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The high rates of musculoskeletal and metabolic disorders 

among kidney transplant recipients, with low muscle strength and 

hypovitaminosis D being the most common, could worsen the quality 

of life of this population.

In conjunction with T cells, macrophages may contribute to 

post-transplant lung rejection. Acute lung rejection could be 

mitigated in allografts by suppressing macrophage accumulation with 

disulfiram. Therefore, targeting macrophages using disulfiram could 

be a novel preventive therapy for post-transplant rejection.

Exhaled breath particles (EBPs) can be measured as a novel tool to 

monitor primary graft dysfunction (PGD) in in lung transplantation. 

The disease pathophysiology of PGD was further explored via 

proteomic analysis of both tissue, bronchoalveolar lavage fluid, and 

EBPs.

All lung transplant recipients experience a rise in hs-cTnI, mostly 

determined by recipient comorbidities and perioperative factors, and 

not by coronary artery disease. Hs-cTnI captures patients at higher risk 

for prolonged IMV, atrial arrhythmias and in-hospital death.
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This survey highlights the common practices and diversity in clinics for 

the management of TCMR in Europe. Better consensus on definitions, 

clinical follow-up, and treatment success is crucial for robust study 

designs.

In this study we describe for the first time the tacrolimus therapeutic 

range beyond trough levels in pancreas transplantation, and evaluate 

its impact on graft acute rejection. In summary, we observed that 

spending more than 30-35% of time below the therapeutic range 

appears to be a valuable tool for identifying patients at risk of acute 

graft rejection.

Systematic in vitro profiling of antiviral T cells under post-transplant 

immunosuppressants reveals favourable effects of mTOR inhibitors 

and strong impairment by prednisolone and combinatory regimens. 

This highlights the need for individualized immunosuppressive therapy 

to restore antiviral immunity in immunocompromised patients.
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The early EVR initiation and CS weaning within the first year 

post-HTx is associated with reduced the risk of primary adverse events 

and cardiac allograft vasculopathy (CAV). However, this regimen may 

increase the risk of acute allograft rejection during the acute phase 

post-HTx.
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In this prospective study a multivariate analysis shows specific 

clinical and radiological factors independently associated with the 

progression of patients with devastating brain injury to death by 

neurological criteria. Based on these results, intensivists may offer the 

admission of these patients for organ donation.

On ethnicity matching in kidney transplantation, compared with the 

white donor–white recipient group, 5-year graft outcomes were 

significantly poorer for black donor-black recipient, Asian donor-white 

recipient and white donor-black recipient combinations in decreasing 

order of worse unadjusted 5-year graft survival

This work reports outcomes of a series of pancreas transplant 

recipients converted to belatacept for kidney and/or pancreas 

dysfunction, without any observed rejection episode, suggesting the 

safety of this strategy in this population.

Our short case series suggests that in selected simultaneous 

kidney-pancreas transplant patients with severe gastroparesis 

responsible for immunosuppressants malabsorption and/or in those 

presenting a prolonged DGF, a transient or prolonged course of 

belatacept associated with low-dose tacrolimus can be safely 

considered.
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Transplant Trial Watch
Simon R. Knight1,2* and John M. O’Callaghan2,3*

1Oxford Transplant Centre, Churchill Hospital, Oxford, United Kingdom, 2Centre for Evidence in Transplantation, Nuffield
Department of Surgical Sciences, University of Oxford, Oxford, United Kingdom, 3University Hospitals Coventry and
Warwickshire, Coventry, United Kingdom

Keywords: heart transplantation, randomised controlled trial, systematic review, living kidney donation,
hemodynamic instability

Aims
This study aimed to investigate the role of intraoperative haemoadsorption in orthotopic heart
transplant patients.

Interventions
Participants were randomised to receive either intraoperative haemoadsorption or standard care.

Participants
60 patients undergoing orthotopic heart transplantation.

Outcomes
The primary endpoint was early post-operative haemodynamic instability. Secondary endpoints
were changes in procalcitonin (PCT) and C-reactive protein (CRP) levels post-operation,
intraoperative change in mycophenolic acid (MPA) concentration, early allograft rejection,
frequency of post-operative organ dysfunction, adverse immunological events, major
complications, duration of ICU and in-hospital stay, and 1-year survival.

Follow-Up
1 year.

CET Conclusion

by John O’Callaghan

This is a very interesting, novel, RCT in heart transplantation. Heart recipients were randomised to
standard care or to receive additional therapy with intra-operative hemoadsorption with the
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Cytosorb system from CytoSorbents, NJ, United States. The
hemoadsorption cartridge was integrated into the
cardiopulmonary bypass system and has been shown
previously to remove cytokines, chemokines, bilirubin,
myoglobin and plasma free haemoglobin. Patients were
blinded to the treatment allocation, but clinical professionals
were not. No sample size calculation could be done due to a lack
of prior data on which to base it. The study found statistically
significant differences across a range of outcomes, including the
primary outcomes. Patients receiving hemoadsorption had a
lower vasoactive-inotropic score, frequency of vasoplegic
syndrome, risk of AKI, shorter median mechanical ventilation
and median intensive care stay (by 3.5 days). The rates of cardiac
allograft rejection, 30-day mortality and 1-year survival were
similar between the groups, although it may have been too small
to show differences in these outcomes. There were no device
related complications.

Jadad Score
3.

Data Analysis
Modified intention-to-treat analysis.

Allocation Concealment
Yes.

Trial Registration
ClinicalTrials.gov—NCT03145441.

Funding Source
No funding received.

Aims
This study aimed to examine the psychological effects of donating
a kidney on living donors.

Interventions
A literature search was performed using Pubmed and Medline.
Study screening and data extraction were performed by two
independent reviewers. The ROBINS-I tool was used to assess
the risk of bias.

Participants
23 studies were included in the review.

Outcomes
The main outcomes of interest included assessment of quality of
life, anxiety/depression, regret of donation, psychological impact
over failure of transplant/death, and consequence of donation on
donor/recipient relationship.

Follow-Up
N/A.

CET Conclusion

by John O’Callaghan

This is an interesting, well-conducted, and well-written,
systematic review in living donation that gives a good
description of the complexity in the donor-recipient
relationship and the psychological outcome for the donor.
Two independent reviewers screened references, extracted data
and performed the risk-of bias assessment, which is clearly
presented. A broad search was done, albeit only within
pubmed/medline. 23 studies were included, comprised of a
total 2,732 donors. The authors give a detailed description of
the studies in narrative review. There is quantitative evidence
from 3 studies that quality of life is the same pre and post-
donation, whilst another 4 studies found quantitative evidence of
improved quality of life at 1 year post-donation. These studies
indicate risk factors that may be predictive of decreased donor
quality of life such as donor fatigue, anxiety, depression, lack of
social support, the donor-recipient relationship and any
complications for the recipient. Three studies found no
evidence of an impact of socio-economic status on quality-of-
life post-donation. In general, studies found that the relationship
between donors and recipients remained unchanged or
improved/became closer. Some donors expected that their role
as a carer for the recipient would decrease after donation. If this
did not happen, donors felt disappointed or frustrated. In the
majority of cases, donors were satisfied and did not regret
donation. Importantly it was clearly demonstrated that it was
possible to regret donation oneself, but to still recommend it for
others. All studies showed a low rate of regret. There was some
evidence of correlation between regret and the recipient’s
outcome from the transplant, but evidence was conflicting.
One interesting complexity highlighted by the study is that
donors used conscious or unconscious strategies to influence
the transplant team to select them as a donor. This may make it
difficult to interpret the results of pre and post-donation
comparisons. The authors also acknowledge the impact of
social desirability bias, which may have affected donor
responses to questionnaires.

Trial Registration
N/A.

Funding Source
Not reported.

SYSTEMATIC REVIEW

Psychological Impact of Living Kidney Donation: A Systematic Review by the
EAU-YAU Kidney Transplant Working Group.

by Cazauvieilh, V., et al. Transplant International 2023; 36: 11827.
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CLINICAL IMPACT SUMMARY
by Simon Knight

Whilst the medical consequences of living kidney donation are
largely understood through use of large-scale registry data, the
psychosocial response to donor assessment and donation are less
comprehensively documented. A wide variety of qualitative and
quantitative approaches have been taken, often with conflicting
findings. Previous systematic reviews have focussed mainly on
qualitative studies using questionnaires to assess quality of life,
anxiety and depression [1]. In an attempt to make more sense of
the existing literature, working group of young academics from
the European Association of Urology have undertaken a detailed
systematic review of both qualitative and quantitative studies
reporting the psychosocial impact of living kidney donation [2].

The group identified 8 qualitative and 15 quantitative studies,
and due to heterogeneity in the instruments used undertook
narrative analysis of the findings. Whilst quantitative studies
demonstrated stable or improved quality of life with low levels
of regret, the more detailed exploration afforded by qualitative
approaches demonstrated a much more mixed, complex picture.
Donation can often impact quality of life, particularly in donors
that experience post-operative fatigue, and many donors
experience post-operative anxiety and depression with some
expressing a sense of abandonment following donation. These
aspects seem particularly important in the presence of donor or
recipient medical complications, highlighting the importance of
regular follow-up in donors. Despite this, very few donors express
regret and most would recommend the process.

An interesting aspect that comes out of the qualitative studies
is the impact of the pre-donation phase, with some donors
describing anxiety induced by the investigations and work-up
process, in particular relating to the fear of being found
unsuitable, and the length of the process. Some donors
reported employing strategies to influence decisions, such as
downplaying existing psychological illnesses and withholding

medical information to improve their chances of being found
suitable to donate. Again, this highlights this importance of a
detailed workup for all donors, including psychological
assessment where indicated by history or clinical concerns.

One limitation of the existing literature is that it is difficult to
identify those subgroups most at risk of psychological complications
from the donation process. A few studies report the impact of
recipient complications, donor-recipient relationship or social
support on outcomes, but data on other aspects such as donor
age (particular younger donors) and donor complications are lacking.

Overall, this review is a well-conducted study that provides a
very comprehensive summary of what we currently know about
the psychosocial impact of living donation. It also helps to
highlight areas for future research.

Clinical Impact
3/5.
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How to Treat T Cell Mediated
Rejection? -A Call for Action
Klemens Budde*†
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A Forum discussing:

European Survey on Clinical Practice of Detecting and Treating T-Cell Mediated Kidney
Transplant Rejection
by Koshy P, Furian L, Nickerson P, Zaza G, Haller M, De Vries AP and NaesensM (2024). Transpl. Int.
37:12283. doi: 10.3389/ti.2024.12283

Over the last decades early rejection rates decreased, the majority of T cell mediated rejections
(TCMR) respond to treatment [1, 2], and Banff borderline category is the most frequent finding in
early biopsies questioning the clinical relevance of TCMR today. However, severe TCMR may cause
nephron loss and inferior outcomes and is associated with development of donor-specific antibodies
(DSA) and ABMR [3–5]. Recent evidence suggests that TCMR contributed to 34% of graft losses,
compared to 31% due to ABMR [6]. The fact that a single rejection episode, which responds to
treatment is not associated with worse graft outcome [2] supports the need for effective TCMR
therapies. Despite initial treatment response, 39% of patients have persistent borderline or TCMR
after anti-rejection therapy [4] and ongoing inflammation is associated with inferior outcomes and
sensitization [4, 5]. In addition, anti-rejection therapy has many side effects causing significant
morbidity and even mortality [7]. Thus, there remains a high unmet medical need for better and less
toxic treatments for TCMR.

Given the importance of rejection since the early days of transplantation it is surprising to find
only sparse high-quality evidence for anti-rejection therapy [4, 7–9]. The use of steroids and
lymphocyte depleting agents for anti-rejection therapy dates back to the sixties with approval before
the introduction of the Banff classification, when rejection rates were around 50%. Despite low-level
evidence all transplant physicians have made personal experiences that steroids and anti-lymphocyte
preparations are very effective in the treatment of TCMR, which might explain the lack of
randomized trials for TCMR therapy under tacrolimus and mycophenolate. Thus, our current
approach, although successful, is outdated as all previous evidence comes from an era with a different
maintenance immunosuppression, different organ quality, limited ability to detect sensitization, and
even without a clear differentiation between TCMR and ABMR.

In order to advance the field, the transplant community needs to re-focus on TCMR, to describe
current standard of care for diagnosis and treatment and to define relevant treatment goals. The
paper of the ESOT working group [9] in the current issue of the journal is an important step in this
direction. This manuscript reports the results of a survey of 129 experienced European kidney
transplant professionals (mainly nephrologists) on the diagnosis and treatment of TCMR and
borderline lesions. For TCMR diagnosis European experts rely on traditional biomarkers and
biopsies classified according to the most recent Banff classification. Protocol biopsies are performed
in 57.5% of centers, although only 36% perform protocol biopsies in all patients.

Contrary to US [10], and similar to Canada [11], treatment for TCMR appears rather
homogeneous across Europe [9]. TCMR and borderline changes in indication biopsies are
treated with a steroid pulse and depending on the severity of rejection followed by lymphocyte
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depleting agents as second line treatment. Treatment of rejection
is more heterogeneous in protocol biopsies, especially for
borderline changes in whom only 62% receive high dose
steroids. European experts agree to assess treatment effect
early, however timing and assessment of response differed.
Most respondents rely on the evolution of renal function
within 1–4 weeks, although a large proportion considered a
second biopsy important to assess efficacy and steroid resistance.

The excellent survey and the straightforward analysis provide
crucial information on the common practices in Europe for
diagnosis and treatment of TCMR. Together with surveys from
US and Canada [9–11] the data are extremely helpful for clinical
care, research, policy making, regulatory authorities, pharma
industry, and future clinical trials. The survey highlights the need
for standardized definitions, e.g., for steroid refractory rejection or
treatment response. ESOT, together with other stakeholders could
start an initiative for such standardized definitions for use in clinical
practice, research and regulatory demands extending previous
publications [1, 12]. Updated guidelines for follow-up biopsies, a
more precise description of anti-TCMR therapy (e.g., drug dosing
for steroid pulse or lymphocyte depleting agents, steroid tapering
and maintenance immunosuppression) as well recommendations
for follow-up care are needed.

The survey demonstrates that borderline changes in indication and
protocol biopsies are treated as rejection in most centers worldwide
challenging the Banff classification and regulatory assessment [1], who
do not consider borderline as rejection. Given the frequency of
borderline changes, who have limited interobserver reproducibility
andmay depend on pathologist’s experience, one could speculate that
eventually too many patients are treated. Randomized interventional
trials are desperately needed for borderline lesions as well as objective
tools (e.g., molecular diagnostics [13]) to identify those borderline
changes, who benefit from treatment.

Interestingly, 36% of centers are performing regular protocol
biopsies in Europe without clear evidence for a clinical benefit of
this invasive procedure [9, 14, 15]. How to assess treatment response in
patients with stable graft function? Undoubtedly, protocol biopsies are
useful for clinical research, but there is a definitive need for good clinical
trials to demonstrate improved outcomes after protocol biopsies.

Today, TCMR is frequently detected in “surveillance” biopsies
due delayed or slow graft function in marginal kidneys.

Tubulointerstitial infiltrates are found together with other
pathologies such as acute tubular necrosis, capillaritis, or
sclerotic lesions, making it difficult to differentiate
inflammation or rejection from other causes of graft
dysfunction. The classical case of an isolated TCMR several
weeks after transplant with rising creatinine and quick
response to treatment has become rare under current
immunosuppression. Today’s pathology conference is
characterized by mixed pathologies in marginal kidneys with
delayed/slow function making it difficult to assess an adequate
treatment response without “baseline” values. These complexities
may explain some of the heterogeneity in the survey and we need
better ways to define treatment response in patients with mixed
pathologies with or without delayed graft function. Granular data
on the evolution of renal function and on the molecular and
histological resolution of TCMR are desperately needed. Future
research and clinical trials for TCMR should include follow-up
biopsies and innovative biomarkers to improve our
understanding of TCMR.

In summary, the European survey provides important
information on current practice for diagnosis and treatment of
TCMR, identifies current limitations and unmet medical needs
and calls for action to solve these fundamental problems after
kidney transplantation.
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or Prolonged-Release to Once-Daily
Extended-Release Tacrolimus (LCPT)
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Once-daily extended-release tacrolimus (LCPT) exhibits increased bioavailability versus
immediate-release (IR-TAC) and prolonged release (PR-TAC) tacrolimus. Improvements in
tremor were previously reported in a limited number of kidney transplant patients who
switched to LCPT. We conducted a non-interventional, non-randomized, uncontrolled,
longitudinal, prospective, multicenter study to assess the impact of switching to LCPT on
tremor and quality of life (QoL) in a larger population of stable kidney transplant patients.
The primary endpoint was change in The Essential Tremor Rating Assessment Scale
(TETRAS) score; secondary endpoints included 12-item Short Form Survey (SF-12)
scores, tacrolimus trough concentrations, neurologic symptoms, and safety
assessments. Subgroup analyses were conducted to assess change in TETRAS score
and tacrolimus trough concentration/dose (C0/D) ratio by prior tacrolimus formulation and
tacrolimus metabolizer status. Among 221 patients, the mean decrease of TETRAS score
after switch to LCPT was statistically significant (p < 0.0001 vs. baseline). There was no
statistically significant difference in change in TETRAS score after switch to LCPT between
patients who had received IR-TAC and those who had received PR-TAC before switch, or
between fast and slow metabolizers of tacrolimus. The overall increase of C0/D ratio post-
switch to LCPT was statistically significant (p < 0.0001) and from baseline to either M1 or
M3 (both p < 0.0001) in the mITT population and in all subgroups. In the fast metabolizers
group, the C0/D ratio crossed over the threshold of 1.05 ng/mL/mg after the switch to
LCPT. Other neurologic symptoms tended to improve, and the SF-12 mental component
summary score improved significantly. No new safety concerns were evident. In this
observational study, all patients had a significant improvement of tremor, QoL and C0/D
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ratio post-switch to LCPT irrespective of the previous tacrolimus formulation administered
(IR-TAC or PR-TAC) and irrespective from their metabolism status (fast or slow
metabolizers).

Keywords: extended-release tacrolimus, LCPT, immunosuppression, kidney transplantation, tremor, C0/D ratio, fast
metabolizer, quality of life

INTRODUCTION

Tacrolimus is currently the mainstay of immunosuppressive
treatment in kidney transplant recipients [1, 2], and its use
has contributed to improved 1-year graft survival rates, which
are now approximately 95%–98% [3]. However, due to its narrow
therapeutic range, strict monitoring of tacrolimus trough blood
concentrations is required, as drug overexposure is often
associated with increased toxicities, while underexposure may
lead to graft rejection [4].

