
1 year 7.8 [2, 19] 2.7 0.2, 12]
3 years 15 [5.1, 29] 5.5 [0.96, 16]

Any fungal or parasitic infection 0.047
1 year 0 5.4 [0.94, 16]

(Continued)
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Infection Apheresis group (n = 41) No apheresis group (n
3 years 0 11 [3.5, 24]

Invasive fungal infection (excluding pneumocystosis) 015
1 year 0 2.7 [0.2, 12]
3 years 0 2.7 (0.2, 12]

Parasitic infection 0.31
1 year 0 0
3 years 3 [0.22, 14] 5.9 [1.17]

Pneumocystis infection 032
1 year 0 2.7 [0.2, 12]
3 years 0 2.7 (0.2, 12]

[Confidence interval 95%].
Between-group comparisons were performed using Gray’s test.

Masterson [8], one hyperacute rejection with TMA was reported
among 20 ABOi transplantations performed without apheresis,
although the graft was successfully salvaged by post-transplant
apheresis. Nevertheless, these rare events did not result in
statistically significant differences in graft survival across most
studies. For instance, the Japanese study by Kawamura [13]
compared ABOi transplants without apheresis to historical ABO-
compatible transplants in a pediatric population with baseline
isoagglutinin titers <1:64. Rituximab was administered at 100 mg
twice, and induction therapy was done with basiliximab. No
differences in patient survival, graft survival, or rejection rates
were observed.

In these studies, basiliximab induction was used, and the
potential benefit of depleting induction therapy in reducing the
risk of rejection was not evaluated. In our cohort, the subgroup of
patients who received both pre-transplant apheresis and ATG
induction had the most favorable outcomes and the lowest
incidence of graft loss. The benefit of a depletant induction in
this context was also underlined in a recent study from
Netherlands [14]. Of course, this must be weighed against the
theoretical increased risk of infectious and neoplastic
complications associated with such intensive immunosuppression.

In our cohort, univariate analysis identified depleting induction
therapy and pre-transplant apheresis as factors associated with
improved patient and graft survival, while the occurrence of
hyperacute or acute ABMR was, as expected, associated with
poorer outcomes. The association between DGF and worse
prognosis is likely explained by the high frequency of ABMR
with thrombotic microangiopathy, which contributed to DGF in
most cases. In multivariable analysis, pre-transplant apheresis and
early rejection remained independently associated with event-free
survival, supporting the potential role of pre-transplant apheresis in
reducing the risk of very early immunologic or thrombotic events.

The “protective” role of apheresis in reducing the risk of acute
ABMR and improving graft survival in patients with low baseline
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isoagglutinin titers remains a matter of debate. One hypothesis is that
hemagglutination-based assays, commonly used to measure antibody
levels, may lack sufficient sensitivity or specificity to accurately reflect
the true antibody burden. In the UK, centers showed up to a five-
dilution titer difference in National External Quality Assessment
Scheme data comparing in-house techniques across laboratories.
This finding highlights significant variability, where a single titer
result could be interpreted as low in some centers and high in
others [15]. Moreover, blood groups A and B are classified into six
ABH subtypes. Using an ABH-glycan microarray, studies have
reported a poor correlation between haemagglutination IgG titers
against A red blood cells and IgG binding to individual subtypes I
through VI. Since the subtype II antigen is predominantly expressed on
renal vascular endothelium, identifying IgG binding specifically to
subtype II may be more clinically relevant [16]. Finally, the respective
roles of immune (IgG) and non-immune (IgM) isoagglutinin in the
pathogenesis of rejection are not clearly defined [6], and only IgG titers
were used in our final analysis. Interestingly, in our cohort, 39 out of
46 patients with available baseline IgM data also had titers <1:8, and six
of the seven patients with IgM titers >1:8 received pre-transplant
apheresis. Notably, the single patient with an IgM titer of 1:32 who did
not receive apheresis developed cortical necrosis and primary non-
function, likely due to hyperacute rejection.

Regarding infectious risk, we did not observe major differences
in the overall incidence of infections between the groups, although
there was more fungal or parasitic infections in the no apheresis
group and a clear trend toward higher CMV viremia rates in the
apheresis group. No differences were observed in the occurrence of
BK virus nephropathy. Theoretically, apheresis may contribute to
immunosuppression by inducing hypogammaglobulinemia and
hypocomplementemia, due to the non-selective nature of the
technique. In a French retrospective study, 72.7% of ABO-
incompatible kidney transplant recipients experienced infectious
complications compared to 47.7% of ABO-compatible recipients
[17]. Such differences were also reported in the literature with an
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increased incidence of wound infection, pneumonia, and urinary
tract infection [18], and an increased rate of BK virus and CMV
viremia in ABO-incompatible transplant recipients [19, 20].
Importantly, some of these infectious risks can be effectively
managed with antiviral or antibiotic therapies and should not
constitute a contraindication to apheresis.

Our study has several limitations. It is a retrospective analysis, and
with
immunosuppressive regimens varying at the discretion of clinicians.

each transplant center applied its own protocol,
Unfortunately, donor blood group A subtyping was not available in our
centers, as this test was not part of standard clinical practice in France
during the study period. Graft biopsies were interpreted according to
the Banff classification in use at the time they were performed and were
not centrally reviewed, introducing potential observer-related
interpretation  bias. Furthermore, isoagglutinin measurement
techniques differed across centers. In the study by Zhou et al. [21],
tube hemagglutination (used in one center in our cohort) consistently
yielded lower dilution titers than gel hemagglutination, which was used
in the other centers. Finally, despite the multicenter design, the sample
size remains limited, and the number of events of interest was low,
which may explain the lack of statistical significance in patient and graft
survival outcomes when analyzed independently.

Whether outcomes in low-titer recipients differ from those
observed in higher-titer ABOi patients undergoing standard
desensitization  remains  uncertain, and the respective
contributions of baseline isoagglutinin levels and pre-transplant
conditioning cannot be disentangled in our study. As data on
high-titer recipients were not available in our dataset, dedicated

comparative studies are needed to address this question.

Conclusion

In this multicenter French cohort of ABO-incompatible kidney
transplant recipients with low baseline anti-A and/or anti-B IgG
titers (<1:8), we observed excellent overall patient and graft survival
highlighting  the feasibility —of ABO-incompatible
transplantation in this selected population. However, the absence

rates,

of pre-transplant apheresis was associated with lower event-free
survival, and a trend toward a higher incidence of early ABMR.
Our findings suggest that even in patients with low baseline
isoagglutinin titers, pre-transplant apheresis may provide additional
immunological protection, potentially mitigating the risk of hyperacute
or early ABMR. Nevertheless, this potential benefit must be weighed
against the risk of infectious and neoplastic complications associated
with intensified immunosuppression, particularly in patients also
receiving depleting induction therapy. Until more sensitive and
reliable assays for isoagglutinin measurement are available, it should
be reasonable to consider apheresis in all ABO-incompatible recipients,
regardless of baseline titer, to ensure optimal graft outcomes.
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The ongoing shortage of kidney donations increases pressure to optimize utility
and equity in kidney allocation; simulation models allow evaluation of policy
changes before implementation. Using data from the German national transplant
registry (19,517 kidney transplants), human leukocyte antigen (HLA) information
from the German bone marrow donor registry, and the Eurotransplant database,
we developed a discrete time simulation model that reconstructs the current
German kidney allocation process. To validate the model, we simulated the period
from 2006 to 2017 and compared simulated and historical outputs. Waiting list
size, numbers of removals and transplants, age distributions, HLA mismatch
counts, and predicted long-term survival were highly similar to historic data,
indicating solid calibration. As an exemplary application for the allocation model,
we explored the effects of omitting the European Senior Program (ESP) from
Eurotransplant kidney allocation. This alleviated disparities in waiting time for
younger adults and slightly improved overall transplant survival rates, but it
worsened access to transplantation for older patients. In conclusion, this
discrete time simulation model provides a tool for assessing policy trade-offs
on a variety of outcomes before clinical implementation. Further work is needed
to generalize the model to the full Eurotransplant area.

KEYWORDS
discrete time simulation, Eurotransplant, Germany, kidney allocation, simulated
allocation models

Introduction

Patients with kidney failure face long waiting times for deceased donor kidneys. In
Germany, waiting times in the Eurotransplant (ET) Kidney Allocation System (ETKAS)
have increased since 2006 [1], currently reaching a median of around 9 years [2]. Despite
kidney transplantation being the most effective treatment in terms of patient mortality and
quality of life [3], the persistent scarcity of organs poses a major challenge for allocation.

The ET allocation program for deceased donor kidneys consists primarily of two distinct
sub-programs: the ETKAS and the European Senior Program (ESP). In ETKAS, kidneys are
allocated between donors and recipients younger than 65 years. Allocation is based on a
scoring system, according to the following attributes: pediatric status, medical urgency,
mismatch probability, human leukocyte antigen (HLA)-A, -B, -DR mismatches, waiting
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time, distance between donor- and transplant center, and national
kidney exchange balance [4]. In case of imminent lack of access for
dialysis a high urgency status can be requested. Pediatric patients till
the age of 18 receive bonus points [4]. Organs from donors aged
65 or older are primarily allocated to recipients aged 65 years or
older through the ESP. It aims to minimize cold ischemia time by
prioritizing local and regional allocation. Ranking is based on
urgency and waiting time, without considering HLA mismatches
(except for unacceptable antigens) [4].

Within the ET network—one of the world’s largest organ
exchange organizations [5]—balancing equity and utility remains
of utmost importance [1]. Among other challenges, the rigid age
thresholds for the ESP and pediatric bonus in Germany have led to
age-related disparities in waiting times [1, 6]. Additionally, various
proposals have been made to modify the HLA mismatching
policy [7-12].

The current allocation algorithm was largely shaped by
simulations conducted by Wujciak and Opelz in 1993 [13,
14]. An article published by ET in 1998 stated that “[...] any
introduction of a change must be preceded by a computer
simulation study [...]” [15]. Since then, however, simulation
efforts and changes to the allocation system within the ET area
have been rare. With the exception of the model of Niemann
et al., which focused exclusively on the feasibility of epitope
matching within ETKAS [10], existing models fail to account for
the evolving dynamics of transplant activity and waiting lists

Abbreviations: AM, Acceptable Mismatch; DSO, German Organ Procurement
Organization (Deutsche Stiftung Organspende); DKMS, German bone marrow
donor registry; ESP, European Senior Program; ET, Eurotransplant; ETKAS,
Eurotransplant Kidney Allocation System; HLA, Human Leukocyte Antigen;
IQR, Interquartile Range; vPRA, virtual Panel Reactive Antibodies.
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[16], or are tailored to targeted regional allocation programs
[17]. In other regions, simulation models have been used more
frequently and have facilitated changes to the allocation system.
Examples can be found in France [18] and particularly in the
United States with the “Kidney-pancreas simulated allocation
model” (KPSAM) [19] and its predecessor the United Network
for Organ Sharing Kidney Allocation Model (UKAM) [20]. All
these models are tailored to specific regional policies and cannot
easily be transferred to other allocation systems [16, 17].

The unavailability of simulation models tailored to the ET
region has impeded changes to the allocation rules.

While a simulation model for kidney allocation within the
ET area is currently under development [21], different
modelling approaches help ensure that conclusions about
allocation strategies are robust and not overly dependent on a
single method or dataset. Our study addresses this gap by
developing an independent, dynamic simulation model for
ET-based kidney The
calibrated using German registry data and offers an adaptable

transplant allocation. model is

tool for evaluating allocation strategies.

Materials and methods

Data

The model was developed using several complementary data
sources. The German national transplant registry served as the
primary source [22]. Data derived from the registry were cross-
validated against annual reports published by ET and the
German Organ Procurement Organization (Deutsche Stiftung
Organspende, DSO) [23, 24]. Data on HLA allele and haplotype
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frequencies were derived from published sources based on data
from the German bone marrow donor registry (DKMS) [25, 26].
The kidney offer acceptance behavior of transplant centers was
modeled on ET data.

The German national transplant registry [22] is an anonymized,
retrospective  dataset than 52,000
transplantations performed in Germany from January 1, 2006, to

on more solid organ
January 1, 2017. After this, the registry has been maintained
prospectively; the quality of the reported data
completeness has concomitantly declined significantly [1, 27].

however,

Given these limitations, we chose to use only the retrospective
portion of the dataset. The registry includes information sourced
from transplant centers, ET, and the DSO.

Patients transplanted with other organs than kidneys were
excluded (6%, n = 1.688). For the waiting list, all patients co-
listed on the pancreas waiting or liver waiting list were also

Transplant International

3.425). En-bloc kidney
annual

excluded from the analysis (8%, n =
transplantations—approximately 1%  of kidney

transplants—were counted as a single transplanted kidney.
Discrete time simulation

We modeled allocation using a discrete time simulation, where
time advances in fixed increments rather than in response to events
(as opposed to discrete event simulation).

Step sizes of 1/365, 1/36, 1/12 of a year, and 1 year were explored.
No single increment size optimized all outcomes simultaneously.
Smaller step sizes increased computational time, while larger ones
reduced temporal precision. A step size of 1/36 of a year (=10 days)
provided a robust overall balance. The qualitative behavior of the
model remained consistent across all step sizes, indicating that the
simulation is not very sensitive to this choice.
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The general model workflow is presented in Figure 1 (and in
more detail in Supplementary Figure S1). Rare or highly complex
processes were simplified to balance model stability and to focus on
the core allocation dynamics.

Initialization

The simulation begins with a predefined waiting list,
encompassing all kidney transplant candidates listed in the
German national transplant registry as of January 1, 2006.

Each candidate on the initial waiting list has the following
attributes: age, time since waiting list registration, time since
start of dialysis, blood group, HLA type, DSO region, candidate
status (transplantable or not transplantable), latest percentage
of virtual Panel Reactive Antibodies (VPRA) (the term
utilized by Eurotransplant for calculated PRA) and latest
unacceptable antigens.

Missing HLA entries are imputed by resampling from HLA
haplotype frequencies (see SDC Methods, HLA Types).

Synthetic candidate generation

Newly registered candidates are periodically added to the
waiting list. Their attributes are generated in two stages.

Core demographic and immunologic attributes

Age at registration, blood group, and DSO region are
independently resampled from the preprocessed kidney waiting
list of the German national transplant registry (see SDC Methods
for details), while HLA types are sampled independently from
population HLA haplotype frequencies (see SDC Methods,
HLA type).

Potential correlations between age at registration, DSO
region, and blood group were evaluated using chi-squared,
Kruskal-Wallis, eta-squared tests; all
detected associations were weak. Given the limited strength

Cramér’s V, and

of these associations and the focus on preserving the key

marginal  distributions, independent resampling was

considered an appropriate approach.

Conditionally generated clinical and immunological
attributes

Conditional on the core attributes, the following attributes
are generated:

Dialysis to registration time, using age-stratified Gaussian kernel
density estimation (see SDC Methods, Dialysis to Waiting list
registration time).

Unacceptable antigens and vPRAs are sampled from empirical
VvPRA strata and filtered to avoid inconsistency with candidate’s
HLA type (see SDC Methods, vPRA).

Assigned allocation relevant and dynamic
attributes

Each candidate-whether part of the initial cohort or
synthetically added-is assigned the following attributes: ET
allocation program (ETKAS or ESP), living donor donation
probability, mismatch probability points, DSO subregion (see
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SDC Methods for details) and predicted time for removal from
the waiting list (derived from a Cox proportional hazards model; see
SDC Methods, Removal Model). Candidate status within the model
can take four states: transplantable, not transplantable, living donor
transplanted, or removed.

Living donor donations are predicted for candidates who have
been on the waiting list for less than 1 year, using age-specific
probabilities derived from observed living donor donation rates in
5-year age groups (Supplementary Figure S2A; see SDC Methods,
Living Donor Probability).

Whether a candidate is currently considered transplantable or
not is determined using a multistate recurrent event framework,
with transition probabilities estimated via the Aalen-Johansen
SDC Methods,

estimator (Supplementary Figure S3; see

Transplant Status).
Donor attributes

Organ donors are added based on the annual number of
transplanted deceased donor kidneys (Supplementary Table S1).
Donor attributes include age, blood group, HLA type, DSO region,
and subregion. Except for HLA types, all donor attributes are
independently resampled from historical deceased donor kidney
donations in the registry (see SDC Methods for details). HLA types
are resampled from published estimated four loci haplotype
frequencies derived from the DKMS [25] (see SDC Methods,
HLA Types).

Allocation

At each discrete simulation step, newly introduced donor organs
are allocated to transplantable candidates on the waiting list.
Allocation follows the ET allocation rules, which were modified
in parts for simplification (Supplementary Figure S4; see SDC
Methods, Allocation). Organ offer acceptance is simulated by a
piecewise logistic regression model incorporating key predictors of
acceptance, with vPRA, recipient age, donor age, years on dialysis
and the number of HLA mismatches (see SDC Methods, Organ
Acceptance; Supplementary Tables S2, S3). Organs that cannot be
matched within a given step are removed from the model.