Calcineurin inhibitors (CNIs), including tacrolimus, are
commonly associated with neurotoxicity [5, 6]. Because of
their frequency and severity, neurologic symptoms are an
important factor in morbidity and impaired quality of life
(QoL) in kidney transplant recipients. One of the most
frequently reported and disabling neurologic symptoms is
tremor (observed in 34%–54% of tacrolimus recipients) [7, 8].
Although the pathogenesis is unknown, some observations
suggest that the occurrence and severity of neurologic
symptoms are correlated with tacrolimus plasma
concentrations [9–11].

Tacrolimus is available as three formulations, each
exhibiting a specific pharmacokinetic profile: immediate-

release tacrolimus (IR-TAC), prolonged-release tacrolimus
(PR-TAC), and extended-release tacrolimus (LCPT) [12].

LCPT has been developed using the MeltDose™ (Veloxis
Pharmaceuticals) drug delivery technology that improves drug
solubility and, thus, absorption. This feature, combined with a
more distal release in the gastrointestinal tract, results in a
significant increase in tacrolimus bioavailability with LCPT
compared with IR-TAC and PR-TAC, an improvement in
trough concentration/dose (C0/D) ratio (trough tacrolimus
blood concentration normalized by daily dose, which reflects
estimated individual tacrolimus exposure and metabolism rate)
[13], and may significantly reduce the maximum plasma
concentration (Cmax) [14] and/or the peak-to-trough
fluctuations in blood drug concentrations [12, 14]. Hence, a
30% decrease in the daily dose required to achieve a similar
systemic tacrolimus exposure and clinical efficacy has been
observed with LCPT versus IR-TAC [14, 15]. In addition,
LCPT has been shown to be at least as effective as IR-TAC in
stable kidney transplant patients [16, 17], or as IR-TAC and PR-
TAC in newly transplanted patients [18, 19], as measured by
treatment failure rates at 6 and 12 months. The pre-dose
concentration to daily dose (C0/D) ratio of tacrolimus seems
to be an appropriate tool for identifying patients at risk of
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developing calcineurin-inhibitor toxicity such as rejection and
lower renal function with increased risk of poor outcome after
kidney transplantation [20–22]. A low tacrolimus concentration/
dose ratio has been shown to increase the risk for the
development of acute calcineurin inhibitor-induced
nephrotoxicity [23].

The 7-day STRATO study of 38 stable kidney transplant
recipients suggested that a switch in tacrolimus formulation
from IR-TAC to LCPT resulted in a significant reduction in
drug-induced tremor and a significant improvement in QoL [24].
The ELIT (Evolution à Long terme des tremblements Iatrogènes de
Tacrolimus or Long-term Outcomes of Tacrolimus-induced
Tremor) study was conducted, under real-life conditions, to
further investigate whether kidney transplant patients may
benefit from LCPT treatment, in terms of tremor
improvement, tacrolimus dose reduction, C0/D ratio
improvement, clinical response, QoL, and safety. The primary
study objective was to assess the change in tremor and the impact
on daily activities after switching to LCPT.

MATERIALS AND METHODS

Study Design
The ELIT study was a non-interventional, non-randomized,
uncontrolled, longitudinal, prospective, multicenter study that
was conducted at 25 hospitals performing kidney transplants in
France. The study was approved by the French Authority for
computerized research data (Comité Consultatif sur le
Traitement de l’Information en Matière de Recherche dans le
domaine de la Santé, C.C.T.I.R.S.) and all subjects provided
written consent for the use of their data for the purpose of
this study.

Participants
Eligible patients were aged >18 years, had undergone their first
kidney transplant <7.5 years prior to the study, had stable kidney
function, had received tacrolimus for ≥8 weeks with the dose
unchanged for ≥15 days, had tacrolimus trough blood
concentrations of 4–15 ng/mL, and were presenting with
tremor requiring treatment adjustment and had switched from
IR-TAC or PR-TAC to LCPT, according to clinician judgement.
Patients diagnosed with Parkinson’s disease or any other
neurologic syndrome potentially associated with tremor
were excluded.

Treatment
Patients were treated at their attending clinician’s discretion,
and in accordance with product labelling. As such, no
constraints were imposed on the dosages and
administration schedules. The practical modalities of the
switch to LCPT were also conducted at the discretion of the
attending clinician.

Tacrolimus daily doses, trough blood concentrations, and any
dosage adjustments were reported at each assessment (see below).
In the event of treatment discontinuation, the date and the reason(s)
for discontinuation were specified.

Outcomes and Assessments
All data were collected by each investigational site and recorded in
an electronic case report form at three visits: baseline/Day 0 (D0),
Month 1 (M1), and Month 3 (M3). Baseline/D0 corresponds to the
day of switching from IR-TAC or PR-TAC to LCPT.

The primary endpoint was the percent improvement in The
Essential Tremor Rating Assessment Scale (TETRAS) score [25]
from baseline to the last follow-up visit. TETRAS scores were
obtained at each study visit. This scale comprises 12 items, each
scored from 0 to 4, and assesses the impact of tremors on a
patient’s activities of daily living. The total TETRAS score
(ranging from 0 to 48) is the sum of the 12 items, with higher
scores indicating more severe tremors.

The key secondary endpoint was patient health-related QoL,
assessed using the 12-item Short Form Survey (SF-12) [26] at D0 and
M3. The SF-12 is a 12-item questionnaire, providing two composite
scores: a “physical component summary” score (including “physical
functioning,” “role-physical,” “bodily pain” and ”general health
perceptions” scores) and a “mental component summary” score
(including “vitality,” “role-emotional,” “social functioning,” and
“mental health” scores). All scores are standardized on a 0 to
100 scale, with 0 indicating the worst QoL.

Patient demographic and clinical characteristics were collected at
baseline. At each visit, blood tacrolimus concentrations, LCPT dose,
and neurologic symptoms were recorded, and standard safety
assessments were conducted (e.g., adverse events [AEs] and
laboratory tests, including blood cell count, biochemistry, liver
function, kidney function, and lipid profile). C0/D ratio was
calculated for each patient by dividing the tacrolimus pre-dose
concentration (C0) by the corresponding daily tacrolimus dose
(D). Patients were categorized into two metabolizer groups based
on a cut-off value of 1.05 ng/mL/mg at baseline: patients with a
tacrolimus C0/D ratio <1.05 ng/mL/mg were defined as fast
metabolizers, while patients with a C0/D ratio ≥1.05 ng/mL/mg
were defined as slow metabolizers.

Patients were also categorized into two analysis subgroups:
patients treated with IR-TAC as the last tacrolimus formulation
prior to the switch to LCPT (the IR-TAC pretreated group) and
patients treated with PR-TAC as the last tacrolimus formulation
prior to the switch to LCP (the PR-TAC pretreated group).

Statistical Analyses
It was estimated that a total of 229 patients would be required to
detect a change of ≥15% on the TETRAS scale, with an alpha risk of
5% and a beta risk of 10%, assuming a standard deviation (SD) of
70% for the improvement rate from baseline to the last follow-up
visit. To account for 15% of observations being unusable or missing,
it was estimated that data from 270 patients were required.

The efficacy analyses were performed on the modified intent-
to-treat (mITT) population, which included all patients with at
least one efficacy assessment. All patients who received at least
one dose of LCPT were included in the safety analysis population.

Descriptive statistics were summarized as mean with SD,
minimum, maximum, and median with interquartile range
(IQR) for qualitative data, and number of patients with
percentages for quantitative data. All statistical tests were
carried out at a two-sided, 5% significance level.
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Total TETRAS scores were calculated if at least half of the
12 items were completed, and missing items were replaced with
the average of the items completed. The mean change from baseline
was presented with 95% confidence intervals (CIs) at each available
visit. The primary endpoint was the change from baseline to the last
follow-up visit (M3, or M1 if M3 not available). The overall change
over time in TETRAS scores was evaluated using a repeated measures
analysis of variance, with time as the fixed effect and patient as the
random effect; TETRAS scores at M1, M3, or the last follow-up visit
were compared with the baseline score using Dunnett’s test.
Subgroups were compared by an analysis of covariance for change
in TETRAS scores at M1 and M3 versus baseline. The same analyses
(mean change from baseline, overall change over time, and
comparison of values at M1 or M3 vs. baseline) were performed
for tacrolimus trough blood concentrations and C0/D ratio. Themean
change in C0/D ratio from baseline to M1 and M3 was compared in
subgroups using theWilcoxon test. The association between TETRAS
scores and tacrolimus trough blood concentrations was assessed using
Spearman’s rank correlation.

The mean change in SF-12 scores from baseline to M3 was
presented for patients with evaluable data; SF-12 scores at
M3 were compared with baseline using the Wilcoxon test for
SF-12 individual scores and the Student t-test for SF-12
composite scores.

Laboratory parameters were summarized with descriptive
statistics. Estimated glomerular filtration rate (eGFR) was
calculated using the Chronic Kidney Disease Epidemiology
Collaboration (CKD-EPI) equation [27].

Statistical analyses were performed using SAS®
software (version 9.4).

RESULTS

Participants
Over an 18-month period (15 June 2017 to 31 December 2018),
233 patients were recruited. Among these, 227 were included in
the safety population, and 224 in the mITT efficacy population.
Three patients had missing TETRAS evaluation at D0, and
10 patients had missing TETRAS evaluation at M1 or M3.
Thus, TETRAS score analyses have been made on 221 patients
at baseline and 211 patients at M1 and M3 (Figure 1).

In the mITT population, 57.6% of patients were male, and the
median (IQR) age was 58 (46.0–67.5) years. The median (IQR) time
from kidney transplantation to the switch to LCPT was 11.02
(4.75–28.77) months. The baseline demographic and disease-
related characteristics of the mITT population are shown in Table 1.

Before switching to LCPT, 117 (52.2%) patients were receiving
PR-TAC and 107 (47.8%) patients were receiving IR-TAC. Of the
PR-TAC pretreated patients, 58.1% weremale versus 57.0% of IR-
TAC pretreated patients. The median (IQR) age was 56
(45.0–66.0) years in PR-TAC pretreated patients versus 61.0
(48.0–70.0) years in IR-TAC pretreated patients. The median
(IQR) time from kidney transplantation to the switch to LCPT
was 17.25 (6.10–31.74) months in PR-TAC pretreated patients
versus 6.66 (4.03–15.34) months in IR-TAC pretreated patients.

Based on the C0/D ratio cut-off value of 1.05 ng/mL/mg, 73
(33.8%) patients were characterized as fast metabolizers and 143
(66.2%) as slowmetabolizers. Of the fast metabolizer patients, 56.2%
weremale versus 59.4%of the slowmetabolizer patients. Themedian
(IQR) age was 53 (42.0–60.0) years in fast metabolizer patients
versus 61.0 (49.0–70.0) years in slow metabolizer patients. The

FIGURE 1 | Population flow chart. *Three patients were excluded from the primary endpoint analyses (one patient had no evaluable TETRAS data on Day 0, and
two patients had no post-baseline TETRAS data); therefore, the primary endpoint analysis was performed using data from 221 patients. mITT, modified intent-to-treat;
TETRAS, The Essential Tremor Rating Assessment Scale.
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median (IQR) time from kidney transplantation to the switch to
LCPT was 9.18 (4.62–26.82) months in the fast metabolizers versus
11.54 (4.82–29.93) months in the slow metabolizers.

Primary Endpoint (Tremor)
The primary endpoint analysis included data from the 221 patients.
The mean (95% CI) total TETRAS scores obtained at D0, M1, and
M3 were 10.60 (9.61, 11.58), 6.81 (5.96, 7.67), and 5.94 (5.79, 6.79),
respectively for the mITT population (Figure 2A). The overall
decrease in TETRAS score over time for the mITT population was
statistically significant (p< 0.0001), aswere the decreases frombaseline
to either M1 or M3 (both p < 0.0001). The mean (95% CI) change in
TETRAS score from baseline was −28.30% (−39.00%, −17.60%) at
M1 and −38.68% (−49.77%, −27.60%) at M3. These results were
confirmed by the primary endpoint analysis, with a mean (95% CI)
change in TETRAS score from baseline to last follow-up visit
of −37.63% (−48.32%, −26.95%; p < 0.0001). When categorized by
change in TETRAS score, 151 patients (71.6%) atM1 and 163 (77.3%)

at M3 were classified as “improved,” 23 (10.9%) at M1 and 12 (5.7%)
at M3 had “no change,” and 37 (17.5%) at M1 and 36 (17.1%) at
M3 were classified as “worsened.”

Regarding the subgroup analysis by pretreatment (IR-TAC
pretreated vs. PR-TAC pretreated), the mean (95% CI) total
TETRAS scores obtained at D0, M1, and M3 were 10.52 (9.17,
11.87), 7.35 (6.10, 8.60), and 6.52 (5.31, 7.73), respectively, for PR-
TAC pretreated patients and 10.68 (9.21, 12.14), 6.24 (5.07, 7.42), and
5.32 (4.13, 6.52), respectively, for IR-TAC pretreated patients. The
overall decrease in TETRAS score after the switch was statistically
significant (p < 0.0001) in the two groups, as were the decreases from
baseline to either M1 or M3 (both p < 0.0001). There was no
statistically significant difference between the two groups (IR-TAC
pretreated patients and PR-TAC pretreated patients) in terms of
change in TETRAS score from baseline to either M1 or
M3 (Figure 2A).

Regarding the subgroup analysis by tacrolimus metabolizer status
(fast metabolizers vs. slow metabolizers), the mean (95% CI) total

TABLE 1 | Patient demographics and disease-related characteristics at baseline (study population and modified intent-to-treat population).

Characteristic/demographic Total mITT population (N = 224)

Male sex, n (%) 129 (57.6)
Median (IQR) age at enrolment, years 58.0 (46.0–67.5)
Initial cause of nephropathy, n (%)
Polycystic kidney disease 44 (22.4)
Glomerulopathy 34 (17.3)
Diabetic nephropathy 17 (8.7)
Immunoglobulin A nephropathy 16 (8.2)
Hypertensive nephropathy 14 (7.1)
Vascular nephropathy 14 (7.1)
Interstitial nephropathy 12 (6.1)
Congenital nephropathy 11 (5.6)
Other 34 (17.3)

Dialysis received before transplant, n (%) 188 (83.9)
History of diabetes, n (%) 58 (25.9)
Median (IQR) time from transplant to LCPT switch, months 11.02 (4.8–28.8)
Post-transplantation treatment other than tacrolimus, n (%) n = 222

219 (98.6)
Antibiotics 219 (98.6)
Corticoids received post-transplant 144 (64.9)
Immunosuppressor other than tacrolimus 157 (70.7)
Induction (ATG or immunoglobulin) 99 (44.6)

Deceased donor, n (%) 185 (82.6)
Tacrolimus formulation at baseline (before the switch), n (%) 224 (100)
Prolonged-release tacrolimus (PR-TAC) 117 (52.2)
Advagraf

®
(PR-TAC) 117 (52.2)

Immediate-release tacrolimus (IR-TAC) 107 (47.8)
Prograf

®
(IR-TAC) 98 (43.8)

Adoport
®
(IR-TAC) 7 (3.1)

Modigraf
®
(IR-TAC) 2 (0.9)

Median (IQR) time since tremor onset, months n = 172
5.9 (2.3–17.9)

At least one other neurological symptom, n (%) 122 (54.5)
Serum creatinine, µmol/L
Mean (SD) 139.6 (44.1)
Min; max 45.0; 321.0

eGFR, mL/min/1.73m2

Mean (SD) 48.6 (18.5)
Min; Max 16.8; 113.9

eGFR, estimated glomerular filtration rate; LCPT, extended-release tacrolimus; IQR, interquartile range; IR-TAC, immediate-release tacrolimus; PR-TAC, prolonged-release tacrolimus;
SD, standard deviation.
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TETRAS scores observed at D0, M1, and M3 were 10.98 (9.27,
12.68), 7.58 (5.83, 9.34), and 6.52 (4.95, 8.09), respectively, for
the fast metabolizer group and 10.30 (9.07, 11.54), 6.20 (5.30,
7.09), and 5.32 (4.40, 6.23), respectively, for the slow
metabolizer group. The overall decrease in TETRAS score
after the switch was statistically significant (p < 0.0001) in
the two groups, as were the decreases from baseline to either
M1 or M3 (both p < 0.0001). There was no statistically
significant difference between the two groups (fast
metabolizers and slow metabolizers) in terms of change in
TETRAS score from baseline to either M1 or M3 (Figure 2B).

Secondary Endpoints
Tacrolimus Dose and Trough Concentration
At baseline, the mean dose of tacrolimus (irrespective of the
formulation) was 0.113mg/kg/day. After switching to LCPT, the
mean dose of tacrolimus was 0.071mg/kg/day (4.89mg/day); it was
0.067mg/kg/day (4.60mg/day) at M1 and 0.062mg/kg/day (4.29mg/
day) at M3. While the mean tacrolimus dose decreased over time, the
mean (95% CI) trough blood concentration increased from 7.04 (6.79,
7.29) ng/mL at D0 to 7.81 (7.45, 8.16) ng/mL at M1 and 7.59 (7.27,
7.92) ng/mL at M3. The mean (SD) change in trough blood
concentration from baseline was +0.73 (3.09) ng/mL at M1 (p =
0.0005) and +0.55 (2.65) ng/mL at M3 (p = 0.0103). The overall
increase in trough blood concentration over time was statistically
significant (p = 0.0006).

There was no correlation between the change in tacrolimus
trough blood concentration from D0 to M1 and the change in
TETRAS score (Spearman’s ρ = −0.02).

Trough Concentration/Dose (C0/D) Ratio
Regarding the subgroups analysis by pretreatment (IR-TAC
pretreated vs. PR-TAC pretreated), the mean (95% CI) C0/D ratios
observed at D0, M1, and M3 were 1.47 (1.27, 1.67), 2.59 (2.18, 3.00),
and 2.66 (2.27, 3.04) ng/mL/mg, respectively, for the PR-TAC
pretreated group and 1.68 (1.50, 1.86), 2.54 (2.14, 2.95), and 2.41
(2.13, 2.68) ng/mL/mg, respectively, for the IR-TAC pretreated
group. The overall increase in C0/D ratio post-switch to LCPT was
statistically significant (p < 0.0001) in the two groups, and from
baseline to eitherM1 orM3 (both p < 0.0001). However, there was no
statistically significant difference in terms of C0/D ratio between the
two groups (Figure 3A).