Time progress and removal from waiting list

After allocation, the simulation time advances by the
predefined step size. The model then checks whether a
candidate should be removed from the waiting list based on
his/her simulated generated from a Cox
proportional hazards model with a parametric baseline hazard,

survival time,

estimated using natural cubic splines with four knots, placed at
equally spaced time points, fitted to the German national registry
data (Supplementary Figure S5). Left censoring was applied to
candidates registered before January 1, 2006, and transplantation
events were treated as right-censoring. Proportional hazards
assumptions were evaluated using Schoenfeld residual-based
tests and graphical diagnostics implemented in the Iifelines
package. Observed violations in the dialysis to registration time
were addressed through square-root transformation and age
effects were handled using age-stratified baseline hazards.
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Removal times are simulated using inverse hazard sampling as
adapted from Bender et al. [28] (see SDC Methods, Removal Model).

Relisting is approximated by reintroducing candidates as newly
generated individuals, which is considered by including relisted
candidates in the sampling space and the total count of new
registrations.

After each time step, new synthetic candidates are added to
the waiting list according to the specified annual number of
new registrations (Supplementary Table S4), which were
steps. The
pre-defined number of

evenly distributed across time simulation

continues until a steps has

been reached.
Verification and validation

Before building the model, we validated the registry data
through consistency checks, outlier detection and comparison to
annual published reports by ET and the DSO [23, 24]. For model
verification, we employed trace analysis (following individual
simulated cases to ensure logical progression), testing under
extreme and degenerate conditions, examining input-output
relationships, and reprogramming critical components to cross-
check results [29]. Reprogramming was applied in particular for
the removal prediction component.

For model validation, we employed face validity (assessment by
clinical experts), internal validity (evaluating stability of results
across repeated simulations), analysis of input-output
relationships, and graphical comparisons of simulated outcomes

with registry data [29].
“ESP omitted” scenario

To demonstrate how different allocation strategies could be
simulated by the model, we compared the current allocation rules
with an alternative model that omitted ESP. Both simulations were
run five times. The simulations covered the period from January 1,
2006, to January 1, 2017. In the “ESP omitted” scenario, organ
allocation was performed exclusively through ETKAS. For
simulating organ acceptance from donors aged >65 years, we
applied the odds ratios from ETKAS. This assumption reflects
current ETKAS practice, in which kidneys from older donors
allocated through
parameters remained unchanged.

may be rescue mechanisms. All other

Software

Data processing and preparation were performed in R (version
4.5.0) [30], using the packages tidyverse (version 2.0.0) [31] and
survival (version 3.8-3) [32] among others
(Supplementary Table S5).

The simulation model was implemented in Python (version
3.11) using Mesa (version 2.2.4) [33], NumPy (version 1.26.3) [34],
pandas (version 2.1.4) [35], SciPy (version 1.11.4) [36], and lifelines
(version 0.28.0) [37] among others (Supplementary Table S5).
Parallel processing (via Python’s multiprocessing module) was
used to reduce the total running time.

All code for model simulation is openly available on Github

(https://github.com/na55imK/kidney_dtsim).
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Statistics

The model was run five times. For comparison between
scenarios, the identical sequence of random numbers was used
across different scenarios (common random numbers). Outcomes
were reported as the median of these five runs and the minimum
and maximum.

Results
Model validation

By January 1, 2017, the simulation showed 19,517 transplants
[min-max; 19,516-19,517], matching the registry [19,517] (median
deviation 0.00%).

The median number of candidates on the waiting list was
11,828 [11,758-11,963] at the end of the simulation period, while
11,722 were recorded in the registry (median deviation 0.90%). The
number of transplantable candidates differed slightly more, with a
model median of 7,948 [7,874-8,029] versus 7,502 in the registry
(median deviation 5.95%). The cumulative number of candidates
who left the waiting list due to death or deteriorated health status
was slightly underestimated by the model, with a deviation
of —3.45% (model median 7,461 [7,356-7,506]; registry 7,728).
Kaplan-Meier curves for waiting list removals generated by the
model closely resembled those from the registry (Supplementary
Figure S6). Living donor donations showed a deviation of 0.37%
(model median 7,090 [7,031-7,204]; registry 7,064) (Figure 2).

Visual inspection of dialysis-to-transplant time (Figure 3A) and
waiting list-to-transplant time (Supplementary Figure S7A) showed
good alignment between the combined model runs and historical
data, clearly separating the following groups: pediatric, 18-64 years,
and 65 years and older. The median dialysis-to-transplant time was
6.95 years [IQR 4.12-8.73] in the model and 5.81 years [IQR
3.27-7.91] in the registry (Supplementary Table S6). The model
demonstrated good stability across individual runs (Supplementary
Figures S7C,D).

The distribution of recipient age at transplant showed the
characteristic peak [1] at around 65 years. Recipients aged
65 years and pediatric recipients were slightly overrepresented
in the model, whereas recipients aged older than 65 years were
slightly underrepresented (Figure 3B). The median recipient age
for ETKAS was 51 years [IQR 42-59] in the model and 51 years
[IQR 42-59] in the registry. For the ESP, the median recipient
age was 68 years [IQR 66-71] in the model and 68 years [IQR
66-71] in the registry (Table 1). The age gap (recipient age -
donor age) was aligned well between model and registry data
(Table 1; Supplementary Figure S7B).

Distribution of HLA mismatches in the model showed a similar
pattern to that observed in the registry for ESP and ETKAS
recipients (Table 1; Figure 3C).

Validity of the sub model for post-transplant risk prediction
(published by Coemans et al. [38]) was evaluated by comparing
model-predicted survival with outcomes observed in the transplant
registry. The registry data showed a steeper decline in the Kaplan-
Meier curve for dialysis-free survival probability, particularly within
the first 2.5 years after transplantation, with both curves converging
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at approximately 10 years post-transplant (Figure 3D), indicating
long-term post-transplant risk profiles generated by the model were
similar to those observed in the registry data. Overall survival
showed a similar pattern (Supplementary Figure S8A). Graft
survival ~probability, estimated using an Aalen-Johansen
estimator, also showed an initially steeper decline followed by a

slower decline (Supplementary Figure S8B).
Simulated impact of omitting ESP

At the end of the simulation period, the median number of patients
on the waiting list was slightly lower in the “ESP omitted” model with
11,180 [11,040-11,214] patients compared to the “no changes” model
with 11,828 [11,758-11,963] patients. Similarly, the median number of
transplantable patients was lower in the “ESP omitted” model
(7,400 [7,337-7475]) than in the “no changes” model
(7,948 [7,874-8,029]). These differences were driven by a higher
number of candidates leaving the waiting list due to death or
permanent unfitness for transplantation in the “ESP omitted” model
(8,072 [8,017-8,260]) compared to the “no changes” model
(7,461 [7,356-7,506]) (Figure 4A). There was little variation in the
number of transplantations, as the model was constructed exclusively
using the characteristics and quantities of transplanted organs.

Omitting ESP resulted in the disappearance of the spike at age
65 among organ recipients (Figure 4B). In addition, better overall
minimization of HLA mismatches was observed (Figure 4C;
Supplementary Table S7), e.g., zero mismatch allocation increased
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FIGURE 2
Comparison of waiting list dynamics and transplantations between the discrete time simulation and the data from the German national transplant
registry. Median percentage deviation of the discrete time simulation from the German national transplant registry is shown as of January 1, 2017, with bars
indicating the minimum and maximum. Living donor transplanted, removed patients, and transplanted patients show the cumulative count since January
1, 2006. Abbreviations: Pts, patients; Diff, difference.

from 15.4% [15.0%-15.8%] to 19.4% [19.1%-19.8%)] and 6/6 mismatch
allocation decreased from 3.8% [3.7%-3.8%] to 0.2% [0.2%-0.3%]
(Supplementary Table S7). In the “ESP omitted” model, 16.1% [16.0%—
16.5%] of organs were transplanted into recipients aged 65 years and
older, compared to 28.7% [28.4%-29.0%] in the “no changes” model
(Supplementary Table S7). Dialysis-to-transplant time increased for
recipients aged 65 years and older when ESP was omitted, with a
median of 6.97 years [IQR 5.35-8.32], compared to 4.33 years [IQR
2.67-6.63] in the “no changes” model. Among recipients aged
18-64 years, the median waiting time decreased modestly (“ESP
omitted”: 7.17 years [IQR 5.67-8.42]; “no changes™: 7.86 years [IQR
6.20-9.20]) (Figure 4D; Supplementary Figure S9A).