Regarding the subgroups analysis by tacrolimus metabolizer
status (fast metabolizers vs. slow metabolizers), the mean (95%
CI) C0/D ratios observed at D0, M1, and M3 were 0.69 (0.63,
0.74), 1.33 (1.14, 1.51), and 1.39 (1.21, 1.57) ng/mL/mg,
respectively, for the fast metabolizer group and 2.01 (1.86, 2.16),
3.17 (2.79, 3.55), and 3.10 (2.80, 3.40) ng/mL/mg, respectively, for the
slow metabolizer group. The overall increase in C0/D ratio post-
switch to LCPT was statistically significant (p < 0.0001) in the two
groups, and from baseline to either M1 or M3 (both p < 0.0001). In
the fast metabolizer group, the C0/D ratio crossed over the threshold
of 1.05 ng/mL/mg after the switch to LCPT. Furthermore, the
difference between the two groups in terms of C0/D ratio at
M1 and M3 was statistically significant (p < 0.0001; Figure 3B).

Quality of Life
There was a statistically significant improvement from baseline
in the individual SF-12 component scores of role-physical (p =
0.0001), bodily pain (p = 0.0019), role-emotional (p < 0.0001),
social functioning (p = 0.0069), and mental health (p = 0.0197),
as well as in the mental component summary scores (p =
0.0002). The improvement in the physical component
summary score approached statistical significance (p =
0.0707; Table 2; Figure 4).

Other Neurologic Symptoms
The overall number of patients with at least one post-baseline
evaluation and one other neurologic symptom decreased from

FIGURE 2 | Tremor evaluation using the TETRAS score after switching
to LCPT in the modified intent-to-treat (mITT) population: (A) IR-TAC
pretreated patients versus PR-TAC pretreated patients, and (B) fast
metabolizer patients versus slow metabolizer patients. CI, confidence
interval; D, day; IR-TAC, immediate-release tacrolimus; M, month; NS, not
significant; PR-TAC, prolonged-release tacrolimus; TETRAS, The Essential
Tremor Rating Assessment Scale.
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121 (54.8%) at D0 to 103 (48.1%) at M1 and 83 (39.2%) at M3.
All assessed neurologic symptoms reported at baseline had
decreased in frequency by M1; subsequently, all but
nightmares and photophobia decreased in frequency
between M1 and M3. Although all neurologic symptoms
decreased in frequency from D0 to M3, those symptoms
reported in >15% of patients at D0 (i.e., headaches,
insomnia, paresthesia/dysesthesia, and blurred vision) were
still present in >10% of patients at M3.

Kidney Function and Other Laboratory Parameters
Kidney function was unchanged during the study: mean (SD)
serum creatinine levels were 140.01 (44.71), 144.70 (49.54), and
143.30 (46.98) µmol/L at D0, M1, and M3, respectively. Mean
(SD) eGFR values were 48.54 (18.59), 47.49 (18.94), and 47.54
(18.58) mL/min/1.73 m2 at D0, M1, and M3, respectively. Other
renal function parameters (creatinine clearance) were
numerically similar between study time points (data not shown).

There were no notable differences in lipid profiles during
the study, including total cholesterol, high-density lipoprotein
cholesterol, and triglyceride levels. There were also no notable
changes over time in other laboratory parameters (blood cell
count, blood glucose, liver enzyme, proteinemia/proteinuria).

Adverse Events
During the 3-month follow-up, 117 patients (51.5%) presented with
at least one AE and 43 (18.9%) with at least one treatment-related
AE; 14 patients (6.2%) discontinued treatment due to AE(s), of
whom eight discontinued due to a treatment-related AE. Serious
AEs (SAEs) were reported in 39 patients (17.2%). Seven SAEs in six
patients were considered to be related to LCPT (pneumocystis,
hypertension, thrombotic microangiopathy, BK virus replication,
basal cell carcinoma, epidermoid carcinoma, and cytomegalovirus
infection). Three patients experienced a SAE considered unrelated
to LCPT treatment that was fatal [pneumonia, head trauma (fall),
and suicide].

Graft Rejection
Two humoral graft rejections were reported (humoral rejection
and chronic active humoral rejection): one case of humoral
rejection for which biopsy confirmed the rejection but it was
considered not related as the patient already presented with
donor-specific antibodies on the day of graft (at a mean
fluorescence intensity of 1470); and one case of chronic active
humoral rejection (biopsy performed BANFF 2015 category 2).
There was another case of acute renal failure that was also
considered as suspicion of graft rejection; a biopsy was
planned following an increase in creatinine but was cancelled
as the levels returned to normal.

DISCUSSION

In the ELIT study, statistically significant decreases in mean total
TETRAS scores were observed in patients switching from IR-
TAC or PR-TAC to once-daily LCPT (−37.63% from switch to
last follow-up visit; p < 0.0001), irrespective of the previous
tacrolimus formulation administered and metabolism status
(fast vs. slow metabolizers), suggesting tremor improvement in
kidney transplant patients. These results—in a larger
population—are in line with those of the STRATO study [24].

No correlation between tacrolimus trough blood
concentrations and TETRAS scores was shown; however, the
improvements in TETRAS scores were observed despite an
increase in tacrolimus trough blood concentrations, suggesting
that other pharmacokinetic parameters, such as tacrolimus peak

FIGURE 3 | Trough concentration/dose (C0/D) ratio after switching to
LCPT in the modified intent-to-treat (mITT) population: (A) IR-TAC pretreated
patients versus PR-TAC pretreated patients; and (B) fast metabolizer patients
versus slow metabolizer patients. CI, confidence interval; D, day; IR-
TAC, immediate-release tacrolimus; M, month; NS, not significant; PR-TAC,
prolonged-release tacrolimus.
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blood concentrations (which were not evaluated in the current
real-world study) or the C0/D ratio improvement (as shown by
the results of this study), may play a role in reducing the incidence
of tacrolimus-induced tremor. Moreover, we had to enlarge the
predefined trough concentration range from 4–8 to 4–15 ng/mL
to facilitate inclusion, and we had to extend the study enrollment
period (from 12 to 18 months; protocol amended). Nevertheless,
73.2% of study participants (164 of 224 patients) had a tacrolimus
trough concentration between 4 and 8 ng/mL at baseline (last
dosage before inclusion): four patients had a trough
concentration <4 ng/mL and 55 patients had a trough
concentration between 8 and 13.90 ng/mL.

Previous studies examining a possible correlation between the
pharmacokinetic characteristics of tacrolimus and the
development of neurotoxicity have shown inconsistent results.
More severe CNI-related toxicities have been reported with a
higher CNI Cmax [24, 28]; this may explain why the TETRAS
scores in this study improved following the switch to LCPT,
which has a consistently lower Cmax than all other tacrolimus
formulations [14]. Although neurologic symptom reduction was
not correlated with tacrolimus trough blood concentrations [24],

neurologic symptom reduction has been observed after
discontinuation of tacrolimus or a decrease in dose [29]. Our
study suggests that LCPT is associated with a different profile of
neurologic effects compared with IR-TAC or PR-TAC and
highlights the need for mechanistic studies to improve
understanding of the pathophysiology of neurologic adverse
effects that consider differences in the pharmacokinetic
characteristics (including peak and trough blood
concentrations) of different tacrolimus formulations.

In the ELIT study, the initial dose of LCPTwas 37.1% lower than
the dose of IR-TAC or PR-TAC administered prior to the switch,
and the LCPT dose was reduced at each study visit; however, the
tacrolimus trough blood concentration increased significantly over
time. The tacrolimus C0/D ratio significantly improved post-switch
to LCPT for all patients, irrespective of the previous tacrolimus
formulation administered (IR-TAC or PR-TAC) and irrespective of
the patients’ metabolism status (fast or slow metabolizers of
tacrolimus). We can make the hypothesis that the improvement
of tremors and neurologic symptoms after switch to LCPT can be
explained by the C0/D ratio improvement. Previous studies have
already shown that switching to LCPT increased tacrolimus

FIGURE 4 | Mean 12-item Short Form Survey (SF-12) scores from baseline to Month 3 (M3) in the modified intent-to-treat population. D0, Day 0 (baseline); QoL,
quality of life.

TABLE 2 | Mean 12-item Short Form Survey (SF-12) scores over time (modified intent-to-treat population).

SF-12 component n Mean (SD) SF-12 score p-valuea

Day 0 Month 3 Change from baseline

Physical functioning 199 46.2 (9.9) 46.6 (10.4) 3.7 (26.8) 0.6604
Role-physical 200 49.9 (12.4) 53.1 (11.6) 3.2 (12.4) 0.0001
Bodily pain 199 42.8 (11.8) 45.5 (11.5) 2.7 (11.2) 0.0019
General health perceptions 198 41.7 (11.1) 42.2 (10.9) 0.5 (9.9) 0.6252
Physical component summary 194 44.4 (9.5) 45.5 (9.6) 1.2 (8.9) 0.0707
Vitality 200 37.7 (12.4) 38.4 (11.9) 0.7 (11.0) 0.2907
Role-emotional 198 50.0 (14.2) 53.7 (12.7) 3.7 (12.3) <0.0001
Social functioning 200 44.8 (11.1) 47.2 (10.7) 2.4 (12.1) 0.0069
Mental health 200 47.5 (13.0) 49.2 (12.6) 1.7 (11.3) 0.0197
Mental component summary 194 46.1 (13.0) 48.8 (11.3) 2.7 (10.0) 0.0002

aSignificant p-values are shown in bold. Mean difference from baseline was evaluated statistically using the Wilcoxon test, except for the physical component summary and the mental
component summary, for which the Student’s t-test was used.
SD, standard deviation.
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bioavailability, C/D ratio, and was associated with a noticeable
recovery of renal function in fast metabolizers [22].

These results are consistent with previous reports using the
MeltDose® technology, which demonstrated an increased
bioavailability of LCPT compared with twice-daily formulations
of tacrolimus [12, 14, 16] and with PR-TAC [30]. A comparative
pharmacokinetic study of IR-TAC, PR-TAC, and LCPT
formulations in stable renal transplant recipients demonstrated
that there were significant differences between LCPT and both
IR-TAC and PR-TAC, and that the formulations are not
interchangeable with LCPT [12]. Based on the results of the
ELIT study and exposure normalization analysis, a 36% total
daily dose reduction is observed when converting from PR-TAC
to LCPT and a 30% total daily dose reductionwhen converting from
IR-TAC to LCPT. It is noteworthy that after the switch to LCPT,
patients still had therapeutic drug exposure, despite the decreased
dose. Further, the doses at each time point (D0, M1, and M3) were
59.7%–64.4% lower than that of the doses administered prior to the
switch to LCPT. Interestingly, this is considerably less than the
dosing conversion (1:0.7 on a mg:mg basis) outlined in the LCPT
prescribing information [31], although it should be noted that the
patients included in the current study received high tacrolimus
doses at baseline and were experiencing tremors at baseline.

The switch to LCPT appeared to be associated with
improvements in patient health-related QoL. We found
statistically significant improvements from D0 to M3 in five of
the eight individual components of the SF-12, as well as in themental
component summary. There was also an improvement, albeit not
statistically significant, in the physical component summary. The
observed clinical improvement in other neurologic symptoms is also
likely to have been associated with this effect on QoL. Further, LCPT
has been shown to improve psychomotor speed compared with
cyclosporine [28], an effect that may also positively impact QoL.

No new efficacy or safety concerns were observed, including no
clinically significant change in kidney function. This is consistent
with evidence from liver or kidney transplant patients, which
indicates that LCPT had less adverse impact on kidney function
than the twice-daily tacrolimus formulation [13]. Switching to LCPT
increased the bioavailability of tacrolimus and concentration-to-dose
ratio, and was associated with a noticeable recovery of renal function
in fast metabolizers [22]. It has been suggested that this reduced
kidney toxicity may be due to a reduced peak tacrolimus
concentration, in addition to improved bioavailability and
reduced trough blood concentrations, after conversion to LCPT [13].

In the current study, the incidence of AEs (51.1% of patients
had ≥1 AE; 18.9% had ≥1 treatment-related AE) and SAEs (17.2%)
was higher than in the previous STRATO trial, in which 19.5% of
patients experienced an AE, 2.4% a treatment-related AE, and no
SAEs were reported [24]. This may be related to differences in
study design (including duration), patient population, and sample
size. STRATO was an open-label, multicenter, prospective, phase
IIIb study, in which 38 stable kidney transplant patients with
tremor were converted from twice-daily tacrolimus to once-daily
LCPT and followed during the 7 days post-switch. In addition, the
incidence of AEs in the ELIT study was lower than that reported by
Budde et al. from a phase IV, randomized, open-label, parallel
group study conducted in 10 European countries [19]. In that study

of 200 patients over a 6-month period, 97.5% of patients had any
AE, 36.5% had treatment-emergent adverse drug reactions, and
49.5% had an SAEs [19]. Further, in the LCPT international phase
III study (double blind, randomized trial, 1-year follow-up; n =
268), 98.1% of study participants reported ≥1 AE and 61.9%
reported ≥1 SAE [18], while in the LCPT phase III MELT study
(two-armed, parallel group, prospective, randomized, open-label,
multicenter, controlled, noninferiority trial; n = 162), 83.3% of
patients had treatment-emergent AEs and 22.2% had a SAE [16].
The differences in the incidence of AEs in the ELIT study compared
with these studies can be explained by the observational design of the
ELIT study (generally less AEs reported). The incidence of AEs in the
ELIT study was similar to that reported in the Spanish Better study
(61.7% of patients experienced an AE and 27.1% experienced a SAE)
[32], which had a similar study design (multicenter, prospective,
observational; n = 133) to the ELIT study.

LCPT may offer a therapeutic alternative to other tacrolimus
formulations, such as IR-TAC and PR-TAC, and allow for
adequate balance between immunosuppression and adverse
effects, given the large interpatient variability in tacrolimus
bioavailability and absorption rates. This could be particularly
relevant for patients who experience lower tacrolimus
bioavailability due to intrinsic factors, such as age [33], race
[34], sex [35], and/or genetic variations in cytochrome P450 3A
and P-glycoprotein expression [36–38].

To our knowledge, the ELIT study is the first large, prospective,
multicenter trial to investigate the impact of switching from IR-TAC
or PR-TAC to LCPT on tremor in kidney transplant patients. The
non-interventional design of the study is a strength, as the results
reflect outcomes in standard clinical practice and therefore are
generalizable to other clinical sites in France. However, the study
does have a few limitations. Firstly, due to the observational nature of
the study and the associated less stringent inclusion criteria, the study
population was heterogeneous (e.g., the reasons for switching to
LCPT and the TETRAS score at baseline were not set as inclusion
criteria) and missing data may have limited the internal consistency
of the results. Secondly, 65% of the population of the study was
receiving corticosteroids as well as tacrolimus, which could have
influenced tremor. Another limitation is that a subjective tremor
assessment scale (TETRAS) was used rather than a more objective
tremor assessment (such as accelerometers). However, in the study of
patients in real-life conditions, using devices such as accelerometers is
not practical, whereas TETRAS scores have been validated for use in
this setting. The absence of a control group means that caution is
required in the interpretation of the effect of LCPT treatment on
tremor and health-related QoL. Furthermore, care is needed in the
interpretation of the C0/D ratio improvement and its potential link
with clinical outcomes. Therefore, the study results need to be
confirmed in a randomized, controlled, international trial.

In conclusion, the results of the ELIT study suggest that LCPT
could be beneficial to renal transplant patients. We observed an
improvement in tacrolimus-induced tremor, as assessed with the
TETRAS scale. Treatment with LCPT was also associated with a
reduction in the daily dose of tacrolimus, while allowing a
therapeutic trough blood concentration to be maintained.
There was a trend towards improvement in other neurological
symptoms, as well as significant improvements in patient health-
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related QoL. Further exploration of the pathophysiology of CNI-
related toxicities and robust clinical investigations to fully discern
the improved tolerability with LCPT are warranted.
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An increasing number of sensitized patients awaiting transplantation face limited options,
leading to fatalities during dialysis and higher costs. The absence of established evidence
highlights the need for collaborative consensus. Donor-specific antibodies (DSA)-triggered
antibody-mediated rejection (AMR) significantly contributes to kidney graft failure,
especially in sensitized patients. The European Society for Organ Transplantation
(ESOT) launched the ENGAGE initiative, categorizing sensitized candidates by AMR
risk to improve patient care. A systematic review assessed induction and maintenance
regimens as well as antibody removal strategies, with statements subjected to the Delphi
methodology. A Likert-scale survey was distributed to 53 European experts
(Nephrologists, Transplant surgeons and Immunologists) with experience in kidney
transplant recipient care. A rate ≥75% with the same answer was considered
consensus. Consensus was achieved in 95.3% of statements. While most
recommendations aligned, two statements related to complement inhibitors for AMR
prophylaxis lacked consensus. The ENGAGE consensus presents contemporary
recommendations for desensitization and immunomodulation strategies, grounded in
predefined risk categories. The adoption of tailored, patient-specific measures is
anticipated to streamline the care of sensitized recipients undergoing renal allografts.
While this approach holds the promise of enhancing transplant accessibility and fostering
long-term success in transplantation outcomes, its efficacy will need to be assessed
through dedicated studies.
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INTRODUCTION

The incidence of chronic kidney disease is rocketing worldwide
and it is widely acknowledged that kidney transplantation
represents the best therapeutic option for patients reaching
end-stage kidney failure [1]. However, there is a rapid
increasing number of highly sensitized patients waitlisted
worldwide, who have limited access to transplantation.
2024 OPTN data from US [2] show that 11% of waiting list
kidney transplant candidates can be defined as highly sensitized
(HS), displaying a cPRA>80% (5% of listed patients display >98%
cPRA), and 45% of candidates have some degree of sensitization
with a cPRA>1%. The Eurotransplant data report that 35% of
candidates display a virtual PRA>0% in 2023 [3] and the
percentage of >85% PRA listed patients increased from 3.4%
in 2014 to 6% in 2019, whereas the percentage of sensitized
patients at any degree (PRA between 6% and 84%) remained
stable (14%). Country-specific reports show a percentage of HS
candidates varying from 20% to 30% depending on the assay
utilized (20% with cPRA>98% in Spain, 25% with cPRA >85% in
France, 28% with cRF >85% in United Kingdom). In Australia the
proportion appears similar, with 30% patients having cPRA >80%
[4–9]. In the absence of consensual evidence-based data regarding
the way these high immunological risk patients should be
managed, a large proportion of them remain on chronic
dialysis, which detrimentally impact both on their quantity
and quality of life and represents a higher financial burden for
the society [10–13].