When ESP was omitted, recipients were on average younger
relative to their donors, with a median age difference of -3 years
[IQR -16-10], compared to —1 year [IQR -10-8] in the “no changes”
model (Supplementary Table S7; Supplementary Figure S9B).
Regional organ allocation decreased slightly in the “ESP omitted”
model, with a median of 81.8% [81.5%-82.1%], compared to 85.6%
[85.0%-85.6%] in the “no changes” model. Despite this shift, the
distribution of organ recipients across regions remained nearly
unchanged (Supplementary Table S7).

The median predicted 10-year cumulative incidence of the
composite outcome of graft failure or death was 46.4% [IQR
46.4%-46.4%] in the “ESP omitted” model compared with 48.1%
[IQR 47.7%-48.1%] in the “no changes” model (Figure 4E). The 10-
year cumulative incidence of death with a functioning graft was
likewise lower in the “ESP omitted” model, with 24.3% [IQR 24.2%-
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FIGURE 3
Proof of model reliability through comparison of multiple measures with historical data from the German national transplant registry (A) Dialysis to
transplant time in years for all transplanted patients is plotted against age at transplantation in years. Every dot corresponds to one transplantation. For the
discrete time simulation model, data were pooled from five independent model runs. (B) Recipient age at transplantation distribution grouped into one-
year bins. For the simulation, the median across five model runs is shown, with black bars representing the minimum and maximum. (C) Distribution
of HLA ABDR mismatches, shown as the percentage of transplants for each mismatch count. For the simulation, the median across five model runs is
shown, with black bars indicating the minimum and maximum. Data are displayed separately for transplants in the ETKAS and the ESP. (D) Dialysis free
survival probability is displayed. The observed dialysis free survival from the registry data is shown as a Kaplan-Meier survival curve. Predicted survival was
simulated using a Royston-Parmar model published by Coemans et al., once using data from the transplant registry and once using data from the five runs
of the model. Abbreviations: ESP, European Senior Program; ETKAS, Eurotransplant Kidney Allocation System; HLA, Human Leukocyte Antigen.

24.4%], compared to 28.3% [IQR 28.1%-28.3%] in the “no changes”
model (Supplementary Figure S10C). In contrast, the predicted 10-
year cumulative incidence of graft failure alone was slightly higher in
the “ESP omitted” model with 28.2% [IQR 28.0%-28.2%], compared
to 27.7% [IQR 27.5%-27.7%] (Supplementary Figure S9E).

Discussion

We developed a novel patient-level simulation model based on the
ET kidney allocation algorithm. More than 35,000 patient-level entries
from the German transplant registry were utilized, supplemented by
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data from DKMS and ET. The model incorporates multiple stochastic
sub models to simulate key aspects of the transplant process, including
candidate listing status, waiting list removal, organ acceptance, and
post-transplant risk. Over an 11-year simulation period, the model
closely reproduced observed dynamics in waiting list size,
transplantation rates, and patient removals. While a brief burn-in
period was observed—particularly in the number of transplantable
candidates during the first two years—the model demonstrated high
concordance with the observed patient, donor, and match
characteristics.

We demonstrated the model’s adaptability and capacity by
simulating a policy scenario in which the ESP was omitted. This
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TABLE 1 Comparison of model outcomes with data from German national transplant registry.

10.3389/1i.2026.16189

Characteristic Transplant Registry Model
AM ESP ETKAS ESP ETKAS
N = 526 N = 4,765 N = 14,209 N = 23,494 N = 74,090
Age gap 1(-9, 12) =3 (-7,1) 0 (-10, 10) -3 (-7,0) 0 (-11, 12)
Unknown 169 0 1,564
Age donor 49 (40, 57) 72 (68, 75) 51 (42, 58) 71 (68, 75) 51 (42, 58)
Unknown 169 0 1,564
Age recipient 48 (40, 56) 68 (66, 71) 51 (42, 59) 68 (66, 71) 51 (42, 59)
Recipient age group
<18 1.5% 0.0% 5.1% 6.4% [6.1%6.5%]
18-64 92.0% 0.0% 88.6% 87.6% [87.5%-87.7%)
>65 6.5% 100.0% 6.3% 100.0% [100.0%-100.0%] 6.1% [5.8%-6.3%]
Donor age group
<18 2.8% 0.0% 4.5% 4.4% [4.0%-4.5%]
18-64 96.9% 0.0% 90.0% 89.8% [89.6%-90.7%]
>65 0.3% 100.0% 5.4% 100.0% [100.0%-100.0%] 5.8% [5.1%-6.2%]
Unknown 169 0 1,564
Recipient blood group
A 45.4% 44.6% 45.2% 45.4% [44.7%-46.4%) 43.5% [43.2%-43.8%]
AB 5.5% 3.8% 6.6% 2.6% [2.5%-2.9%] 5.7% [5.3%-5.9%]
B 13.9% 11.6% 12.1% 9.5% [9.1%-9.9%] 11.9% [11.7%-11.9%]
¢} 35.2% 40.0% 36.1% 42.2% [41.6%-43.0%] 39.1% [38.4%-39.3%)
Donor blood group
A 30.3% 43.0% 44.8% 45.4% [44.7%-46.4%) 43.5% [43.2%-43.8%]
AB 0.0% 2.5% 6.0% 2.6% [2.5%-2.9%] 5.7% [5.3%-5.9%]
B 3.9% 10.7% 11.7% 9.5% [9.1%-9.9%] 11.9% [11.7%-11.9%]
(¢} 65.8% 43.8% 37.6% 42.2% [41.6%-43.0%] 39.1% [38.4%-39.3%)
Unknown 169 0 1,564
VPRA
0% 6.1% 90.5% 82.6% 89.4% [89.1%-89.9%) 83.7% [83.5%-83.9%)
>0%-<85% 17.7% 8.7% 15.0% 9.6% [9.2%-10.1%] 12.6% [12.5%-12.9%]
>85% 76.2% 0.8% 2.3% 1.0% [0.9%-1.1%] 3.7% [3.5%-3.7%]
HLA ABDR mismatches
0 10.5% 0.3% 18.3% 0.1% [0.0%-0.1%] 20.3% [19.8%-20.8%]
1 21.9% 1.6% 7.0% 0.8% [0.8%-0.9%] 7.6% [7.4%-7.7%]
2 38.6% 7.0% 24.1% 4.6% [4.5%-5.0%] 27.6% [27.3%-28.2%)
3 24.8% 17.4% 30.9% 16.0% [15.5%-16.3%] 30.9% [30.2%-32.0%]
4 4.3% 28.4% 13.7% 31.0% [29.7%-32.0%] 10.9% [10.4%-11.5%]
5 0.0% 31.4% 4.6% 33.2% [32.0%-33.8%] 2.0% [2.0%-2.1%]
6 0.0% 13.9% 1.3% 14.6% [14.3%-14.9%] 0.3% [0.3%-0.4%)
Unknown 316 1,914 6,614
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TABLE 1 Continued

Characteristic

Transplant Registry

10.3389/1i.2026.16189

AM ESP ETKAS ETKAS
N = 526 \| N = 14,209 N = 74,090

Recipient region
Baden-Wiirttemberg 11.8% 10.7% 10.7% 10.6% [10.2%-11.1%) 11.2% [11.1%-11.5%)
Bayern 10.2% 14.8% 15.1% 15.0% [14.5%-15.7%)] 15.3% [14.9%-15.7%)]
Mitte 13.4% 12.4% 13.7% 12.4% [11.5%-12.5%] 12.2% [11.8%-12.3%]
Nord 17.7% 16.5% 15.9% 16.9% [16.5%-17.4%) 16.7% [16.5%-16.8%)
Nord-Ost 11.4% 10.2% 9.1% 11.3% [10.9%-11.4%) 11.3% [10.9%-11.4%)
Nordrhein-Westfalen 23.2% 22.3% 24.2% 23.2% [23.0%-23.2%] 21.7% [21.2%-21.7%]
Ost 12.4% 13.1% 11.4% 10.6% [10.5%-11.5%)] 11.9% [11.6%-12.1%)]
Unknown 17 23 161

Donor region
Baden-Wiirttemberg 13.4% 11.0% 11.3% 10.6% [10.2%-11.1%) 11.6% [11.4%-11.7%)
Bayern 16.5% 14.7% 15.7% 15.0% [14.5%-15.7%) 15.7% [15.4%-16.1%)
Mitte 11.6% 10.9% 12.2% 12.4% [11.5%-12.5%] 11.7% [11.3%-12.2%]
Nord 19.7% 17.1% 16.2% 16.9% [16.5%-17.4%) 16.6% [16.5%-16.8%)
Nord-Ost 10.9% 11.7% 11.2% 11.3% [10.9%-11.4%) 11.3% [11.0%-11.4%)
Nordrhein-Westfalen 18.3% 22.6% 20.8% 23.2% [23.0%-23.2%] 20.2% [19.8%-20.5%]
Ost 9.5% 12.1% 12.6% 10.6% [10.5%-11.5%) 12.8% [12.5%-13.3%)
Unknown 242 3 2,294

Donor location relative to recipient
Abroad 46.0% 0.1% 16.1%
Home country 46.4% 9.8% 23.5% 19.1% [18.9%-19.7%)]
Regional 7.6% 90.2% 60.5% 100.0% [100.0%-100.0%] 80.9% [80.3%-81.1%]

For the model, N equals the number of cases across all pooled simulations.

For continuous variables, the median (IQR) is calculated across all pooled simulations. For categorical variables, the percentage is first calculated within each model run, and then the median

[min./max.] across model runs is reported.

Abbreviations: AM, acceptable mismatch; ESP, european senior program; ETKAS, eurotransplant kidney allocation system; HLA, human leukocyte antigen; vPRA, virtual Panel Reactive

Antibodies.

scenario highlighted the ESP’s role for candidates aged over 65, as its
removal resulted in increased waiting times in this age group and
higher waiting list removals.

Allocation simulation models are inherently system-specific, as
they are designed to replicate the rules, and constraints of a given
allocation system. As applied in this study, calibration using historical
data and validation by comparison with observed system behavior
are standard approaches in this field [10, 17, 29, 39-42].

Despite the recognized value of simulated allocation models, few
exist for the ET area. Existing models show notable limitations. One
model simulates the matching process at a more or less static time point
[16], restricting its ability to assess changes in waiting list dynamics or
transplant activity over time. Another model focuses on a small
population within a kidney exchange program [17]. The model by
Niemann et al. [10] explores the feasibility of epitope matching within
ETKAS, offering a broader scope but excluding the ESP, which accounts
for approximately one-quarter of kidney transplants in the region.
Unlike the Niemann model, our simulations also incorporate living
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donor transplants, which were not part of their framework. In Niemann
et al [10] candidate characteristics were drawn from the 2015 ET annual
report, with random waiting list removals and organ acceptance fixed at
a 10% probability. In contrast, our model is fitted to patient-level data
and incorporates stochastic submodels for waiting list removals and
organ acceptance, allowing a more dynamic and realistic simulation.
Compared to the ETKidney simulator [21] - a discrete event simulation
model currently under development and based directly on data from
ET-our model does not require complete longitudinal datasets. It
requires patient level data only for the initial waiting list, while all
other inputs can be provided as summary statistics or empirical lists
(e.g- list of donor ages or HLA types), facilitating flexible adjustment of
model parameters and enabling exploration of future allocation
dynamics through extrapolated input parameters; additionally, these
inputs can be shared with minimal privacy concerns. The ETKidney
Simulator [21] also does not consider living donor transplants.
Validation over more than a decade enables assessment of long-
term impacts, whereas most published models cover 4 years or less
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FIGURE 4
Scenario analysis of omitting the ESP. Two different scenarios were compared; simulation of the Eurotransplant allocation rules, as currently in place
("no changes”), and simulation of a scenario where only the ETKAS rules are used for allocation ("ESP omitted"). (A) Evolution of the waiting list and the
number of transplantations over the simulated time frame. Median percentage deviation of the "ESP omitted” scenario from the "no changes” scenario is
shown as of January 1, 2017. Living donor transplanted, removed patients, and transplanted patients show the cumulative count since January 1,
2006. (B) Age distribution of transplant recipients. Age was grouped into one-year bins. The median across five model runs per scenario is displayed, with
black bars indicating the minimum and maximum. (C) Distribution of HLA ABDR mismatches, displayed as the percentage of transplants by mismatch
count. The median across five model runs per scenario is displayed, with black bars indicating the minimum and maximum. (D) Boxplot of dialysis to
transplant time, stratified by recipient age group across both scenarios. (E) Boxplot of predicted 10-year cumulative incidence of graft failure or death
across both scenarios. Cumulative incidences were simulated based on a Royston-Parmar model published by Coemans et al. [38]. Abbreviations: Pts,
patients; Diff, difference; ESP, European Senior Program; ETKAS, Eurotransplant Kidney Allocation System; HLA, Human Leukocyte Antigen.

[10, 40] or rely on static designs [16]. Despite operating at the

patient-level, our model remains computationally efficient,
completing in under an hour on a personal computer.

All simulation models require explicit assumptions about system
behavior, reflecting an inherent trade-off between capturing sufficient

complexity and maintaining robustness. When a model becomes too
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complex, the reliability of scenario analyses can be reduced, as it limits
how confidently results can be generalized to different settings.
Accordingly, several simplifications were made during development.
The Acceptable Mismatch (AM) program was not implemented, as it
accounted for only 2.7% (n = 526) of transplantations between
2006 and 2017; these candidates were instead allocated through
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ETKAS and ESP. Similarly, “high urgent” status was not implemented
(n = 332, 1.7% of transplants). Multiorgan transplants were also not
implemented. Candidates listed for multiple organs would have
different model behavior (e.g., in acceptance, waiting list survival
etc.), making the model far more complex with limited benefit for
the study objectives.

Model accuracy is impaired for subgroups with limited
available data, such as very old or very young candidates and
donors. It could be expanded, with available data, to other
countries in the ET region and the time after 2016. Direct
application of the model to allocation systems outside the ET
region is limited, but the methodological framework is transferable
and can be adapted to other regions. Improvements of the model
could be made with better data regarding HLA types, vPRAs and
follow-up, which are currently limited in quality in the German
national transplant registry.

In conclusion, our work enables policymakers to assess both
system-level and individual consequences, such as shifts in transplant
rates, waiting list dynamics, or post-transplant risks, before
implementing changes in practice. It also offers the opportunity to
retrospectively reassess past policy decisions in the ET-area. Moreover,
the simulator could estimate the impact of changing external conditions,
such as an aging society, declining or rising donor rates.

Data availability statement

The datasets presented in this article are not readily available
because the registry data analyzed in this study contains
anonymized, patient-level information and therefore cannot be
made publicly available. Access may be granted by the German
national transplant registry upon reasonable request. Aggregated
model input data and the simulation model are publicly available at
https://github.com/na55imK/kidney_dtsim. Requests to access the
datasets should be directed to https://transplantations-register.de.

Ethics statement

Ethical approval was not required for the study involving
humans in accordance with the local legislation and institutional
requirements. Written informed consent to participate in this study
was not required from the participants or the participants’ legal
guardians/next of kin in accordance with the national legislation and
the institutional requirements.

Author contributions

NK, FS-H, MC, HF, BK, MZ, MN, RS, KS, DR, and ML
participated in research design. NK and FS-H wrote the
manuscript. NK, MC, and HF performed the statistical analyses.

References

1. Kolbrink B, Kakavand N, Voran JC, Zacharias HU, Rahmel A, Vogelaar S, et al.
Allocation rules and age-dependent waiting times for kidney transplantation. Deutsches
Arzteblatt International (2024) 121:559-65. doi:10.3238/arztebl.m2024.0137

Transplant International

10.3389/ti.2026.16189

All authors contributed to the article and approved the
submitted version.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. FS-H and BK are supported by the
Medical Faculty of the Christian-Albrechts-University Kiel. MN is
supported by The Research Foundation Flanders (FWO) as senior
clinical investigator (1844024N) and with a project grant
(G038024N), and by a grant from the KU Leuven Research
Council (C2M/24/057). MC holds an FWO fellowship
grant (12D6423N).

Conflict of interest

FS-H reports receiving lecturing fees and travel support from
AstraZeneca GmbH, Chiesi GmbH and Lilly Deutschland GmbH.

The remaining author(s) declared that this work was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Correction note

A correction has been made to this article. Details can be found
at: 10.3389/1i.2026.17122.

Generative Al statement

The author(s) declared that generative AI was used in the
creation of this manuscript. The authors used ChatGPT 5.2
(OpenAl) for proofreading sections of the manuscript and
assistance during model development

(interpreting  error

messages, suggesting  alternative code  structures, and
documentation). All suggestions were critically evaluated, tested,
and revised by the authors.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontierspartnerships.org/articles/10.3389/ti.2026.
16189/full#supplementary-material

2. Zecher D, Tieken I, Wadewitz ], Zeman F, Rahmel A, Banas B. Regional differences in
waiting times for kidney transplantation in Germany. Dtsch Arztebl Int (2023) 120(23):
393-9. doi:10.3238/arztebl.m2023.0098

Published by Frontiers
European Society for Organ Transplantation


https://github.com/na55imK/kidney_dtsim
https://transplantations-register.de
https://doi.org/10.3389/ti.2026.17122
https://www.frontierspartnerships.org/articles/10.3389/ti.2026.16189/full#supplementary-material
https://www.frontierspartnerships.org/articles/10.3389/ti.2026.16189/full#supplementary-material
https://doi.org/10.3238/arztebl.m2024.0137
https://doi.org/10.3238/arztebl.m2023.0098
https://doi.org/10.3389/ti.2026.16189

Kakavand et al.