In 2021, the European Society for Organ Transplantation
(ESOT) initiated the EuropeaN Guidelines for the
mAnagement of Graft rEcipients (ENGAGE) program. That
same year the ENGAGE working group proposed a

stratification of the humoral risk for candidate to a solid organ
transplantation [1]. Based on patient’s “immunological” history
and the results of single-antigen bead assay, cytotoxic (CDC) and
flow cytometry crossmatches, sensitized candidates can be
distributed into five categories (Figure 1) with decreasing risk
for AMR from Category 1 (Patients with day 0 DSA with positive
CDC crossmatch) to 5 (patients with no DSA and no
cellular memory).

Following the publication of this stratification, the ENGAGE II
working group was established to discuss how patient management
should be adapted in the five ENGAGE categories. The ENGAGE
II working group includes members from across Europe, selected
among ESOT/EKITA recognised experts in the field of transplant
immunology, kidney transplantation, and the management of
high-risk kidney transplant candidates or recipients. The
approach was based on two consecutive steps. In the first step,
a systematic review of the literature was conducted leading to the
generation of a list of evidence-based proposals on induction
therapies, antibody removal strategies and new biological drugs
and maintenance immunosuppression. Consensus about these
proposals was then established in each ENGAGE category using
the Delphi methodology.

METHODS

The Steering Committee of ENGAGE II working group included
members of the ENGAGE I and the TLJ WS06, all the previous
experts accepted either as panellists or scientific committee. The
requisites to be involved were to be representative of different
European Countries with experience in desensitization based on
scientific publications or participation to multicentre clinical

FIGURE 1 | Stratification for risk in kidney transplant recipients based on level of sensitization. Stratification was proposed by the ENGAGE working group 2021.
Edited with permission.
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studies on HS patients. None of the contacted centres or experts
declined to participate, witnessing the high interest of this topic in
selected transplant centres. The Scientific Committee for the
evidence-based evaluation and consensus generation consisted
of ten members, Lucrezia Furian (Italy; co-Chair), Olivier
Thaunat (France; co-Chair), Nizam Mamode
(United Kingdom), Oriol Bestard (Spain), Maarten Naesens
(Belgium), Klemens Budde (Germany), Fabio Vistoli (Italy),
Emanuele Cozzi (Italy), Soren Schwartz Sorensen (Denmark)
and Fritz Diekmann (Spain), all academic kidney
transplant experts.

Systematic Literature Review
A systematic search of the published literature was conducted to
identify studies reporting on induction regimens in sensitised
kidney transplant recipients and studies reporting antibody
removal strategies and new biological agents in low to very
high-risk kidney transplant recipients
(Supplementary Figure S1).

Two clinical questions were formulated according to the PICO
(Population, Intervention, Comparison, Outcome) structure to
define the search strategy as well as the inclusion and exclusion
criteria for selection of publications. Scientific committee met
several times online to define the scope, the PICOs, and discuss
the results.

The first clinical question was “What is the efficacy of different
induction agents or protocols on transplant outcomes in low to very
high-risk kidney transplant recipients?”. The population (P) was
defined as low to very high-risk kidney transplant recipients (all
ages), intervention (I) as induction agents or protocols, no
comparators (C) were considered and the outcome (O) was
defined as 1-year patient and graft survival, acute rejection
rates type of rejection according to the Banff Classification, 5-
and 10-year graft and patient survival, and development of DSAs.
Systematic reviews, randomised controlled trials, registry
analyses, case series were considered relevant. Publications
were excluded if they were published before 2000 or in any
language other than English.

The second clinical question was “What are the antibody
removal strategies and maintenance immunosuppression
available to facilitate the access to kidney transplantation and
to obtain acceptable outcomes in sensitized recipients?”. For this
question the P was defined as adult sensitized patients, the I as
antibody removal strategies and maintenance
immunosuppression, no C was considered and the O was
defined as AMR, infections, graft function, graft survival,
patient survival. Systematic reviews randomised controlled
trials, registry analyses, case series were considered relevant.
Publications were excluded if they were published before
1995 or in any language other than English. The decision to
exclude publications prior to 2000 and 1995, respectively, was
taken because more recent publications generally included
advancements in antibody detection technologies, diagnostic
criteria for rejection and immunosuppressive treatment
changes, among others. However, older papers that included
high-quality research could be included as supporting
evidence, with expert group agreement.

Literature Search Strategy, Study Selection
and Data Collection
Literature searches for both clinical questions were developed by
the Centre for Evidence in Transplantation, University of Oxford,
United Kingdom. The search strategy including the list of search
queries used per each bibliographic source is provided in
Supplementary Table S1. The literature searches were
conducted in the Transplant Library (www.transplantlibrary.
com), Medline® and Embase® databases, and included free text
and controlled vocabulary terms. The titles and abstracts were
screened by one reviewer and a list of potentially eligible reports
was identified. The review of the literature was refined by a
subgroup for each PICO, consisting of two members of the
scientific committee who independently evaluated the
evidences in the literature. Figure 2 describes both PRISMA
flow diagram for the study selection process.

Consensus Statement Development
Based on the evidence generated through the systematic literature
search, the clinical members of the induction therapies, antibody
removal strategies and maintenance immunosuppression
subgroups drafted statements on induction, desensitization and
immunomodulation. Statements were developed for ENGAGE
risk categories 1–4b. No specific statements were developed for
risk category 5 as these transplant candidates, who present with
no DSA and no cellular memory that indicates heightened risk of
rejection, were not the focus of the current work. Draft statements
for the Delphi process were discussed, revised and approved by
the full working group. Statements were then presented to a larger
number of experts who qualified as voting members of the Delphi
panel (Supplementary Figure S1).

Delphi Methodology
We employed the Delphi methodology to achieve a global view of
current desensitization and immunomodulation strategies during
kidney transplantation from a clinical immunology perspective.
The process was undertaken between May and September 2022.
The Delphi Review Group members were selected by the
Scientific Committee based on their specialty (nephrologists,
transplant surgeons, immunologists) and their experience in
the care of kidney transplantation recipients (minimum of
5 years). An online questionnaire was sent in two waves to
nephrologists, transplant surgeons and immunologists of the
selected countries. For the first wave, panel members were
invited to vote individually on whether they agree, partially
agree or disagree with each statement. In case of disagreement
or partial disagreement, panel members were asked to briefly
explain the reason for their disagreement/partial disagreement
with the statement and were invited to re-write the statement as
they considered more appropriate. Data were analysed globally.
The level of agreement or disagreement was defined by the
Scientific Committee when 75% of more of the experts agree
on the assessment. Following completion of the first wave, those
statements for which consensus had not been achieved were re-
written and clarified with some definitions by the Scientific
Committee according to the insights provided by the panel
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members for disagreed/partially disagreed. The second wave
consisted of the rewritten statements that had not achieved
consensus during the first wave.

RESULTS

For the systematic literature search regarding the first clinical
question, a total of 175 publications were identified from
Transplant Library. For the second clinical question,
1,136 publications were identified from Medline®, Embase®
and Transplant Library databases. A total of 43 statements
were developed by the Scientific Committee based on the
systematic literature review (Supplementary Table S2).

Delphi Review Group
Considering the highly specific topic addressed by the
questionnaire, different strategies of recruitment were
simultaneously taken (Supplementary Table S3). The Delphi
Review Group consisted of 53 experts from across Europe
(Supplementary Table S4).

Category 1 Patients (DSA Present With
Positive CDC Crossmatch at Day 0)
All statements for this group reached consensus except for
Statement 7 referring to the use of complement inhibitors as an
adjunction to a desensitization strategy (Figure 3). In all, 98% of
the Delphi Review Group agreed that kidney transplantation

should be avoided unless no other options is available. Most
members agreed that if kidney transplantation is considered, a
CDC negative crossmatch must be obtained through
desensitization before transplantation, and strategies to prevent
and treat antibody rebound must be carefully planned (agreement
rate 96%). Useful tools beyond careful clinical surveillance are
monitoring with DSA screening and surveillance biopsy
(agreement rate 96%). There was good agreement that plasma
exchange (PEX) and intravenous immunoglobulin (IVIg) should
be part of the first line desensitization strategy to provide a negative
CDC crossmatch prior to transplantation (agreement rate 75%).
Also, imlifidase might be considered as a desensitization strategy
for deceased kidney transplantation in very selected patients for
whom there are no other treatment options (agreement rate 92%).
Regarding induction therapies, experts agreed that T-lymphocyte-
depleting agents should be used in these patients rather than IL-
2RA (agreement rate 94%). T-cell depleting therapy such as
alemtuzumab or antithymocyte globulins (ATG) can be used
(agreement rate 94%). The B-cell depleting agent rituximab
might be considered as an adjunct to prevent antibody rebound
(agreement rate 89%). It was agreed by 91% of the Delphi Review
Group that patients in Category 1 should receive maintenance
immunosuppression with tacrolimus, mycophenolate and steroids.
Also, mTOR inhibitors can be considered in combination with
tacrolimus instead of mycophenolate, especially when it cannot be
tolerated or when infectious complications due to mycophenolate
occur (agreement rate 81%). A total of 92% of the Delphi Review
Group agreed that a planned minimization or withdrawal of
immunosuppression should be avoided in these patients.

FIGURE 2 | PRISMA flow diagrams for (A) efficacy of induction agent and (B) antibody removal strategy.
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Consensus remained elusive regarding the utilization of
complement inhibitors as a prophylactic measure against
antibody-mediated rejection (AMR) for patients in this
particular cohort who retained donor-specific antibodies
(DSA) post-desensitization treatment. In the initial
assessment, 72% of the Delphi Review Group supported the
notion that complement inhibitors could be considered as an
adjunct to desensitization strategies, while 21% expressed
partial agreement and 8% dissented. Given the absence of
consensus after the first round, the statement underwent
refinement for the second round, incorporating a specific
definition of desensitization (herein strictly referring to
drugs or procedures designed to diminish the titre of anti-
donor antibodies, either directly or by targeting antibody-
producing cells or their precursors). Nevertheless, consensus
remained unattainable in the second wave, with 70% of the
Delphi Review Group endorsing the revised statement, 17%
offering partial agreement, and 13% dissenting from
the statement.

Category 2 Patients (DSA Present With
Positive Flow and Negative CDC
Crossmatch at Day 0)
For risk Category 2 patients, all statements reached consensus
except statement 7 referring to the use of complement inhibitors

in prophylaxis of AMR (Figure 4). 83% of the Delphi Review
Group agreed that, preferably, kidney transplantation should be
avoided, but if there are no other options, it could be considered
on a case-by-case basis. In that case, strategies to prevent and
treat antibody rebound must be cautiously planned (agreement
rate 87%). Useful tools beyond careful clinical surveillance are
monitoring with DSA screening and surveillance biopsy
(agreement rate 96%). As agreed by 77% of the Delphi
Review Group, PEX and IVIg should be part of the first line
desensitization strategy, to provide a negative crossmatch prior
to transplantation. Also, imlifidase might be considered for
deceased kidney transplantation in selected patients for
whom there are no other treatment options (agreement rate
91%). The Group agreed that T-lymphocyte-depleting agents
should be used as induction therapy in these patients, rather
than interleukin 2 receptor antagonists (IL-2RAs; agreement
rate 93%). Alemtuzumab or antithymocyte globulins (ATG) can
be used (agreement rate 91%). The B-cell depleting agent
rituximab might be considered as an adjunct to antibody-
mediated injury (agreement rate 91%). Immunosuppression
should be maintained for this group, as agreed by 93% of the
Delphi Review Group with tacrolimus, mycophenolate and
steroids. Also, mTOR inhibitors can be contemplated in
combination with tacrolimus instead of mycophenolate,
especially when the latter cannot be tolerated or when
infectious complications due to mycophenolate occur

FIGURE 3 | Panellist responses for Category 1 (patients with DSA present and positive CDC crossmatch at D0 and Day 0) after (A) Wave 1 and (B) Wave 2.
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(agreement rate 83%). Moreover, planned minimizations or
withdrawal of immunosuppression should be avoided in
these patients (agreement rate 91%).

As for patients of Category 1, consensus proved elusive on the
statement concerning the use of complement inhibitors as an
adjunct to desensitization strategies for the prophylaxis of AMR
in patients retaining donor-specific antibodies (DSA) post-
desensitization treatment. In the initial wave, 68% of the
Delphi Review Group concurred that complement inhibitors
could be considered in tandem with desensitization strategies,
21% partially agreed, and 11% disagreed. In the second wave, the
statement was refined to specifically address AMR prophylaxis in
patients with persisting DSA. Despite this focus, consensus
further diminished for the rephrased statement, with 60% in
agreement, 19% partially in agreement, and 21% in disagreement.
Overall, while the Delphi results may not endorse the use of
complement inhibitors as AMR prophylaxis, there remains
interest in exploring this therapeutic class for treating
confirmed episodes of AMR.

Category 3 Patients (DSA Present and
Negative Flow and CDC Cross Match at
Day 0)
For Category 3 patients, consensus was reached for all proposed
statements at Wave one (Figure 5). 83% of the Delphi

Review Group agreed that other options for transplantation
(such as compatible living donor transplant or kidney paired
donation) should be objectively considered for kidney
transplant candidates in Category 3, since these patients are
at higher immunological risk than those in categories 4 and 5.
Moreover, 96% of the Group agreed that these patients
require a thorough risk/benefit analysis, and strategies to
prevent and treat antibody rebound need to be carefully
planned. Useful tools beyond clinical surveillance are
monitoring with DSA screening and surveillance biopsy
(agreement rate 94%). For desensitization, PEX and IVIg
might be considered (agreement rate 77%). Additionally,
rituximab might be considered as an adjunct to prevent
antibody-mediated injury (agreement rate 79%). For
induction therapy, T-lymphocyte-depleting agents should be
used, rather than IL-2RAs (agreement rate 85%). Alemtuzumab
or ATG can be used (agreement rate 89%). According to 93% of
the Delphi Review Group, immunosuppression should be
maintained, with tacrolimus, mycophenolate and steroids.
Also, mTOR inhibitors can be contemplated in combination
with tacrolimus instead of mycophenolate, especially when
the latter cannot be tolerated or when infectious
complications due to mycophenolate occur (agreement rate
89%). Further, planned minimizations or withdrawal of
immunosuppression should be avoided in these patients
(agreement rate 81%).

FIGURE 4 | Panellist responses for Category 2 (patients with DSA, negative CDC crossmatch and positive now cytometry crossmatch on Day 0) after (A) Wave
1 and (B) Wave 2.
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Category 4 Patients (Without DSA on Day
0 But With Potential Cellular Memory
Against Donor HLA)
In ENGAGE stratification [1], category 4 was further divided into
category 4a, with “probable” cellular memory, in case of positive
history of DSA, pregnancy and/or previous transplant with
repeated antigens, and category 4b with “possible” cellular
memory if they have a history of transfusions and/or
pregnancies with no information on the HLA type patient
was exposed to.

Most members of the Delphi Review Group (89%) agreed that
for Category 4a patients post-transplant monitoring and strategies
to control antibody-mediated injury need to be considered (Figure
6). Useful tools beyond careful clinical surveillance are monitoring
with DSA screening and surveillance biopsy (agreement rate 87%).
Lymphocyte-depleting agents should be considered for patients in
Category 4a, rather than IL-2Ras alone (agreement rate 76%).
Alemtuzumab or ATG (i.e., T-cell depleting agents) can be used as
induction therapies for this group (agreement rate 81%) since as
naïve alloantibody response, recall responses also require T cell
help [14]. In all, 87% of the Delphi Review Group agreed that
patients in Category 4a should receive maintenance
immunosuppression with tacrolimus, mycophenolate and
steroids. Also, mTOR inhibitors can be contemplated in
combination with tacrolimus instead of mycophenolate,
especially when the latter cannot be tolerated or when
infectious complications due to mycophenolate occur
(agreement rate 94%). A total of 81% of the Group agreed that
a planned strategy of minimization of maintenance
immunosuppression should be avoided in these patients in
Category 4a. Initially, no consensus was reached during Wave

one, as 66% of the Group agreed, while 25% partially agreed and
9% disagreed. For Wave two, a clear definition of minimization (a
planned strategy of reduction of maintenance immunosuppression
consisting in reducing calcineurin inhibitor (CNI) trough levels
and/or antimetabolites doses below the standard values and/or
withdrawing corticosteroids) was included and consensus was
achieved. However, withdrawal of steroids or lower than usual
doses of tacrolimus/MMF in these patients was also considered
appropriate by the Delphi Review Group, depending on time after
transplantation, occurrence of acute rejection and side effects of
immunosuppression.

Given the current lack of routinely accessible tests to evaluate
the humoral cellular memory of kidney transplant candidates, the
Delphi Review Group reached a consensus that patients in
Category 4b do not necessitate additional treatment beyond
the standard of care, with an agreement rate of 81%. While
this finding might suggest the potential exclusion of Category 4b
from the classification, the ENGAGE working group
recommends retaining this category. Doing so emphasizes the
critical unmet medical need and encourages research on
alloreactive memory B cells. The simplification of the
classification awaits robust evidence on the role of these
subsets and the development of reliable assays to screen for
their presence.

Category 5 Patients (With No DSA and No
Cellular Memory)
No specific statements were developed for this category as these
transplant candidates (who present with no DSA, and no cellular
memory indicating heightened risk of rejection) were not the
focus of the review. It was agreed that these patients do not

FIGURE 5 | Panellist responses for Category 3 (patients with DSA and negative flow cytometry crossmatch on Day 0).
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require any additional treatment beyond standard of care
(agreement rate 93%; Figure 7).

DISCUSSION

Through a process of systematic literature searching, statement
development and Delphi-based consensus achievement a group
of European experts in the field of kidney transplantation agreed a
series of recommendations for desensitization and
immunomodulation strategies based on previously defined risk
categories [1]. For patients in Categories 1 and 2 the
recommendation is that kidney transplantation should be
avoided unless no other option is available. In this situation,
for patients in category 1, a CDC negative crossmatch must be

obtained through desensitization before transplantation and in
both categories 1 and 2, strategies to prevent and treat antibody
rebound must be carefully planned. Importantly, in the survey
used to establish the consensus, the focus was primarily on the
combination of plasma exchange (PEX) and intravenous
immunoglobulin (IVIG) for desensitization. It’s crucial to note
that this choice was made for the sake of simplicity, and while
historically the first therapeutic approach, it is no longer the sole
option available to clinicians. Among the alternative
extracorporeal therapies capable of removing circulating HLA
antibodies, both double-filtration plasmapheresis (DFPP) and
immunoadsorption (IA) have demonstrated efficacy for
desensitization, as supported by studies [15, 16]. Currently,
there is no conclusive evidence favouring one technique over
another, and studies comparing different apheresis techniques for

FIGURE 6 | Panellist responses for Category 3 (patients with absence of DSA with but potential cellular memory against donor HLA antigens on day 0) after (A)
Wave 1 and (B) wave 2.