3. Tonelli M, Wiebe N, Knoll G, Bello A, Browne S, Jadhav D, et al. Systematic review:
Kidney transplantation compared with dialysis in clinically relevant outcomes. Am
J Transplant (2011) 11(10):2093-109. doi:10.1111/j.1600-6143.2011.03686.x

4. Eurotransplant Manual - version 2025. 2: chapter 4 (2025). Available online at:
https://www.eurotransplant.org/wp-content/uploads/2025/03/H4-Kidney-2025.2-
March-2025.pdf. (Accessed April 7, 2025).

5. Eurotransplant. Annual report 2023. Available online at: https://www.eurotransplant.
org/wp-content/uploads/2024/06/ETP_AR2023_LowRes.pdf (Accessed April 8, 2025).

6. Echterdiek F, Heemann U. Allokation von Nieren im Zeitalter des Organmangels in
Deutschland. Nephrologie (2023) 18(2):72-7. doi:10.1007/s11560-022-00627-1

7. Doxiadis IIN, Smits JMA, Persijn GG, Frei U, Claas FHJ. It takes six to boogie:
allocating cadaver kidneys in eurotransplant. Transplantation (2004) 77(4):615-7.
doi:10.1097/01.TP.0000103725.72023.D7

8. Fijter J, Dreyer G, Mallat M, Budde K, Pratschke J, Klempnauer J, et al. A paired-
kidney allocation study found superior survival with HLA-DR compatible kidney
transplants in the eurotransplant Senior program. Kidney Int (2023) 104(3):552-61.
doi:10.1016/j.kint.2023.05.025

9. Halleck F, Khadzhynov D, Liefeldt L, Schrezenmeier E, Lehner L, Duerr M, et al.
Immunologic outcome in elderly kidney transplant recipients: is it time for HLA-DR
matching? Nephrol Dial Transplant (2016) 31(12):2143-9. doi:10.1093/ndt/gfw248

10. Niemann M, Lachmann N, Geneugelijk K, Spierings E. Computational
eurotransplant kidney allocation simulations demonstrate the feasibility and benefit
of T-cell epitope matching. PLOS Comput Biol (2021) 17(7):¢1009248. doi:10.1371/
journal.pcbi.1009248

11. Duquesnoy R]. Are we ready for epitope-based HLA matching in clinical organ
transplantation? Transplantation (2017) 101(8):1755-65. doi:10.1097/TP.0000000000001667

12. Tambur AR, Kosmoliaptsis V, Claas FHJ, Mannon RB, Nickerson P, Naesens M.
Significance of HLA-DQ in kidney transplantation: time to reevaluate human leukocyte
antigen-matching priorities to improve transplant outcomes? An expert review and
recommendations. Kidney Int (2021) 100(5):1012-22. doi:10.1016/j.kint.2021.06.026

13. Wujciak T, Opelz G. Computer analysis of cadaver kidney allocation procedures.
Transplantation (1993) 55(3):516-21.

14. Wujciak T, Opelz G. A proposal for improved cadaver kidney allocation.
Transplantation (1993) 56(6):1513-7. doi:10.1097/00007890-199312000-00044

15. De Meester J, Persijn GG, Wujciak T, Opelz G, Vanrenterghem Y, Foundation for the EL
The new eurotransplant kidney allocation system1: report one year after implementation.
Transplantation (1998) 66(9):1154-9. doi:10.1097/00007890-199811150-00007

16. Lima BA, Henriques TS, Alves H. Kidney allocation rules simulator. Transpl
Immunol (2022) 72:101578. doi:10.1016/j.trim.2022.101578

17. de Klerk M, Kal-van Gestel JA, van de Wetering J, Kho ML, Middel-de Sterke S,
Betjes MGH, et al. Creating options for difficult-to-match kidney transplant candidates.
Transplantation (2021) 105(1):240-8. doi:10.1097/TP.0000000000003203

18. Jacquelinet C, Audry B, Golbreich C, Antoine C, Rebibou JM, Claquin J, et al.
Changing kidney allocation policy in France: the value of simulation. AMIA Annu Symp
Proc (2006) 374-8.

19. Stegall MD, Stock PG, Andreoni K, Friedewald JJ, Leichtman AB. Why do we have
the kidney allocation system we have today? A history of the 2014 kidney allocation
system. Hum Immunol 2017 Jan 1; The New Kidney Allocation Syst (Kas) Perspect From
The Transpl Community Two Years Post-Implementation (2017) 78(1):4-8. doi:10.1016/
j-humimm.2016.08.008

20. Taranto SE, Harper AM, Edwards EB, Rosendale JD, McBride MA, Daily OP, et al.
Developing a national allocation model for cadaveric kidneys. In: 2000 Winter

Simulation Conference Proceedings (Cat. No.0OCH37165), 2 (2000). p. 1971-7. doi:10.
1109/WSC.2000.899194

21. Ferrante HC, Goya RL, Smeulders BML, Spieksma FCR, Tieken I. The ETKidney
simulator: a discrete event simulator to assess the impact of alternative kidney allocation
rules in eurotransplant. arXiv (2025). doi:10.48550/arXiv.2502.15001

Transplant International

153

10.3389/ti.2026.16189

22. Transplantationsregister. Transplantationsregister. Available online at: https://
transplantations-register.de/ (Accessed March 23, 2025).

23. DSO Jahresbericht. Deutsche stiftung organtransplantation DSO jahresbericht.
Available online at: https://dso.de/organspende/statistiken-berichte/jahresbericht
(Accessed July 2, 2025).

24. Eurotransplant. Annual report - eurotransplant. Available online at: https://www.
eurotransplant.org/statistics/annual-report/ (Accessed July 2, 2025).

25. Seitz S, Lange V, Norman PJ, Sauter J, Schmidt AH. Estimating HLA haplotype
frequencies from homozygous individuals - a technical report. Int J Immunogenet
(2021) 48(6):490-5. doi:10.1111/iji.12553

26. Allele Frequency Net Database. The allele frequency net database [germany pop 8].
Available online at: http://www.allelefrequencies.net/pop6001c.asp?pop_id=3089
(Accessed March 30, 2025).

27. Otto G, Budde K, Bara C, Gottlieb J. Unzureichende Datenqualitit der Neudaten
2017-2020 des deutschen Transplantationsregisters. Dtsch Med Wochenschr (2024)
149(18):¢76-83. doi:10.1055/a-2347-3975

28. Bender R, Augustin T, Blettner M. Generating survival times to simulate cox
proportional hazards models. Stat Med (2005) 24(11):1713-23. doi:10.1002/sim.2059

29. Sargent RG. Verification and validation of simulation models. In: Proceedings of the
2010 Winter Simulation Conference (2010). p. 166-83. doi:10.1109/WSC.2010.5679166

30. R Core Team. R: A Language and Environment for Statistical Computing [Manual].
Vienna, Austria (2025). Available online at: https://www.R-project.org/ (Accessed
October 21, 2025).

31. Wickham H, Averick M, Bryan J, Chang W, McGowan L, Fran¢ois R, et al. Welcome
to the tidyverse. JOSS (2019) 4(43):1686. doi:10.21105/j0ss.01686

32. Therneau TM. A package for survival analysis in R (2024). Available online at:
https://CRAN.R-project.org/package=survival (Accessed October 21, 2025).

33. Ter HE, Kwakkel J, Hess V, Pike T, Wang B, rht, et al. Mesa 3: agent-based modeling
with pyth()n in 2025. JOSS (2025) 10(107):7668. doi:10.21105/j0ss.07668

34. Harris CR, Millman KJ, Van Der Walt S], Gommers R, Virtanen P, Cournapeau D,
et al. Array programming with NumPy. Nature (2020) 585(7825):357-62. doi:10.1038/
541586-020-2649-2

35. The pandas development team. pandas-dev/pandas: pandas. Zenodo (2023). doi:10.
5281/ZENODO.10304236

36. Virtanen P, Gommers R, Oliphant TE, Haberland M, Reddy T, Cournapeau D, et al.
SciPy 1.0: fundamental algorithms for scientific computing in python. Nat Methods
(2020) 17(3):261-72. doi:10.1038/s41592-019-0686-2

37. Davidson-Pilon C. Lifelines: survival analysis in python. JOSS (2019) 4(40):1317.
doi:10.21105/joss.01317

38. Coemans M, Tran TH, Dohler B, Massie AB, Verbeke G, Segev DL, et al. A
competing risks model to estimate the risk of graft failure and patient death after kidney
transplantation using continuous donor-recipient age combinations. Am ] Transplant
(2024) 5:355-67. doi:10.1016/j.ajt.2024.07.029

39. Weaver T, Pyke J. Background and methodology in simulation analysis: OASim
(2024). Available online at: https://srtr.org/media/1837/srtr-simulation-methodology.
pdf (Accessed April 9, 2025).