FIGURE 7 | Panelist responses for category 5 (Patients with no DSA and no cellular memory on Day 0).
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HLA desensitization are limited. For instance, a study byMaillard
et al. revealed a higher relative reduction of MFI with IA
compared to three consecutives daily PLEX sessions (−69%
vs. −58%, respectively, p = 0.003), despite IA treating a lower
total volume of plasma (105 ± 6 vs. 160 ± 16 mL/kg after IA and
PEX, respectively) [17]. However, a significant drawback of this
study was its departure from routine clinical practice, where more
than one IA or three PEX sessions are typically performed.
Another recent monocentric study analysing 881 sessions
(107 DFPP, 54 PEX, 720 IA) in 45 patients reported successful
procedures leading to HLA incompatible kidney transplantation
in 39 patients (87%) after 29 (15–51) days. IA, PE, and a lower
maximal DSA MFI were associated with a greater decrease in
intra-session class II DSA [15]. Apart from efficacy, the choice of
the apheresis technique also considers safety. Compared to PEX,
IA offers semi-specific plasma treatment, eliminating the need for
albumin or plasma substitution [18]. However, the rational use of
fresh-frozen plasma effectively mitigates hypofibrinogenemia-
induced haemorrhagic risk associated with PEX. Therefore, all
three techniques exhibited good tolerance in the study by Noble
et al, with severe adverse events occurring in only 1.9% of the 881
(DFPP had a slightly higher occurrence of adverse events: 6.5%;
p < 0.01). Lastly, it’s essential to also consider the financial and
practical aspects, unfortunately IA columns comes at a higher
cost are not universally available across all countries [19].

For patients of category 1 to 3 other transplant options should
be preferred each time possible, such as compatible living donor
transplant or kidney paired donation, or awaiting on a national
prioritization program if acceptable waiting times are expected
according to transplant calculators that address the likelihood of a
compatible deceased donor transplant for sensitized patients [20].
They require a thorough risk/benefit analysis and strategies to
control antibody-mediated injury. Patients in Category 4a require
post-transplant monitoring and strategies to control antibody-
mediated injury as they are at increased risk for AMR compared
with patients in Category 5, who do not require any additional
treatment beyond standard of care [21–25].

For patients in Categories 1, 2, 3 and 4a, careful clinical
surveillance and monitoring with DSA screening and
surveillance biopsy is recommended [26, 27]. With regard to
desensitization strategies for patients in Categories 1, 2 and 3, it is
suggested that PEX and IVIg should be part of the first line
treatment. Moreover, Imlifidase could be considered for deceased
kidney transplantation in selected patients in Categories 1 and
2 for whom no other treatment options are available [21, 28–31].
As far as induction therapy for patients in Categories 1, 2, 3 and
4a, lymphocyte-depleting agents rather than IL-2RAs alone are
recommended and either alemtuzumab or ATG can be
considered [4, 21, 32, 33]. The experts also agreed that
rituximab might be considered as an adjunct to prevent
antibody rebound and therefore could be included at the time
of transplantation as an induction agent for patients in Categories
1, 2, 3 [21, 33–36]. This approach, although not directly evaluated
in the present questionnaire, is even making better sense for
patients from category 4a, who have by definition lost their
serological memory (disappearance of DSA from the
circulation) but remain at high risk of having persisting

alloreactive memory B cells [37]. In the latter, the use of
rituximab (a B-cell depleting agent with a safe tolerance
profile) has been suggested as an alternative to T-cell depleting
agents to prevent DSA rebound without increasing the risk of
infectious and cancerous complications [38].

For maintenance immunosuppression for patients in
Categories 1, 2, 3 and 4a, it is recommended that they receive
treatment with tacrolimus, mycophenolate and steroids. Also, in
some cases mTOR inhibitors in combination with tacrolimus
instead of mycophenolate can be contemplated. Planned
strategies of minimization of this maintenance
immunosuppression should be avoided in these patients.
Immunosuppression should be adapted and maintained in
these transplant recipients unless there are treatment-related
adverse events that are severe enough to alter the regimen [39].

In Category 4a patients, consensus remained elusive during
Wave one concerning the statement on maintenance
immunosuppression. Disagreement primarily stemmed from
the belief that minimizing immunosuppression should be
approached on a case-by-case basis, contingent upon DSA
monitoring and surveillance biopsies. For Wave two, the
statement underwent a revision, incorporating a clear
definition of minimization as a planned strategy involving the
reduction of maintenance immunosuppression, entailing
lowering CNI trough levels and/or antimetabolite doses below
standard values. However, specific target levels and doses were
not delineated, and/or the withdrawal of corticosteroids was
suggested. Consensus was attained in Wave two, with
agreement that planned minimization strategies should be
avoided for these patients. Nevertheless, experts acknowledged
that, based on time post-transplantation, absence of prior acute
rejection history, and immunosuppression-related side effects,
the consideration of steroid withdrawal or reduced tacrolimus/
MMF doses could be appropriate for select patients in
this category.

In regard to kidney transplantation candidates in Categories
1 and 2, no consensus emerged regarding the use of complement
inhibitors. Predominant reasons for disagreement centred
around the current lack of evidence supporting this
recommendation, given that complement inhibition does not
reduce DSA titres. While the use of complement inhibitors
may not be recommended for patients with high preformed
DSA titres, these agents could still prove beneficial in
addressing complement-mediated injury during an episode of
AMR [6, 40–42].

According to the recent guideline from a European Society of
Organ Transplantation (ESOT) working group, concerning the
management of kidney transplant patients with HLA antibodies
[6], highly sensitized patients should be prioritized in kidney
allocation schemes and linking allocation schemes may increase
opportunities. If strategies for finding a compatible kidney are
very unlikely to yield a transplant, desensitization may be
considered balancing the benefit/risk with staying on chronic
dialysis therapy for long periods of time, if not for ever, and
should be preferentially performed with PLEX or
immunoadsorption (IA), supplemented with IVIg and/or anti-
CD20 antibody treatment. Newer therapies such as imlifidase
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may offer a unique opportunity, especially for deceased-donor
transplant candidates, to significantly reduce, albeit only
transiently, the risk for hyperacute and accelerated graft
rejection and thus, may provide access to transplantation. To
date, few studies have compared HLA incompatible
transplantation with remaining on the waiting list, and
comparisons of morbidity or quality of life do not exist. The
use of Kidney-paired Exchange Programmes (KEP) is preferred
to desensitization, but highly sensitized patients should not be left
on a KEP list indefinitely if the option of a direct incompatible
transplant exists.

To our knowledge, this is the first study undertaken as a
cohesive effort to provide an international expert consensus on
desensitization and immunomodulation in kidney transplant
patients according to each patient recently determined humoral
risk category. A high level of consensus was achieved among this
group of European experts for the management of desensitization
and immunomodulation strategies of kidney transplantation
recipients according to defined pre-transplantation patients
humoral risk profiles. The actions to be undertaken for each
patient risk category may help to improve these patients’
management, access to transplantation and long-term success.
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Introduction: Musculoskeletal disorders could be associated with metabolic disorders
that are common after kidney transplantation, which could reduce the quality of life of
patients. The aim of this study was to assess the prevalence of both musculoskeletal and
metabolic disorders in kidney transplant patients.

Methods: MEDLINE, CINAHL, Cochrane Library, EMBASE and Web of Science were
searched from their inception up to June 2023. DerSimonian and Laird random-effects
method was used to calculate pooled prevalence estimates and their 95% confidence
intervals (CIs).

Results: 21,879 kidney transplant recipients from 38 studies were analysed. The overall
proportion of kidney transplant patients with musculoskeletal disorders was 27.2% (95%
CI: 18.4–36.0), with low muscle strength (64.5%; 95% CI: 43.1–81.3) being the most
common disorder. Otherwise, the overall proportion of kidney transplant patients with
metabolic disorders was 37.6% (95%CI: 21.9–53.2), with hypovitaminosis D (81.8%; 95%
CI: 67.2–90.8) being the most prevalent disorder.

Conclusion: The most common musculoskeletal disorders were low muscle strength,
femoral osteopenia, and low muscle mass. Hypovitaminosis D, hyperparathyroidism, and
hyperuricemia were also the most commonmetabolic disorders. These disorders could be
associated with poorer quality of life in kidney transplant recipients.

Systematic Review Registration: https://www.crd.york.ac.uk/prospero/, identifier
[CRD42023449171].
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GRAPHICAL ABSTRACT |

INTRODUCTION

Renal transplantation represents the best therapy for patients
diagnosed with end-stage renal disease. Major advances in
surgical techniques and immunosuppressive treatment have
led to a substantial improvement in the survival of these
patients over the last few decades, resulting in a higher
quality of life and lower treatment-related costs compared to
dialysis [1, 2]. This surgical procedure involves the replacement
of a healthy kidney, either from a living or deceased donor, in a
patient whose kidneys are not functioning properly [1].
According to the Global Observatory on Donation and
Transplantation (GODT3), a total of 65,668 kidney transplants
were performed worldwide in 2021, making the kidney commonly
the most transplanted organ [3].

Despite the improvement in the patient’s clinical status compared
to the patient’s previous disease status, this therapy does not imply a
cure [4]. The evolution of kidney transplant recipients will depend
fundamentally on the use of immunosuppressive drugs, the origin of
the transplanted kidney, the characteristics of the patient and several
events that may occur in the post-transplant period [1], which pose
certain risks to the health and quality of life of the transplant
recipient. These post-transplant events include renal, infectious,
urological, surgical, cardiovascular, and cerebrovascular
complications, side effects of the drugs used to prevent rejection,
and metabolic disorders [1].

In relation to the above, there are several metabolic disorders,
such as hypercalcemia, hypophosphatemia, hyperparathyroidism,
and hypovitaminosis D, among others, which are common in these

patients and have the potential to cause loss of bone mineral
density (BMD), as occurs with the use of glucocorticoids, whose
doses are higher immediately after transplantation [2, 4, 5]. This
loss of BMD leads to several musculoskeletal disorders that can
affect the quality of life of transplant patients and need to be
controlled.

Musculoskeletal disorders include a group of pathologies
suffered by many patients after surgery, the exact prevalence
of which is not yet well known [6]. This group includes disorders
such as osteopenia, osteoporosis, and sarcopenia, which involve
both a reduction in bone density and a reduction in strength and
muscle mass, respectively [7]. Although it is a common
complication in these patients, involving the loss of bone and
muscle mass, especially in the first months after transplantation,
both diagnosis and treatment to prevent these pathologies are still
inadequate [8, 9]. Furthermore, there is a lack of studies that
accurately synthesize and estimate the proportion of
musculoskeletal and metabolic disorders in renal transplant
patients. Therefore, the aim of this study was to carry out a
systematic review and meta-analysis to determine the prevalence
of musculoskeletal disorders and their related metabolic disorders
in kidney transplant patients.

METHODS

This systematic review adhered to the Cochrane Collaboration
Handbook, the Meta-analyses of Observational Studies in
Epidemiology (MOOSE) guidelines, and the “Preferred
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TABLE 1 | Characteristics of the studies included (n = 38).

Author and
year

Country Study design Sample characteristics Outcome (prevalence)

Transplant
year

n Age and
gender (%
women)

Time since
transplant

Time on
haemodialysis

prior to transplant

Alagoz S. et al.
[11] 2019

Turkey Retrospective
longitudinal

2002–2012 176 32.9 ±
11.8 (38.1)

1 month 33.8 ± 33.1 months Hypercalcemia (18.2%)
Hypophosphatemia (33.3%)
Hyperparathyroidism (45.3%)

12 months Hypercalcemia (17.2%)
Hypophosphatemia (8.6%)
Hyperparathyroidism (29.4%)

60 months Hypercalcemia (13.2%)
Hypophosphatemia (11.4%)
Hyperparathyroidism (9.2%)

Amin T. et al.
[12] 2016

Australia Cross-sectional 1971–2011 679 55 ± 13 (39) ≥3 months 28.8 ± 24 months Hypercalcemia (15%)

Batteux B.
et al. [13] 2020

France Prospective
longitudinal

2012–2018 310 51.1 ±
12.8 (37.4)

1 month 30 months Osteopenia: lumbar area
(34.5%); femoral area (53.5%)
Osteoporosis: lumbar area
(6.1%); femoral area (10%)

Berga JK. Et al
[14]. 2010

Spain Retrospective
longitudinal

— 110 50.2 ± 11 (53) — — Hypovitaminosis D (96.4%):
insufficiency (43.6%),
deficiency (52.7%)

Braga Jr JWR.
et al. [15] 2006

Brazil Cross-sectional 2000 191 44.8 ±
0.8 (50.8)

87 ±
3.7 months

46.48 ±
3.03 months

Osteopenia: lumbar area
(32.5%); femoral area (33%)
Osteoporosis: lumbar area
(11.5%); femoral area (11%)
Fractures (24.1%)

Chan W. et al.
[16] 2019

United Kingdom Prospective
longitudinal

2010–2013 128 49 ± 15 (44) 60 (12–132)
months

— Sarcopenia (28.9%)
Low muscle strength (64.1%)
Low muscle mass (35.9%)

Conley E. et al.
[17] 2008

United States Retrospective
longitudinal

1998–2006 554 46.3 ±
0.5 (42.2)

14 months — Fractures (13%)

Einollahi E.
et al. [18] 2013

Iran Cross-sectional 2008–2011 4,217 38 ± 15 (36) 60 months — Hyperuricemia (31.8%)

Evenepoel P.
et al. [19] 2019

Belgium Cross-sectional 2006–2013 518 54.7 ±
12.8 (39.4)

>2 weeks — Hypovitaminosis (38.4%):
insufficiency (35.1%);
deficiency (3.3%)
Osteopenia: lumbar area
(8.1%); femoral area (55%)
Osteoporosis: lumbar area
(23.7%); femoral area (22%)
Fractures (7.3%)

Férnandez
Castillo R.
et al. [20] 2018

Spain Cross-sectional — 119 −(41.2) 6 months — Osteopenia: lumbar area
(32.9%); femoral area (49.3%)
Osteoporosis: lumbar area
(30.1%); femoral area (15.1%)

12 months Osteopenia: lumbar area
(38.4%); femoral area (51.5%)
Osteoporosis: lumbar area
(30.8%); femoral area (16.7%)

Gregorini M.
et al. [21] 2017

Italy Cross-sectional 2000–2016 297 55.5 ±
12 (34.7)

24 months — Osteopenia: lumbar area
(40.4%); femoral area (50.2%)
Osteoporosis: lumbar area
(13.8%); femoral area (20.9%)
Fractures (12.1%)

Hamidian
Jahromi A.
et al. [22] 2009

England Prospective
longitudinal

2000–2002 121 35.5 ±
12.5 (30.6)

3 months 17.4 ± 6 months Hypercalcemia (17.4%)
Hyperparathyroidism (9.9%)

12 months Hypercalcemia (5.7%)
Hyperparathyroidism (5.7%)

Jerman A.
et al. [23] 2017

Slovenia Cross-sectional 1976–2011 507 54.3 ± 12 (45) 116.4 months 63.4 ± 43.6 months Fractures (12.6%)

Jørgensen
HS. et al. [24]
2016

Norway Cross-sectional 2006–2011 701 52.2 ±
14.7 (32.4)

2.5 months 13.8 (7.8–26.3)
months

Osteopenia: lumbar area
(35.7%); femoral area (51.8%)
Osteoporosis: lumbar area
(16.8%); femoral area (26%)

(Continued on following page)
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TABLE 1 | (Continued) Characteristics of the studies included (n = 38).

Author and
year

Country Study design Sample characteristics Outcome (prevalence)

Transplant
year

n Age and
gender (%
women)

Time since
transplant

Time on
haemodialysis

prior to transplant

Khosravi M.
et al. [25] 2020

Iran Cross-sectional — 148 43.8 ±
12.7 (48)

67.59 ±
42.66 months

14.18 ±
16.05 months

Osteopenia: lumbar
area (49.3%)
Osteoporosis: lumbar
area (18.9%)

Kim KM. et al.
[26] 2010

South Korea Cross-sectional 1990–2008 356 39.3 ±
10.3 (39.3)

102.63 ±
27.25 months

— Hyperuricemia (15.4%)

Kosoku A.
et al. [27] 2020

Japan Cross-sectional — 210 55 ± 10 (42) 85 (43–135)
months

19 (6–67) months Sarcopenia (11%)

Limirio LS.
et al. [28] 2019

Brazil Cross-sectional — 127 47.6 ±
11.5 (31.5)

95.5 ±
78.2 months

55.4 ± 43.5 months Sarcopenia (50.4%)
Low muscle strength (80.3%)
Low muscle mass (61.4%)

López Ruiz
ML. et al. [29]
2015

Spain Cross-sectional 2002–2009 306 46.9 ±
13.8 (37.6)

12 months — Osteopenia: lumbar area
(14.4%); femoral area (19.6%)
Osteoporosis: lumbar area
(12.4%); femoral area (6.9%)

Malheiro
J. et al. [30]
2012

Portugal Cross-sectional 1983–2010 302 49.6 ±
13.4 (39.4)

91.2
(27.6–170.4)
months

— Hyperuricemia (42.1%)

Marcén R.
et al. [31] 2009

Spain Cross-sectional — 509 45.4 ±
14.5 (42)

113 ±
76 months

— Hypovitaminosis D (85.3%):
insufficiency (47%);
deficiency (38.3%)

Menna
Barreto APM.
et al. [32] 2019

Brazil Cross-sectional — 185 50 ± 7 (43) 117 (32–173)
months

— Sarcopenia (17.3%)
Low muscle strength (45.9%)
Low muscle mass (23.8%)

Muirhead N.
et al. [33] 2014

Canada Retrospective
longitudinal

2003–2008 1,000 50 ±
12.5 (35.6)

12 months — Hypercalcemia (16.6%)
Hyperparathyroidism (47.6%)

24 months Hypercalcemia (13.6%)
Hyperparathyroidism (51.1%)

36 months Hypercalcemia (9.5%)
Hyperparathyroidism (43.4%)

48 months Hypercalcemia (10.1%)
Hyperparathyroidism (39.3%)

Ozkayar N.
et al. [34] 2014

Turkey Cross-sectional — 166 37.9 ±
11.9 (41)

— — Sarcopenia (20.5%)

Park WY. et al.
[35] 2017

United Kingdom Prospective
longitudinal

2011–2013 207 45 ± 11 (46.4) 12 months 25.3 months Osteopenia: femoral
area (40.1%)
Osteoporosis: femoral
area (47.3%)

Patel S. et al.
[36] 2001

United Kingdom Cross-sectional 1998 165 46 ± (42) 61.2 months 18 months Osteopenia: lumbar area
(30.9%); femoral area (40.6%)
Osteoporosis: lumbar area
(7.9%); femoral area (10.3%)
Fractures (16.4%)

Savaj S. et al.
[37] 2012

Iran Cross-sectional 2010 113 46.1 ±
13.6 (51.3)

106.4 ±
77.0 months

147.1 ±
92.8 months

Hyperparathyroidism (76.1%)
Hypovitaminosis D (94.7%):
insufficiency (49.6%).
deficiency (45.1%)
Osteopenia: lumbar area
(52.2%); femoral area (36.3%)
Osteoporosis: lumbar area
(12.4%); femoral area (45.1%)

Schreiber W.
et al. [38] 2020

Switzerland Prospective
longitudinal

2008–2009 135 51 ± 11 (33.3) 6 months — Vitamin D deficiency (65.2%)

Segaud N.
et al. [39] 2018

France Prospective
longitudinal

2005–2011 259 49.7 ±
12.1 (37.1)

8.8 ±
1.9 months

38.4 months Osteopenia: femoral
area (42.9%)
Osteoporosis: femoral
area (40.9%)
Fractures (10.8%)

Simbolon FR.
et al. [40] 2018

Taiwan Retrospective
longitudinal

1997–2010 5,917 45.1 ±
11.9 (48.6)

32.4 months — Gout (8.8%)

Stamp L. et al.
[41] 2006

New Zealand Cross-sectional 2004 202 53 (31.9) >36 months — Gout (23.3%)

(Continued on following page)
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Reporting Items for Systematic Reviews and Meta-Analysis”
(PRISMA) guidelines [10]. This study was registered in the
International Prospective Register of Systematic Reviews
(PROSPERO) with the registration number (CRD42023449171).

Search Strategy
A systematic search in MEDLINE (via PubMed), CINAHL,
Cochrane Library, EMBASE (via Scopus), and Web of
Science (WOS) was conducted from inception to June 2023.
Gray literature and the references of selected studies were also
reviewed to identify additional studies. The search strategy
combined the following terms using Boolean operators:
“post-kidney transplant,” “post-renal transplant,” “kidney
transplant,” “renal transplant,” “musculoskeletal,” “muscular
pain,” “muscle pain,” sarcopenia, fibromyalgia, myopathy,
“joint pain,” fracture, fragility, “bone pain syndrome,” “bone
syndrome,” “bone pain,” “bone disease,” “bone disorder,”
“lower limb pain,” hyperparathyroidism, hypophosphatemia,
gout, hyperuricemia, arthritis, “bone loss,” osteoporosis,

osteopenia, osteomalacia, “mineral disorder,” hypercalcemia,
“vitamin D,” “hypovitaminosis D,” “vitamin D deficiency.”
The references of the included studies were also checked. If
the full text of a study was not available, the authors of the study
were contacted. The systematic search was conducted
independently by two investigators (AH-C and MG-M). The
detailed search strategy is available in Supplementary Table S1.

Eligibility Criteria
Observational studies analysing musculoskeletal and metabolic
disorders developed in kidney transplant patients were included.
The inclusion criteria were as follows: 1) population: adult
patients over 18 years of age; 2) study design: cross-sectional
or baseline data from longitudinal studies without language
restriction; and 3) outcome: primary outcomes including
prevalence of musculoskeletal or metabolic disorders in kidney
transplant recipients. Exclusion criteria were as follows: 1)
ineligible publication types (clinical trials, literature reviews,
commentaries, or letters to the editor); 2) patients with other

TABLE 1 | (Continued) Characteristics of the studies included (n = 38).

Author and
year

Country Study design Sample characteristics Outcome (prevalence)

Transplant
year

n Age and
gender (%
women)

Time since
transplant

Time on
haemodialysis

prior to transplant

Torres A. et al.
[42] 2016

Spain Cross-sectional 2008–2010 727 55 ±
13.6 (39.9)

>12 months 67 ± 29 months Hypercalcemia (6.5%)
Hypophosphatemia (6.2%)
Hyperparathyroidism (76.9%)
Hypovitaminosis D (83.2%):
insufficiency (50.8%);
deficiency (32.5%)
Fractures (14.6%)

Velioglu A.
et al. [43] 2021

Turkey Cross-sectional 2017–2018 153 46.5 ±
11.9 (50.3)

86.4 months 35 months Hyperparathyroidism (52.9%)
Hypovitaminosis D (68.8%):
insufficiency (49.7%);
deficiency (19%)
Osteopenia: lumbar area
(28.1%); femoral area (41.2%)
Osteoporosis: lumbar area
(7.2%); femoral area (7.8%)
Fractures (43.4%)

Vilarta CF. Et
al [44]. 2017

Brazil Cross-sectional — 149 44 ± −(56.4) 72 months — Hypovitaminosis D (79.2%):
insufficiency (37.6%);
deficiency (41.6%)
Fractures (10%)

Wang C. et al.
[45] 2021

China Cross-sectional — 216 41.5 ±
9.9 (27.8)

— 15 months Hypercalcemia (8.8%)
Hypophosphatemia (3.7%)
Hypovitaminosis D (78.7%):
insufficiency (46.3%);
deficiency (32.4%)
Fractures (3.2%)

Weng SC.
et al. [46] 2014

Taiwan Prospective
longitudinal

1999–2013 880 48.7 ±
12.3 (46.8)

— — Hyperuricemia (44.2%)
Gout (17.7%)

Wolf M. et al.
[47] 2016

United States Prospective
longitudinal

— 246 52.8 ±
13.4 (36.7)

— 42 ± 34.8 months -Hypercalcemia (30.5%)
-Hypophosphatemia (53.7%)
-Hyperparathyroidism
(89.4%)

Zhang K. et al.
[48] 2015

China Retrospective
longitudinal

2008–2011 573 41.4 ±
9.5 (31.6)

1 month — -Hyperuricemia (16.2%)
3 months -Hyperuricemia (24.1%)
24 months -Hyperuricemia (30.9%)
36 months -Hyperuricemia (42.8%)
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previous nonrenal transplants; 3) pregnant or breastfeeding
women; and 4) no access to full text.

Data Extraction
After selecting the studies that met the inclusion criteria, the
following data were collected and described in a descriptive
table (Table 1): (a) first author and year of publication; (b)
country; (c) study design; and (d) sample characteristics (year
of transplantation, number of participants, age, and sex);
and (e) outcome analysed. If more than one study provided
data on the same sample, the study with the most detailed
results and/or with the largest sample size was selected for
data synthesis.

Two reviewers (AH-C and MG-M) independently
conducted the data extraction, and disagreements were
resolved by consensus or by a third reviewer (CB-M).
Articles retrieved were imported and managed by Mendeley
reference manager.

Methodological Quality Assessment
To assess the methodological quality of the studies included in
this systematic review and meta-analysis, we used the Joanna
Briggs Institute (JBI) tool “Checklist for prevalence studies” scale
by Munn et al [49] for cross-sectional descriptive studies and the

JBI tool “Checklist for cohort studies” scale by Moola et al [50] for
longitudinal cohort studies. Both scales [49, 50] consist of 9 and
11 items, respectively. They are scored as “yes” (1), “no” (0), “not
applicable” (NA) and “unclear” (?). The final score for each study
therefore ranged from 0 to 9 or 11. Depending on this score, each
study was classified as having a low (>7), moderate (4–6) or high
(1–3) risk of bias [49, 50].

Both the data extraction and the quality assessment were
performed independently by two reviewers (AH-C and MG-
M), and disagreements were resolved by consensus or by
involving a third reviewer (CB-M).

Statistical Analysis and Data Synthesis
Pooled prevalence estimates with their respective 95%
confidence intervals (CIs) were calculated for each subgroup
of musculoskeletal disorders (sarcopenia, low muscle strength,
and low muscle mass, osteopenia, osteoporosis, fractures, and
gout) and metabolic disorders subgroup (hypercalcemia,
hypophosphatemia, hyperparathyroidism, hyperuricemia,
and hypovitaminosis D). In addition, the overall pooled
prevalence of both musculoskeletal and metabolic disorders
was also estimated. DerSimonian and Laird random-effects
method [51, 52] was used to calculate pooled prevalence
estimates and their 95% CIs. Heterogeneity between studies

FIGURE 1 | PRISMA 2020 flowchart.
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was assessed using the I2 statistic [53] with values considered
as follows: not important (0%–40%), moderate (30%–60%),
substantial (50%–90%) and considerable heterogeneity (75%–

100%). The significance value of the pooled effect size was
estimated based on the 95% CI. Two-sided p values of .05 or
less were considered significant.

FIGURE 2 | Meta-analysis of the proportion of musculoskeletal disorders in kidney transplant recipients.

FIGURE 3 | Meta-analysis of the proportion of metabolic disorders in kidney transplant recipients.
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We conducted a sensitivity analysis to determine the
robustness of the summary estimates by removing each
included study from the analysis one by one. Furthermore,
meta-regression models were performed considering mean age,
percentage of women, time on hemodialysis prior to transplant,
and time since transplant to determine their influence on
prevalence estimates. Due to the limited number of studies
included (n < 10) in each subgroup analysis, meta-regression
analysis was only performed with the following outcome
variables: osteopenia (lumbar area), osteopenia (femoral area),
osteoporosis (lumbar area), osteoporosis (femoral area)
and fractures.

Statistical analyses were performed using Stata SE software,
version 15 (StataCorp) and Comprehensive Meta-Analysis V3.
Global prevalence was estimated using the STATA metaprop
statistical package.

RESULTS

Study Selection
A total of 1,770 articles were retrieved from the bibliographic
search. After removing duplicates, a total of 38 articles [11–48]
were selected for quantitative synthesis (Figure 1).

Characteristics of the Selected Studies
The characteristics of the studies selected for this systematic
review and meta-analysis are detailed in Table 1. The study
design was cross-sectional in 27 studies [11, 12, 14, 15, 18–21,
23–32, 34–37, 41–45] (71.1%) and longitudinal in 11 [13, 16, 17,
22, 33, 38–40, 46–48] (28.9%). All these articles were published
between 2001 and 2021, and most of them were conducted in
Europe [13, 14, 16, 19–24, 29–31, 35, 36, 38, 39, 42] (44.7%),
although there were also studies from Asia [11, 18, 25–27, 34, 37,
40, 43, 45, 46, 48] (31.6%), America [15, 17, 28, 32, 33, 44, 47]
(18.4%) and Oceania [12, 41] (5.3%).

A total of 21,879 patients (41.4% women) with a mean age
of 45.4 years were analysed in this study. The kidney
transplants were performed between 1971 and 2018. The
mean time since transplantation was 41.3 months
(3.4 years), and the mean time on dialysis before
transplantation was 36.08 months (3 years).

The musculoskeletal disorders analysed in this review were
sarcopenia, low muscle strength and lowmuscle mass, osteopenia
and osteoporosis, bone fractures and gout. The outcomes
analysed for metabolic disorders were hypercalcemia,
hypophosphatemia, hyperparathyroidism, hyperuricemia and
hypovitaminosis D.

Study Quality
Of the cross-sectional studies (Supplementary Table S2), 96.3%
and 3.7% had a low and a moderate risk of bias, respectively. For
longitudinal studies, 54.5% and 45.6% had a low and a moderate
risk of bias, respectively (Supplementary Table S3). Considering
all the studies, 84.2% and 15.8% had a low and moderate risk of
bias, respectively.

Main Results
A general estimate of the outcomes regarding both musculoskeletal
and metabolic disorders is shown in Figures 2, 3, respectively. Each
outcome was also independently analysed and is shown in
Supplementary Figures S1–S16. The overall proportion of kidney
transplant patients with musculoskeletal disorders was 27.2 (95% CI:
18.4–36.0; I2 = 92.3%) (Figure 2), and that with metabolic disorders
was 37.6% (95% CI: 21.9–53.2; I2 = 97.8%) (Figure 3).

(i) Musculoskeletal disorders
(a) Muscle disorders (sarcopenia, low muscle strength and

low muscle mass): The prevalence of sarcopenia was
analysed in five studies [16, 27, 28, 32, 34]. A total of
816 individuals were included, with an overall prevalence
of 23.6% (95% CI: 13.2–38.5; I2 = 94.1) (Supplementary
Figure S1). Three studies [16, 28, 32], with 440 subjects,
included the other two outcomes. For low muscle
strength, the overall prevalence was 64.5% (95% CI:
43.1–81.3; I2 = 94.4), and the prevalence of low
muscle mass was 39.5% (95% CI: 20.3–62.6; I2 = 95.3)
(Supplementary Figures S2, S3).

(b) Osteopenia and osteoporosis: Eleven articles [13, 15,
19–21, 24, 25, 29, 36, 37, 43] investigated the
prevalence in the lumbar area, and 12 [13, 15, 19–21,
24, 29, 35–37, 39, 43] studied the prevalence in the
femoral area, with 3,021 and 3,339 transplant
recipients, respectively. The prevalence of osteopenia
in the lumbar area was 30.7% (95% CI: 23.3–39.3;
I2 = 95.1). In the femoral area, it was 42.6% (95% CI:
36.5–48.8; I2 = 91.9) (Supplementary Figures S4, S5).
For lumbar osteoporosis, the prevalence was 13.8% (95%
CI: 10.4–17.9; I2 = 88.2). Finally, for the femoral area, the
prevalence was 19.2% (95% CI: 13.4–26.7; I2 = 95.6)
(Supplementary Figures S6, S7).

(c) Fractures: Eleven articles [15, 17, 19, 21, 23, 36, 39,
42–45] assessed this outcome. The prevalence in
3,736 patients was 13.1% (95% CI: 9.6–18.5; I2 = 93.1)
(Supplementary Figure S8).

(d) Gout: Three studies [40, 41, 46] analysed the prevalence
of this disorder in renal transplant recipients, including
6,999 participants, where the overall prevalence of gout
was 15.4% (95% CI: 8.3–26.9; I2 = 97.3)
(Supplementary Figure S9).

(ii) Metabolic disturbances.
(a) Hypercalcaemia: Seven studies [11, 12, 22, 33, 42, 45, 47]

provided data on this disorder, with a total of
3,165 subjects analysed. The overall prevalence in this
population was 15.7% (95% CI: 14.5–17.0; I2 = 91.3)
(Supplementary Figure S10).

(b) Hypophosphatemia: Four studies [11, 42, 45, 47]
analysed the prevalence of hypophosphatemia among
kidney transplant recipients. The overall prevalence of
1,365 individuals was 12.4% (95% CI: 4.3–31.2; I2 = 98.1)
(Supplementary Figure S11).

(c) Hyperparathyroidism: The prevalence of this disorder
was obtained from seven studies [11, 22, 33, 37, 42, 43,
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47]. The overall prevalence obtained in this population
of 2,536 subjects was 47.6% (95% CI: 31.3–64.5; I2 =
98.2) (Supplementary Figure S12).

(d) Hyperuricemia: Hyperuricemia was analysed in five
studies [18, 26, 30, 46, 48], with a total of
6,328 subjects, with metabolic disorders having the
largest population. The overall prevalence was 29.8%
(95% CI: 23.8–36.7; I2 = 96.8) (Supplementary Figure S13).

(e) Hypovitaminosis D: Eight studies [14, 19, 31, 37, 42–45]
analysed the prevalence of this disorder. In this
population of 2,495 people, the overall prevalence was
81.8% (95% CI: 67.2–90.8; I2 = 98.2), with this metabolic
disorder being the most common finding
(Supplementary Figure S14). This alteration was
divided into vitamin D insufficiency and vitamin D
deficiency. For the former, the prevalence was 44.9%
(95% CI: 40.1–49.7; I2 = 80.7), and for vitamin D
deficiency, it was 32.9% (95% CI: 23.1–44.4; I2 = 96.3)
(Supplementary Figures S15, S16).

These results obtained have been compared with the results
of other studies [54–61] that analyse the same variables in the
general population (who have not received a kidney
transplant). Among metabolic disturbances, the comparison
is as follows: 14.9% vs. 0.8% (general population) for
hypercalcemia, 58.0% vs. 0.8% for hyperparathyroidism,
31.2% vs. 13.3% for hyperuricemia, and 81.8% vs. 15.7% for
hypovitaminosis D. Regarding musculoskeletal disorders, the
differences are as follows: 23.6% vs. 15.5% for sarcopenia,
39.5% vs. 27.0% for low muscle mass, 30.7/42.6% (lumbar/
femoral area) vs. 40.4% for osteopenia, 13.8/19.2% (lumbar/
femoral area) vs. 18.3% for osteoporosis, 14.2% vs. 1.1% for
fractures, and 15.4% vs. 1.1% for gout. This comparison is
shown in detail in Supplementary Tables S4, S5, and
individually the comparison of each variable can be seen in
Supplementary Figures S17–S26.

Sensitivity and Meta-Regression Analysis
When the impact of individual studies was examined by
removing studies from the analysis one by one, the estimate
of the proportion of sarcopenia changed after removing the
Limirio LS. sample [28] (from 23.6% to 19.1%); Menna Barreto
ANP. [32] for low muscle strength (from 64.5% to 71.4%);
Limirio LS. [28] for low muscle mass (from 39.5% to 29.1%);
Wang C. [45] for fractures (from 13.10% to 16.0%), and
Simbolon FR. [40] for gout (from 15.4% to 19.9%)
(Supplementary Table S6). On the other hand, regarding the
estimated proportions of metabolic disorders, these were
modified after removing the samples of Wolf M. [47] for
hypercalcemia (from 15.7% to 13.0%) and hypophosphatemia
(from 12.4% to 7.7%), and Evenepoel P. [19] for vitamin D
deficiency (from 32.9% to 40.0%) (Supplementary Table S7).

Meta-regression models showed that all the variables
considered (age, %females, time since transplant and time
on haemodialysis prior to transplant) influenced the
prevalence estimates of the outcome variables analysed
(Supplementary Table S8).

DISCUSSION

The main objective of this systematic review and meta-analysis
was to provide a complete synthesis of the prevalence of
musculoskeletal disorders and metabolic disorders in kidney
transplant patients. There is a wide range in the prevalence of
metabolic disturbances and musculoskeletal disorders in this
population. The most common metabolic disorders in this
group of patients were hypovitaminosis D (81.8%),
hyperparathyroidism (47.6%), and hyperuricemia (29.8%).
Among the musculoskeletal disorders, the most common were
low muscle strength (64.5%), femoral osteopenia (42.7%), and
low muscle mass (39.5%).