40. Sandik¢1 B, Tung S, Tanriover B. A new simulation model for kidney transplantation
in the United States. In: 2019 Winter Simulation Conference (WSC) (2019). p. 1079-90.
doi:10.1109/WSC40007.2019.9004914

41. Zhang Y, Hu A, Lin Y, Cao Y, Muller S, Wong G, et al. simKAP: simulation
framework for the kidney allocation process with decision making model. Sci Rep (2023)
13(1):1. doi:10.1038/s41598-023-41162-w

42. De Ferrante HC, De Rosner-Van Rosmalen M, Smeulders BML, Spieksma FCR,
Vogelaar S. A discrete event simulator for policy evaluation in deceased-donor liver
allocation in eurotransplant. Operat Res Data Anal Logis (2025). 45:200476 doi:10.
48550/ARXIV.2410.10840

Published by Frontiers
European Society for Organ Transplantation


https://doi.org/10.1111/j.1600-6143.2011.03686.x
https://www.eurotransplant.org/wp-content/uploads/2025/03/H4-Kidney-2025.2-March-2025.pdf
https://www.eurotransplant.org/wp-content/uploads/2025/03/H4-Kidney-2025.2-March-2025.pdf
https://www.eurotransplant.org/wp-content/uploads/2024/06/ETP_AR2023_LowRes.pdf
https://www.eurotransplant.org/wp-content/uploads/2024/06/ETP_AR2023_LowRes.pdf
https://doi.org/10.1007/s11560-022-00627-1
https://doi.org/10.1097/01.TP.0000103725.72023.D7
https://doi.org/10.1016/j.kint.2023.05.025
https://doi.org/10.1093/ndt/gfw248
https://doi.org/10.1371/journal.pcbi.1009248
https://doi.org/10.1371/journal.pcbi.1009248
https://doi.org/10.1097/TP.0000000000001667
https://doi.org/10.1016/j.kint.2021.06.026
https://doi.org/10.1097/00007890-199312000-00044
https://doi.org/10.1097/00007890-199811150-00007
https://doi.org/10.1016/j.trim.2022.101578
https://doi.org/10.1097/TP.0000000000003203
https://doi.org/10.1016/j.humimm.2016.08.008
https://doi.org/10.1016/j.humimm.2016.08.008
https://doi.org/10.1109/WSC.2000.899194
https://doi.org/10.1109/WSC.2000.899194
https://doi.org/10.48550/arXiv.2502.15001
https://transplantations-register.de/
https://transplantations-register.de/
https://dso.de/organspende/statistiken-berichte/jahresbericht
https://www.eurotransplant.org/statistics/annual-report/
https://www.eurotransplant.org/statistics/annual-report/
https://doi.org/10.1111/iji.12553
http://www.allelefrequencies.net/pop6001c.asp?pop_id=3089
https://doi.org/10.1055/a-2347-3975
https://doi.org/10.1002/sim.2059
https://doi.org/10.1109/WSC.2010.5679166
https://www.R-project.org/
https://doi.org/10.21105/joss.01686
https://CRAN.R-project.org/package=survival
https://doi.org/10.21105/joss.07668
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.1038/s41586-020-2649-2
https://doi.org/10.5281/ZENODO.10304236
https://doi.org/10.5281/ZENODO.10304236
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.21105/joss.01317
https://doi.org/10.1016/j.ajt.2024.07.029
https://srtr.org/media/1837/srtr-simulation-methodology.pdf
https://srtr.org/media/1837/srtr-simulation-methodology.pdf
https://doi.org/10.1109/WSC40007.2019.9004914
https://doi.org/10.1038/s41598-023-41162-w
https://doi.org/10.48550/ARXIV.2410.10840
https://doi.org/10.48550/ARXIV.2410.10840
https://doi.org/10.3389/ti.2026.16189

ESOT Transplant
International

‘ @ Check for updates

OPEN ACCESS

*CORRESPONDENCE
Jorge Andrade-Sierra,
jorge.andrade@academicos.udg.mx

RECEIVED 06 February 2026
REVISED 30 March 2026
AcCEePTED 20 April 2026
PUBLISHED 07 May 2026

CITATION

Reynoso de la Torre HL, Rojas-Campos E,
Cerrillos-Gutiérrez JI,
Evangelista-Carrillo LA, Banda-Lopez A,
Cruz-Landino M, Aguilar-Fletes LE,
Gonzélez-Correa LG,

Alatorre-Moreno EV, Simancas-Ruiz PE,
Salazar Lopez CB, Miranda-Diaz AG,
Sutto ST, Cardona Mufioz EG,
Carvallo-Venegas M, Mendoza-Cabrera S,
Mendoza Cerpa CA, Romo-Alvarez C,
Arellano-Arteaga KJ and Andrade-Sierra J
(2026) Human leukocyte antigen-
incompatible living donor kidney
transplantation after desensitization:
experience from a major transplant centre
in Mexico.

Transpl. Int. 39:16365.

doi: 10.3389/ti.2026.16365

COPYRIGHT

© 2026 Reynoso de la Torre, Rojas-
Campos, Cerrillos-Gutiérrez, Evangelista-
Carrillo, Banda-Lépez, Cruz-Landino,
Aguilar-Fletes, Gonzalez-Correa,
Alatorre-Moreno, Simancas-Ruiz, Salazar
Lopez, Miranda-Diaz, Sutto, Cardona
Mufioz, Carvallo-Venegas, Mendoza-
Cabrera, Mendoza Cerpa, Romo-Alvarez,
Arellano-Arteaga and Andrade-Sierra. This
is an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Transplant International

PUBLISHED 07 May 2026

TYPE Letter to the Editor
pol 10.3389/ti.2026.16365

Human leukocyte antigen-
iIncompatible living donor kidney
transplantation after
desensitization: experience from
a major transplant centre in
Mexico

Hugo Leonardo Reynoso de la Torre?, Enrique Rojas-Campos?,
José |. Cerrillos-Gutiérrez?, Luis A. Evangelista-Carrillo?,
Adriana Banda-Lépez?, Moises Cruz-Landino?,

Laura E. Aguilar-Fletes?, Luis G. Gonzalez-Correa’,

Edith V. Alatorre-Moreno?, Perla E. Simancas-Ruiz?,

Cindy B. Salazar Lépez?, Alejandra G. Miranda-Diaz?,

Sylvia Totsuka Sutto?®, Ernesto G. Cardona Mufioz?,

Mauricio Carvallo-Venegas?, Salvador Mendoza-Cabrera?,
Claudia A. Mendoza Cerpa“, Carolina Romo-Alvarez?,

Kevin Javier Arellano-Arteaga® and Jorge Andrade-Sierra’**

'Department of Nephrology and Organ Transplant Unit, Specialties Hospital, National Western Medical
Centre, Mexican Institute of Social Security, Guadalajara, Mexico, 2Medical Research Unit in Renal
Diseases, Specialties Hospital, National Western Medical Centre, Mexican Institute of Social Security,
Jalisco, Mexico, *University of Guadalajara, University Health Sciences Center, Department of Physiology,
Institute of Experimental and Clinical Therapeutics (INTEC), Guadalajara, Jalisco, Mexico, “Department of
Pathology, Specialties Hospital, National Western Medical Centre, Mexican Institute of Social Security,
Guadalajara, Mexico, *Department of Internal Medicine. Hospital Civil de Guadalajara “Dr. Juan |.
Menchaca”, Guadalajara, Jalisco, Mexico

KEYWORDS
antibody-mediated rejection, desensitization, donor-specific antibodies, highly
sensitized recipients, HLA-incompatible transplantation

Dear editors,

Kidney transplant recipients (KTRs) sensitized against human leukocyte antigens
(HLA) represent a major clinical challenge because multiple donor-specific
antibodies (DSAs) often lead to positive crossmatches and a high risk of graft loss
from antibody-mediated rejection (AMR) [1]. This challenge is worsened in Latin
America as there are fewer kidney-exchange programs and DSA biobanks, reducing
access to compatible donors. Consequently, our institution—one of the most active
transplant centers in Latin America—expanded living-donor transplantation for HLA-
incompatible pairs through individualized desensitization.