Renal transplantation solves many problems of end-stage
renal disease; however, certain metabolic disturbances may
persist for some time. Hyperparathyroidism, hypercalcemia,
hypophosphatemia, hypovitaminosis D, and hyperuricemia are
common after transplantation, and they often occur
simultaneously. In addition, together with other factors, they
may be involved in the development of certain musculoskeletal
disorders that affect the quality of life of the
transplanted patient [62].

Despite the improvement in renal function after
transplantation, hyperparathyroidism may develop due to a
number of factors, including the high levels of parathyroid
hormone (PTH) prior to transplantation, the prolonged period
of renal disease and dialysis, the degree of hyperplasia of the
parathyroid gland or the decrease in vitamin D [2, 62–64]. PTH
levels begin to decline during the first 3–6 months after the
procedure, but according to the article published by Hassan
et al [6], high PTH levels can still be found in 30%–60% of
patients 1 year after transplantation [6]. This alteration is also
associated with hypercalcemia and hypophosphatemia, among
others, which could lead to loss of BMD [2].

Approximately 15% of patients with hyperparathyroidism also
have hypercalcemia [65]. PTH increases blood calcium levels by
transporting calcium from the bones into the blood, facilitating
calcium reabsorption in the kidneys and its absorption in the
digestive system [62]. However, it is not the only factor that allows
an increase in blood calcium. The increase in vitamin D levels
after transplantation also increases calcium absorption in the
intestine, as well as the bone resorption that can occur after the
procedure [5, 62]. It is important to emphasize that
hypercalcaemia is not a cause of BMD loss but rather a
consequence [62]. This alteration is reported in 5%–15% of
the transplanted population after the intervention, according
to the article published by Bouquegneau et al [9], and is more
common at 3–6 months, especially in patients with higher blood
PTH levels [9]. This change may resolve in some patients
6–8 months after transplantation, but in others, it may take
years [64]. Hypercalcemia may play a role in triggering
nephrolithiasis, rejection, and dysfunction of the
transplanted kidney [65].

Another change associated with hyperparathyroidism is
hypophosphatemia. Like calcium, PTH is involved in the
regulation of phosphorus in the body [62]. In addition, there
is another hormone in the body called fibroblast growth factor 23
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(FGF-23), which has been identified as the main phosphorus-
regulating factor in the body. This hormone is secreted by bone
cells, and its production is partially stimulated by PTH. It has also
been described that excess FGF-23 [66] is produced in bone
mineralization disorders. These two hormones contribute to a
decrease in the reabsorption of phosphorus in the kidney, which
is why kidney transplant recipients have low levels of this
metabolite [64]. This alteration is common during the first
3 months after transplantation, and according to the study by
Bouquegneau et al [9], it occurs in 50% of transplant recipients
and stabilizes after 6–12 months [9, 67]. This alteration is
associated with a decrease in osteoblast activity, resulting in
deficient bone mineralization [9].

Vitamin D metabolism is also affected after renal
transplantation. Hypovitaminosis D is associated with
immunosuppressive therapy, residual renal function after
transplantation, malabsorption, poor diet or reduced
exposure to sunlight [62, 64]. The vitamin D status of the
body is tested by blood levels of calcidiol, a precursor of this
vitamin; hypovitaminosis D is therefore understood to be a
blood level of calcidiol of less than 30 ng/mL, with vitamin D
insufficiency being between 15 and 30 ng/mL and vitamin D
deficiency being less than 15 ng/mL [44, 68]. According to the
article published by Evenepoel et al, [68] the prevalence of
hypovitaminosis D in the third month after renal
transplantation is 78%, and according to the articles by
Bouquegneau et al [9] and Alshayeb et al, [64] vitamin D
deficiency would be present in 30% of the operated patients. As
renal function recovers, vitamin D levels begin to rise,
although they remain lower than those of the general
population (Supplementary Table S4) [8, 62].
Hypovitaminosis D may be associated with lower transplant
tolerance, worsening infections, and an upset in BMD [5].

This BMD alteration is associated with both osteopenia and
osteoporosis, as mentioned above, with various metabolic
disturbances that occur after renal transplantation [4].
Although there are also several risk factors, such as advanced
age, sex, and ethnicity of the patient [4, 6], the main underlying
factor for BMD loss is treatment with glucocorticoids after
transplantation. Glucocorticoids inhibit bone tissue formation
and increase osteoclast activity by decreasing the formation and
differentiation of osteoblasts [69]. The difference between
osteopenia and osteoporosis is the amount of BMD lost, with
osteoporosis considered a more severe pathology than
osteopenia. These disorders occur most frequently in the first
6–12 months after transplantation, with the greatest loss of BMD
in the first 6 months [70]. In our meta-regression analysis, we
have also shown a negative correlation between the time of
transplantation and the prevalence of osteoporosis and
osteopenia [20, 70]. After 6 months, this loss of bone mineral
slows down, probably due to the decrease in glucocorticoid use
and the gradual correction of the various metabolic disturbances
associated with these disorders. According to the study published
by Ebeling et al, [71] the presence of osteoporosis can be found in
17%–49% of kidney transplant recipients in the lumbar area and
in 11%–56% of patients transplanted in the femoral area [71]. In
our meta-analysis, the prevalence of osteoporosis in the lumbar

area was 13.8%. In contrast, in the femoral area, the
prevalence was 19.2%.

The main consequence of BMD loss is an increased risk of
fractures [2], although there are several factors, such as advanced
age, loss of muscle mass and reduced physical activity, that may
increase the risk of this adverse event [4]. Approximately 22.5% of
patients suffer at least one fracture in the first 5 years after
transplantation, which means an incidence 4 times higher than
that for the general population but lower than that in patients
who remain on dialysis (Supplementary Table S5) [9]. Fractures
are associated with increased hospitalization and mortality in
kidney transplant recipients, with hip, ankle, and foot fractures
being the most common, suggesting a large economic impact [9,
72, 73]. In our study, the prevalence of fractures after
transplant was 14.2%.

Another factor that could increase the risk of fractures in
transplant recipients is the loss of muscle mass and muscle
strength associated with sarcopenia, which is associated with
an increased risk of falls, physical disability, lower quality of
life and greater morbidity and mortality [73]. The main risk
factors for sarcopenia in kidney transplant recipients are vitamin
D deficiency, physical inactivity, prolonged hospitalization,
nutritional deficiencies, hyperparathyroidism, and proteinuria
[7, 74]. The prevalence of this condition, whose occurrence in
kidney transplant recipients is estimated at a younger age in
comparison with the general population [75], varies greatly
because there are no universal diagnostic criteria. In addition,
together with osteopenia and osteoporosis, the risk of fracture in
these patients increases considerably [7].

On the other hand, gout, which is a type of arthritis that occurs
after the deposition of uric acid crystals in the joints, causing
attacks of pain and inflammation, is another disorder that could
be associated with kidney transplantation [76]. The main cause
for this disorder is hyperuricemia, a metabolic disturbance that is
common after renal transplantation. According to the article by
Gupta et al, [77] hyperuricemia could reach a prevalence of 10%–
84%, while gout could be present in 2%–28% of transplant
recipients. In our study, the prevalence of gout was specifically
15.4%, although the differences in the date of transplantation
between the three included studies may limit the generalisability
of this estimate.

In order to compare these results, we have found a series of
studies [54–61] that provide prevalence data for the variables
analysed in the general population (Supplementary Tables S4,
S5; Supplementary Figures S17–S26). It should be noted that for
the variables of hypophosphatemia and low muscle strength, we
have not been able to find any study providing prevalences in the
general population. As for the other variables, we can observe the
large difference in prevalence estimates between the transplanted
population and the general population for hypercalcemia [54],
hyperparathyroidism [55], hyperuricemia [55], hypervitaminosis
D [56], sarcopenia [57], low muscle mass [58], fractures [59] and
gout [55], indicating an increase in the prevalence of these
metabolic disturbances and musculoskeletal disorders after
kidney transplantation. In the case of osteopenia and
osteoporosis, the difference in prevalence between the two
populations is small, although it is true that in the studies [60,
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61] we have found in the general population, it is not divided into
zones, as it is in the studies [13, 15, 19–21, 24, 25, 29, 35–37, 39,
43] in the transplanted population, which divide the prevalence
into lumbar and femoral areas, so that no conclusions could be
drawn when comparing the two populations with regard to these
two variables analysed.

This study has several potential limitations, and its findings
should be interpreted with some caution. First, they are inherent
to the conduct of a systematic review andmeta-analysis (selection
bias and limited information reported by original studies).
Second, the design of most studies was retrospective and
cross-sectional, which does not allow establishing a cause-
effect relationship. Additionally, the heterogeneity of the
results was high, which may limit the extrapolation of data to
different populations. Thirdly, the results should be interpreted
with caution, given the pooling of studies from different years and
geographical locations, with different circumstances and sample
characteristics. In this sense, studies were conducted in five
different decades, in which the surgical techniques, metabolic
goals, and available medications may have been different. On the
other hand, there was variability in the time at which the different
outcomes were measured after transplantation. Finally, despite the
physiological link between hyperparathyroidism and hypercalcemia
and hypophosphatemia, our results did not show a clear association
between their prevalence estimates. The main reasons for this
finding could be the coexistence of some lifestyle-related
covariates that were not included in the original analyses,
and the small number of studies (only three) that analysed
the prevalence of the three outcomes (low muscle strength, low
muscle mass and gout), whose sample sizes were not very large.
However, the aim of this study was to show the prevalence of
different kidney transplant-related disorders.

CONCLUSION

In conclusion, this systematic review and meta-analysis shows a
high prevalence regarding the presence of certain musculoskeletal
disorders and their related metabolic disorders in kidney
transplant recipients. Hypovitaminosis D, hyperparathyroidism
and hyperuricemia were the most common metabolic
disturbances. In parallel, low muscle strength, femoral
osteopenia and low muscle mass were the main
musculoskeletal disorders. At a clinical level, knowledge of
these data will allow us to improve the prevention, diagnosis,

and treatment of these complications, increase patient wellbeing,
reduce the recovery time after surgery and avoid increased
hospitalizations, morbidity, and mortality in kidney transplant
patients, although further research is needed using experimental
designs to test the effectiveness of different therapeutic
prevention strategies in this specific population.
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Macrophages contribute to post-transplant lung rejection. Disulfiram (DSF), an anti-
alcoholic drug, has an anti-inflammatory effect and regulates macrophage chemotactic
activity. Here, we investigated DSF efficacy in suppressing acute rejection post-lung
transplantation. Male Lewis rats (280–300 g) received orthotopic left lung transplants from
Fisher 344 rats (minor histocompatibility antigen-mismatched transplantation). DSF
(0.75 mg/h) monotherapy or co-solvent only (50% hydroxypropyl-β-cyclodextrin) as
control was subcutaneously administered for 7 days (n = 10/group). No post-
transplant immunosuppressant was administered. Grades of acute rejection, infiltration
of immune cells positive for CD68, CD3, or CD79a, and gene expression of monocyte
chemoattractant protein and pro-inflammatory cytokines in the grafts were assessed
7 days post-transplantation. The DSF-treated group had significantly milder lymphocytic
bronchiolitis than the control group. The infiltration levels of CD68+ or CD3+ cells to the
peribronchial area were significantly lower in the DSF than in the control groups. The
normalized expression of chemokine ligand 2 and interleukin-6 mRNA in allografts was
lower in the DSF than in the control groups. Validation assay revealed interleukin-6
expression to be significantly lower in the DSF than in the control groups. DSF can
alleviate acute rejection post-lung transplantation by reducing macrophage accumulation
around peripheral bronchi and suppressing pro-inflammatory cytokine expression.
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GRAPHICAL ABSTRACT |

INTRODUCTION

Lung transplantation is an established therapy for end-stage lung
disease. However, lung rejection remains the most challenging
complication after transplantation. Acute lung rejection can be a
risk factor for developing chronic lung allograft dysfunction
(CLAD) even after a single episode [1, 2]. Thus, preventing
acute rejection may improve long-term survival by preventing
the development of CLAD. Despite using common maintenance
immunosuppressive drugs, such as calcineurin inhibitors, anti-
metabolites, and steroids, over 25% of lung transplant recipients
experience acute rejection at least once within a year after
transplantation [1, 3]. In recent years, a few research groups
have proposed that not only T cells, but also macrophages are
involved in the development of acute lung rejection [4–6]. Cell
profiles during acute rejection obtained using single-cell RNA
sequencing (RNA-Seq) of human samples provide evidence of
macrophage involvement [7].

Disulfiram (DSF), a well-known anti-alcoholic drug [8], also
shows other pharmacological effects, such as anti-inflammatory
and anti-cancer effects [9–12]. Furthermore, DSF inhibits the
activity of the cytoplasmic protein FROUNT, which regulates the
chemotactic signals of macrophages [12, 13]. Owing to the broad
therapeutic potential of DSF, repositioning of DSF has garnered
interest recently. Drug repositioning is the process of discovering
new indications for approved or failed drugs [14]. Clinical trials
on the use of DSF for various diseases, such as coronavirus disease
2019, human immunodeficiency virus infection, and treatment-

refractory multiple myeloma have been conducted or are ongoing
[15]. However, there are no reports on the therapeutic efficacy of
DSF in acute post-transplant rejection. We hypothesized that
DSF could attenuate acute lung rejection by suppressing the
chemotaxis of macrophages to allografts after lung
transplantation. Therefore, in this study, we aimed to
investigate the efficacy of DSF in a rat model of acute
rejection after orthotopic lung transplantation.

MATERIALS AND METHODS

Animal Models
This study was approved by the Experimental Animal Ethics
Committee of the University of Tokyo under license number
H20-204 (issued January 19, 2021). All procedures complied with
the Institutional Animal Care and Use Committee Guidelines of
the University of Tokyo. Specific-pathogen-free inbred male rats
were purchased from Japan SLC, Inc. (Hamamatsu, Japan). All
rats (age: 12–13 weeks; weight: 280–300 g) received adequate care
according to the animal study protocols. The animal experiments
were conducted using Lewis (LEW; RT1l) and Fischer 344 (F344;
RT1lv1) rats in accordance with the guidelines. Allogenic
orthotopic left lung transplantation was performed using the
modified cuff technique as reported previously [16]. F344 rats
were used as donors, whereas LEW rats were used as recipients in
the minor histocompatibility (MiHC) antigen-mismatched
transplantation procedure.
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Preparation of DSF Solution
DSF (Mitsubishi Tanabe Pharma, Osaka, Japan) was dissolved in
50% hydroxypropyl-β-cyclodextrin (HBC) (Tokyo Chemical
Industry, Tokyo, Japan) with agitation to a final concentration of
37.5 mg/mL, and it was stored at 4 °C under a light shield. ALZET
osmotic pumps (model 2ML1; DURECT, Cupertino, CA,
United States), which deliver solutions continuously at a rate of
10 μL/h for 7 days, were filled with 2 mL of the DSF solution or 50%
HBC per piece just before implantation. The pumps were unlabeled;
hence, the operator was blinded to the content of each pump.

Treatment Protocols
The treatment protocols for the recipients are summarized in
Figure 1. Prior to making the skin incision, methylprednisolone
sodium (10mg per animal unit; SHIONOGI, Osaka, Japan) and
cefazoline sodium (10mg per animal unit; Nipro Medical, Osaka,
Japan) were injected subcutaneously or peritoneally into the
recipients to prevent reperfusion injury and infection,
respectively. These injections were administered under general
anesthesia. It is important to note that the recipients did not
receive any post-transplant immunosuppressive drugs. After
reperfusion, two osmotic pumps, primed with 50% HBC (control
group, n = 10) or DSF solution (DSF group, n = 10), were
subsequently embedded under the skin of each recipient. The
recipients were euthanized on day 7 post-transplantation. The
DSF group rats were administered 18mg DSF/day until sacrifice,
equivalent to approximately 600mg/day in humans. All rats had ad
libitum access to water throughout the study. Recipient feeding was
fixed at 200 g for 7 days and body weight was measured daily.

Histopathological Evaluation and
Immunohistochemical Staining
The cranial sections (approximately two-thirds) of the allograft
were fixed in 10% formalin (FUJIFILM Wako Pure Chemical,
Osaka, Japan) and embedded in paraffin. The sections were
stained with hematoxylin–eosin. According to the criteria of

the International Society for Heart and Lung Transplantation
for acute lung rejection, expert pathologists (M.S. and A.U.)
graded sections A (subtypes: 0–4, X) when they observed
infiltration of perivascular mononuclear cells or B (subtypes:
0–2R, X) when they observed lymphocytic bronchiolitis, in a
double-blinded fashion (Figure 2) [17]. The extent of
perivascular inflammation, referred to as A-grade, is
determined by examining the infiltration of mononuclear cells
around vascular structures, within the interstitial spaces of the
submucosa, and along the alveolar partitions. This is
systematically categorized into various levels: A0 (none), A1
(minimal), A2 (mild), A3 (moderate), A4 (severe), and AX
(ungradable). Additionally, the evaluation of airway
inflammation, designated as B-grade rejection, focuses on the
lymphocytic activity within the bronchiole submucosa. The
extent of this response is classified into the following distinct
categories: B0 (none), B1R (low grade), B2R (high grade), and BX
(ungradable). Particularly, when lymphocyte infiltration beyond
the basement membrane was observed, the more advanced stage
B2R was graded. For immunohistochemistry (IHC), sections
were deparaffinized and incubated with 0.1% pepsin for
40 min at 37 °C for CD3 and CD68 staining, and with 0.01 M
citrate buffer at a pH of 6.0 for 20 min at 120 °C for
CD68 staining. This was followed by overnight incubation
with the following primary antibodies: anti-CD3 (rabbit
polyclonal; 1:300; DAKO, Tokyo, Japan), anti-CD79a (mouse
monoclonal; 1:100; Biocare Medical, Pacheco, CA, United States),
and anti-CD68 (mouse monoclonal; 1:1000; BMA Biomedicals,
Augst, Switzerland). Histofine Simple Stain Rat MAX PO
(MULTI; Nichirei Bioscience, Tokyo, Japan) was used as the
secondary antibody, and 3,3′-diaminobenzidine (DOJINDO,
Kumamoto, Japan) was used for detection. The primary
antibodies were omitted to serve as negative controls for each
CD staining, and assessments were conducted to detect false
positives. The sections were counterstained with hematoxylin. In
the IHC evaluation, six high-power field images
(magnification ×400) were randomly chosen from each section

FIGURE 1 | Treatment intervention protocols with osmotic pumps for 7 days. Minor histocompatibility complex-mismatched left lung transplantation was
performed from Fisher 344 rats to Lewis rats. The control group was administered 50% hydroxypropyl-β-cyclodextrin as a solvent and disulfiramwas administered to the
treatment group. Samples such as lung tissues (n = 10/group) and bronchoalveolar lavage fluid (n = 5/group) were collected on post-operative day 7. DSF, disulfiram.
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and the positive cell counts per field were automatically
determined using a hybrid cell count application (BZ-H4C;
KEYENCE, Osaka, Japan) in BZ-X Analyzer software (BZ-
H4A; KEYENCE). We separately conducted our analyses of
the perivascular/peribronchiolar area when grading the extent
of rejection or the alveolar area without vascular and bronchial
structures (Figure 3).