We performed a single-center retrospective cohort study of 65 highly sensitized
living-donor KTRs (2018-2022) undergoing individualized desensitization with
intravenous immunoglobulin (IVIG) alone (200 mg/kg/day x3) or plasmapheresis
(PP)-based therapy (three sessions plus IVIG and rituximab [RTX] 375 mg/m’,
1-2 doses) with a >12-month follow-up (Table 1). Crossmatch testing (flow
cytometry and complement-dependent cytotoxicity [CDC]) was performed prior to
desensitization in all patients. Crossmatch results were either positive or negative by
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TABLE 1 Baseline characteristics, immunological profile, and outcomes according to desensitization strategy.

Variable IVIlg therapy (n = 20) PP + IVIg + RTX (n = 45) P value
Gender of recipients-male, n (%) 13 (65%) 25 (55.5%) 0.48
Age of recipients (years) 345+ 95 33.5+£9.0 0.68
Age of donors (years) 37+ 10 38+ 12 0.75
Time on dialysis (years) 37+29 34+25 0.66
Serum creatinine at 12 months (mg/dL) 1.3+£05 1.6 £ 0.6 0.88
eGFR, mL/min/1.73 m? 69 27 75.5 + 28 0.42
Flow cytometry crossmatch (FCXM) 0.74
Positive 10 (50%) 24 (53.3%)
Negative 10 (50%) 20 (44.4%)
CDC crossmatch (§) -
Positive 0 2 (4.5%)
Negative 0 0
DSA flowby - luminex (MFI >1,000), median (IQR) 0.11
Class I 0.0 (0.0-5039) 2,736 (0.0-8,076) 0.18
Class 1T 2,112 (250-2,899) 7,551 (636-11105)
Related living donor n (%) 17 (85%) 30 (66.7%) 0.13
Unrelated living donor n (%) 3 (15%) 15 (33.3%)
Transplant number, n (%) 0.001*
First 17 (85%) 16 (35.6%)
Second 3 (15%) 29 (64.4%)
Histocompatibility n (%) 0.332
2 haplotype 2 (10%) 1 (2.2%)
1 haplotype 10 (50%) 21 (46.7%)
None haplotype 8 (40%) 23 (51.1%)
AR incidence n (%) 3 (15%) 10 (22.2%) 0.502
Graft lost n (%) 1 (5%) 4 (8.9%) 0.59
Infectious events n (%) 7 (35%) 20 (44.4%) 0.34

P = <0.05.

Data are presented as mean + SD or median (IQR).

SCDC crossmatch positivity occurred only in the PP + IVIG + RTX group.

flow cytometry or CDC. Patients with detectable donor-specific =~ comparable between regimens; viral rates were low

antibodies (DSA), regardless of crossmatch result, were
considered at increased immunological risk and therefore
underwent desensitization according to institutional criteria.
All standard
immunosuppression (tacrolimus, mycophenolate mofetil [MMF],
and prednisone), primarily antithymocyte globulin (ATG)
induction, infection prophylaxis, and protocol and indication

patients received maintenance

biopsies. Primary endpoints were acute rejection (AR) incidence
and 12-month estimated glomerular filtration rate (eGFR; CKD-
EPI);
infectious events.

AR occurred in 20% of patients (all AMR), with no
differences between regimens; 12-month eGFR and graft

secondary endpoints included graft survival and

survival were favorable and comparable. Infection-related
(6.2%).
tract

mortality was low Infectious  complications

(predominantly urinary infections [UTIs]) were
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(cytomegalovirus [CMV] 1.5%, poliomavirus BK 6.2%). All
variables with p < 0.05 in univariate analysis were entered
into a multivariable logistic regression model using a forward
stepwise approach. Graft survival was analyzed by Kaplan-Meier
and log-rank tests; two-sided p < 0.05 was considered significant.
Analyses used SPSS™ version 23.

High de novo or preformed DSAs, particularly class II, are
typically associated with complement activation, microvascular
[2, 3].
However, in our cohort, pre-transplant class II DSAs did not
predict AR, graft loss, or reduced eGFR. Recipients of triple
therapy had higher median class II DSA MFI (7,551), reflecting
risk-based selection, yet outcomes were similar to those receiving
IVIG alone, including patients with MFI >1,000. Notably, lower MFI
values (<1,000) have also been linked to immunological risk [4], so

inflammation, increased AMR, and worse outcomes

patients treated with IVIG alone despite appearing lower risk remain
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vulnerable and require close monitoring and individualized
management. Overall AR rates, l-year graft function, and
survival were favorable and comparable to other
desensitization series, including contemporary meta-analytic
evidence showing high 1-year graft survival after IVIg/
plasmapheresis/rituximab  desensitization [5] and single-
center cohorts reporting AR incidences in the same range
with acceptable longer-term graft survival [6]. These results
also align with evidence that desensitization may offer
survival comparable to, or better than, remaining on dialysis
or awaiting a compatible deceased-donor transplant [7].
Complement-activating anti-HLA DSAs are associated with
higher risk of allograft loss and AMR [3], but we could not
determine whether preformed DSAs were complement fixing or
were eliminated after desensitization. A notable proportion of
patients underwent transplantation despite a positive
crossmatch. Although desensitization is sometimes used for
recipients with positive flow-cytometry or CDC crossmatches
and/or very high pre-transplant DSA MFI, prior studies report
higher AMR rates and poorer graft survival in such cases [1].

In our cohort, ~50% of IVIG-only and 53.3% of triple-
therapy patients had a positive crossmatch, predominantly by
flow cytometry; only 3.1% had a positive CDC crossmatch and
underwent triple therapy, achieving CDC negativization prior to
transplantation. One developed AMR at 12 months, which was
successfully treated with preserved graft function (creatinine
1.0 mg/dL), while the other died from pneumonia and sepsis
with a functioning graft. We observed no significant outcome
differences by crossmatch status, whether comparing positive
versus negative or flow-cytometry versus CDC positivity.
Desensitization practices are heterogeneous across centers [8,
9]. We assessed immunological risk using flow cytometry and
CDC crossmatches and Luminex SAB donor-specific antibody
testing before desensitization. At our center, regimen selection
was clinician-driven, influenced by immunological risk and the
decision of the nephrology committee. We defined a sensitized
patient (high risk) as one with a positive or negative flow
cytometry crossmatch, with donor-specific antibodies (DSA)
greater than 1000 MFI, and a history of exposure to
sensitizing risk factors [10], with triple therapy used
preferentially for higher DSA MFI (4,000-5,000), introducing
indication bias that limits causal comparisons. Nevertheless,
outcomes were encouraging, since sensitized recipients,
including those with lower MFI, remain at substantial risk of
AMR [4]. Protocol biopsies at 3-6 months are a strength: no
subclinical AR was detected and all AR episodes were diagnosed
on indication. Post-transplant DSA profiles were not available,
so we could not determine whether AR episodes were driven by
de novo or preformed DSAs. Beyond MFI, donor-recipient HLA
compatibility was also relevant: in our regression analysis, fewer
shared haplotypes was the only factor independently associated
with increased AR risk, consistent with evidence that greater
histocompatibility reduces rejection. Although follow-up was
limited to 12 months, graft survival did not differ between
groups and was comparable to other reports with similar

AMR rates [5, 6]. Graft loss occurred in five recipients
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(6.2%), primarily due to immunological causes, namely

hyperacute rejection (n = 1), acute antibody-mediated
rejection (n = 2), and mixed rejection (n = 1), with one
additional case attributable to BK virus—associated nephropathy.
Finally, although desensitization-related immunosuppression may
risk, overall infectious
UTIs—were between
regimens and comparable to non-sensitized KTRs at our center
[11] with infrequent viral infections (CMV and BK). Overall

mortality was 6.2%, entirely due to infectious causes, with deaths

increase infection

complications—predominantly similar

resulting from pneumonia and sepsis (n = 3) and COVID-19 (n = 1),
consistent with contemporary desensitization cohorts [5], and was
higher among patients with DSAs to both HLA classes (p = 0.032), with
no differences between regimens. Extended follow-up is warranted to
better define late infectious risk. Although desensitization remains
controversial regarding rejection risk and graft survival, recent
consensus supports individualized strategies based on each patient’s
immunological risk profile [9].

Limitations include the retrospective design and short follow-
up. A lack of systematic post-transplant immunomonitoring limit
analysis of DSA kinetics, distinction of de novo versus preformed
DSAs, and assessment of long-term antibody-mediated injury and
graft survival. Protocol biopsies at 3-6 months are a strength of the
study—no subclinical AR was detected and all AR episodes were
diagnosed on indication.

Overall, these findings support individualized desensitization as
a feasible strategy to safely expand access to living-donor kidney
transplantation in Latin America.
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