Transcriptome Analysis via RNA-Seq
We selected representative rejection cases based on
histopathological findings (n = 3/group) for RNA-Seq. Total
RNA was extracted from the frozen samples, that is, the
caudal one-third of the allografts, using ISOSPIN Cell and
Tissue RNA (Nippon Gene, Tokyo, Japan). RNA quality was
checked using Agilent 4150 TapeStation (Agilent Technologies,
Santa Clara, CA, United States). A strand-specific RNA library
was prepared using 1 µg of each sample with the NEBNext
Poly(A) mRNA Magnetic Isolation Module (NEB, Ipswich,
MA, United States) and NEBNext Ultra II Directional RNA
Library Prep Kit (NEB). RNA sequences were obtained using
paired-end reads (150 bp × 2) on the NovaSeq 6000 platform
(Illumina, San Diego, CA, United States). Differentially expressed

genes (DEGs) between the control and DSF groups were
identified with the cut-off criteria |log2 fold change| > 1 and
Q-value <0.05 using DESeq2 software1. Raw read counts were
normalized using the relative log expression method (Figure 4).
Heat maps with z-scores of the normalized gene expression were
created using all genes that matched the criteria2. Ward’s
clustering method and correlation distances were also used to
generate hierarchical clusters of genes from the generated heat
maps. To further examine the potential biological roles of the
DEGs affected by DSF, we conducted a Gene Ontology (GO) term
enrichment analysis using the DAVID WebService package3.

Validation Using Real-Time Quantitative
Polymerase Chain Reaction
The remaining samples (n = 7/group) were used to validate the
transcription levels obtained via RNA-seq using real-time

FIGURE 2 | Physical and histopathological effects of disulfiram. (A)% Body weight. Daily body weight was measured, and it is indicated as a percent of that right
after surgery. (B)Macroscopic (black arrows denote allografts) andmicroscopic images (H&E staining; high-power field, magnification ×400). Scale bar: 100 µm. (C) A/B
grading of acute lung rejection. The scores were settled according to the criteria of the International Society for Heart and Lung Transplantation. Two cases in the control
group were excluded because of AX. ns, not significant. **p < 0.01. DSF, disulfiram; H&E, hematoxylin and eosin.

1https://bioconductor.org/packages/release/bioc/html/DESeq2.html
2https://www.rdocumentation.org/packages/stats/versions/3.6.2
3https://www.rdocumentation.org/packages/RDAVIDWebService/versions/1.10.0

Transplant International | Published by Frontiers April 2024 | Volume 37 | Article 125564

Yoshiyasu et al. Disulfiram Attenuates Acute Lung Rejection

55

https://bioconductor.org/packages/release/bioc/html/DESeq2.html
https://www.rdocumentation.org/packages/stats/versions/3.6.2
https://www.rdocumentation.org/packages/RDAVIDWebService/versions/1.10.0


quantitative polymerase chain reaction (RT-qPCR). Relative
expression of CCL2 and IL-6 in both groups was normalized
against the expression level of the internal control gene
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Total RNA
(1 μg) isolated from samples was used for reverse transcription with
the High-Capacity RNA-to-cDNA™ Kit (Thermo Fisher Scientific,
Waltham, MA, United States) in a 20 μL volume. The protocol
involved incubating at 37 °C for 60min, followed by heating to 95 °C
for 5 min, and finally cooling to 4 °C. RT-qPCR was then performed
on the Applied Biosystems® 7500 System (Thermo Fisher Scientific)
using 100 ng of cDNA and the TaqMan™ Gene Expression Master
Mix (Thermo Fisher Scientific). Each sample was processed in
duplicate. The PCR conditions were as follows: an initial 2-min
step at 50 °C, a 10-min step at 95 °C, followed by 40 cycles of 15 s at
95 °C and 1min at 60 °C, concluding with a cooldown to 25 °C. Data
analysis was conducted using the 7500 System SDS Software Version
1.4 (Thermo Fisher Scientific). The following probes were used for
RT-qPCR: CCL2 (NM_031530), GAPDH (NM_017008), and IL-6
(NM_012589). For the negative controls, a no-template control from
the RT reaction and a no-template control from the RT-qPCR
reaction were used. Relative gene expression was calculated using the
comparative ΔΔCT method [18].

Bronchoalveolar Lavage Fluid (BALF)
Collection
Additional rats (n = 5/group) were subjected to left lung
transplantation and implantation of osmotic pumps to obtain

BALF samples. Briefly, their tracheas were cannulated, and lungs
were lavaged thrice with 3 mL of phosphate-buffered saline on
day 7 post-transplantation. The LUNA-FL Dual Fluorescence
Cell Counter (Logos Biosystems, Gyeonggi-do, South Korea) was
used to measure total cell count (TCC). Smears stained with Diff
Quick were then used by pulmonologists to assess cell fractions in
a double-blinded manner.

Determination of Pro-inflammatory
Cytokine Levels and Potent Chemokines for
Macrophages
On post-operative day (POD) 7, blood samples (3 mL) were
collected from the inferior vena cava of the rats before
heparinization and centrifuged to obtain sera (2,500 g, 10 min,
21 °C). The sera (n = 10 each), and the remaining BALF (n =
5 each; additional rats) after centrifugation (3,200 g, 20 min, 4 °C)
were preserved at −80 °C. A MILLIPLEX MAP Kit Rat Cytokine/
Chemokine Magnetic Bead Panel (MilliporeSigma, Burlington, VT,
United States) was used tomeasure the protein concentrations in the
serum and BALF. The levels of the following cytokines and
chemokines were measured: chemokine ligand (CCL)2,
interleukin (IL)-1β, IL-6, interferon-γ, and tumor necrosis factor-α.

Statistical Analysis
Continuous variables are presented as medians and interquartile
ranges, except for % body weight, which is presented as the
mean ± standard deviation due to its normal distribution.

FIGURE 3 | Immunohistochemical staining. The plots show the counts of CD68-, CD3-, and CD79a-positive cells in the negative control, control, and disulfiram
(DSF) groups per high-power field (HPF; magnification, ×400). (A) Perivascular/peribronchiolar area. (B) Alveolar area. The box-and-whiskers dot plots represent the
medians and interquartile ranges with the minimum and maximum values. ns, not significant. **p < 0.01; ***p < 0.001.
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Mann–WhitneyU test or Student’s t-test was used to compare the
values, respectively. Analyses were performed using R software
(version 4.2.1; R Foundation for Statistical Computing, Vienna,
Austria). The Benjamini–Hochberg method was used to identify
DEGs. GraphPad Prism (version 9; GraphPad Software, San
Diego, CA, United States) was used for creating figures. p <
0.05 or Q < 0.05 indicated significant differences in two-
tailed tests.

RESULTS

Weight Changes
The percentage of rats’ weights after treatment to the baseline
value (% body weight) is shown in Figure 2. Both groups showed
weight loss for 2 days with gradual recovery thereafter.
Specifically, the % body weight was 95.2% ± 4.7% in the
control group and 99.1% ± 3.6% in the DSF group on POD 7
(p = 0.052; Figure 2A).

Histological Findings
On POD 7, allogenic transplanted lungs in rats treated with DSF
had a more whitish appearance and milder rejection than the

control (Figure 2B). Perivascular lymphocytic infiltration (p =
0.321; Figure 2C) was not significantly altered, while lymphocytic
bronchiolitis (p = 0.0031; Figure 2C) was significantly milder in
the DSF group than in the control group. In the perivascular/
peribronchiolar area, the infiltration of CD68+ and CD3+ cells
was significantly inhibited after DSF treatment (p = 0.0001 and
p = 0.0029, respectively; Figure 3A). In the alveolar area, the
proportions of infiltrating CD68+, CD3+, and CD79a+ cells were
not reduced after DSF treatment (Figure 3B). No false positives
were observed in any of the CD staining instances.

Differential Gene Expression Analysis
In the DEG analysis between the control and DSF groups, 258 genes
that matched the cut-off criteria (|log2 fold change | > 1.0, and Q <
0.05) were identified from RNA-Seq analysis. The expression heat
map of DEGs indicated that 134 genes were downregulated after DSF
treatment (Figure 4A). Among them, the expression of genes
associated with macrophages and acute lung rejection was
downregulated in the DSF group compared with that in the
control group (Figure 4B). The expression of CD86 and CD163
was significantly downregulated in the DSF group compared with
that in the control group (Q = 0.002 and Q = 0.014, respectively;
Supplementary Figure S1). The expression of IL-6 was significantly

FIGURE 4 |Gene expression analyses using RNA sequencing (RNA-Seq) and real-time quantitative polymerase chain reaction (RT-qPCR). (A)Heat map based on
the z-scores of differentially expressed genes between the control and disulfiram (DSF) groups (n = 3/group). (B) Extracted heat map focusing on the genes related to
macrophages and acute rejection. (C) RT-qPCR analysis to validate the RNA-Seq results. The expression of CCL2 and IL-6 (n = 7 each) was normalized with that of
GAPDH. The box-and-whiskers dot plots represent the medians and interquartile ranges with the minimum and maximum values. ns, not significant. *p < 0.05.
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downregulated in the DSF group compared with that in the control
group (Q = 0.037; Supplementary Figure S1), and these findings are
consistent with the RT-qPCR results (p = 0.047; Figure 4C).
Additionally, the expression of the monocyte chemotactic protein
CCL2 was lower in the DSF group than in the control group (Q =
0.100; Supplementary Figure S1); however, the RT-qPCR analysis
showed only a slight change in its expression in both groups (p =
0.874; Figure 4C). When the cut-off value was increased to 1.5-fold
higher expression (|log2 fold change| > 0.6), upregulation of IL-10
expressionwas observed in theDSF group, but the difference between
the groups was not significant (Q = 0.654; Supplementary Figure
S1). No-template controls exhibited undetermined Ct values,
indicating the absence of detectable amplification.

GO Analysis
The downregulated genes in the DSF group were significantly
enriched in eight biological process terms (Figure 5A), the top

five being oxygen transport (GO:015671; Q < 0.001), cellular
oxidant detoxification (GO:0098869; Q < 0.001), hydrogen
peroxide catabolic process (GO:0042744; Q = 0.0104), immune
response (GO:0006955;Q = 0.0104), and aging (GO:0007568;Q =
0.0296). In contrast, the upregulated genes were not significantly
enriched in any biological process (Figure 5B).

TCC and Cell Fractionation in the BALF
The TCC in the BALF was markedly lower in the DSF group than
in the control group (p = 0.0159; Figure 6A). The cell profile of
the DSF group showed that the proportion of macrophages
significantly decreased (p = 0.032; Figure 6B), whereas the
percentage of lymphocytes significantly increased (p = 0.024;
Figure 6C) compared with that in the control group. There was
no difference in the proportion of neutrophils between the groups
(p = 0.143; Figure 6D). In terms of the absolute counts in the
BALF (Supplementary Figure S2), macrophages in the DSF

FIGURE 5 | Gene Ontology (GO) analysis of the differentially expressed genes between the control and disulfiram (DSF) groups. The top 10 most enriched GO
terms (biological process) of (A), downregulated genes and (B), upregulated genes after DSF treatment. The vertical axis shows the GO terms, whereas the horizontal
axis shows the adjusted p-values (Q-values). Gradations are applied according to the adjusted p-values. Circles represent the gene counts related to each GO term. If the
GO terms had the same adjusted p-value, they are listed alphabetically from top to bottom.

FIGURE 6 | Bronchoalveolar lavage fluid and their cell profiles. (A) Total cell count per milliliter of bronchoalveolar lavage fluid. (B) Macrophages (%), (C),
lymphocytes (%), and (D), neutrophils (%). The box-and-whiskers dot plots represent the medians and interquartile ranges with the minimum and maximum values. ns,
not significant. *p < 0.05. BALF, bronchoalveolar lavage fluid; DSF, disulfiram; TCC, total cell count.
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group significantly decreased compared to those in the control
group (median: 3.8 × 105 vs. 7.3 × 105 cells/mL; p = 0.008).
Conversely, there was no significant difference in lymphocyte
counts between the DSF and control groups (median: 9.9 × 103 vs.
4.0 × 103 cells/mL; p = 0.151).

Protein Concentrations in the Serum
and BALF
The median concentration of CCL2 in the serum was 2,123 pg/
mL in the control group and 2,493 pg/mL in the DSF group, and
the difference between the groups was not significantly different
(p = 0.805; Figure 7A). Among the measurable samples (n =
3 each), the CCL2 level in the BALF was relatively lower in the
DSF group than in the control group (median: 3,400 pg/mL vs.
189 pg/mL; p = 0.100; Figure 7B). The levels of other cytokines in
the serum did not significantly change after DSF treatment
(Figure 7A), and they were undetectable in the BALF of
both groups.

DISCUSSION

In this study, we demonstrated that DSF could attenuate acute
rejection after MiHC lung transplantation in rats without using

immunosuppressants. DSF reduced the accumulation of
macrophages and T cells around the bronchioles in allografts,
which might contribute to the prevention of bronchiolitis
obliterans (BO). Furthermore, the expression of genes
associated with macrophages and inflammatory cytokines in
the lungs was downregulated after DSF treatment. These
results support our hypothesis that macrophages are involved
in acute rejection after lung transplantation and that DSF
suppresses their chemotaxis.

The direct allorecognition of T cells is generally observed in acute
lung rejection cases [19, 20]. DSF may have the potential to inhibit
allorecognition and suppress macrophage migration and activation.
Following lung transplantation, cells of the acquired immune system
in recipients are mobilized to the graft by recognizing alloantigens
presented by the donor’s antigen-presenting cells [21]. In addition,
monocyte-derived macrophages could migrate and cause injury to
the graft together with T cells because they depend on the
microenvironment and are particularly plastic [6, 22]. The
present study showed that the post-operative regimen of DSF
monotherapy for 7 days resulted in a reduction of lymphocytic
bronchiolitis and decrease in the number of CD68+ and CD3+ cells
in the perivascular/parabronchial area. The reduced accumulation of
immunocompetent cells was presumably associated with the DSF-
induced inhibition of their mobilization from circulation. Similarly,
some animal studies have also shown that inhibiting macrophage

FIGURE 7 | Cytokines and chemokines in (A), serum (n = 7 each) and (B), bronchoalveolar lavage fluid (n = 3 each). The box-and-whiskers dot plots represent the
medians and interquartile ranges with theminimum andmaximum values. ns, not significant. CCL2, chemokine ligand 2; DSF, disulfiram; IFN-γ, interferon-gamma; IL-1β,
interleukin-1 beta; IL-6, interleukin-6; TNF-α, tumor necrosis factor α.
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migration to the allograft suppressed acute lung rejection [4, 5, 23].
Furthermore, single-cell RNA-Seq data of the BALF from humans
with acute rejection of the lungs and biopsy samples of lungs with
chronic rejection suggested the involvement of macrophages [7].
These findings strongly indicate the involvement of macrophages in
lung transplant rejection.

Our group reported that DSF inhibits the expression of the
cytoplasmic protein FROUNT in macrophages, suppressing
their migration and activation [12, 13], whose effect may have
decreased the proportion of CD68+ cells in the grafts. We did
not observe a decrease in CCL2 levels in the serum or lung
tissues in this study, and this is consistent with the fact that
DSF has been shown to inhibit intracellular signaling between
FROUNT and chemokine receptors (CCR2 or CCR5) on
macrophages [24]. A previous study showed that when
CCR2-positive cells accumulated in the inflamed lung,
CCL2 was consumed in the serum and lung tissue [25].
Conversely, another study reported that CCL2 levels in the
serum and grafts were higher in CCR2-deficient recipients
than in wild-type recipients [26]. The results of these studies
support a part of our results.

Repositioning for DSF has been proposed since it also has
other therapeutic benefits, such as anti-inflammatory and anti-
cancer effects [9–12]. However, there have been no reports on the
preventive effect of DSF on rejection after solid organ
transplantation. In a previous study, RNA-Seq of samples of
rodents infected with severe acute respiratory syndrome
coronavirus 2 and then administered DSF revealed the
downregulation of the immunity pathway and complement
and coagulation cascade [27]. The GO analysis in the present
study also showed similar findings. Therefore, DSF is considered
to have the potential to downregulate the immune response,
attenuating organ and tissue rejection.

The number of macrophages in the alveolar area was not
significantly different after DSF treatment compared with that in
the perivascular/peribronchial area. This may have the advantage of
maintaining their activity against bacteria and viruses to alveolar
invasion. The imbalance in drug efficacy between areas can result
from the main rejection site being a perivascular/peribronchial area
and the differences in the turnover rates of tissue-resident and
monocyte-derived macrophages. Monocyte-derived macrophages
are produced from the bone marrow and have a short half-life,
whereas tissue-derived macrophages exist in the lungs from early
embryonic development and survive for long periods through self-
renewal [28–30].

The inhibitory effect of DSF on lymphocytic bronchiolitis
observed in this study may contribute to the prevention of BO
because lymphocytic bronchiolitis is regarded as its precursor
lesion [31]. IL-6, a pro-inflammatory cytokine, is strongly
implicated in acute rejection after lung transplantation [32,
33]. The suppression of IL-6 signaling reportedly inhibits the
development of BO [34]. As the expression of IL-6 in allografts
was downregulated in the DSF group in our study, DSF may be
able to inhibit BO. Furthermore, we also hypothesized that DSF
suppresses inflammation in the bronchi because of the decrease in
the TCC in the BALF. In the BO lesions of human lung tissue,
phosphorylation-induced activation of nuclear factor (NF)-κB

and STAT3 and an increase in the proportions of CD4+ T cells
and macrophages have been reported [34]. As there is some
evidence that DSF inhibits the NF-κB pathway [35, 36], it can be
expected to prevent not only acute lung rejection but also BO and
subsequent CLAD development.

There were a few limitations to this study. First, the effect of
administering DSF via the oral route was not investigated. To
stabilize DSF concentrations in the blood and prevent aspiration
related to dosing and handling, we implanted osmotic pumps and
administered the drug solutions subcutaneously. Second, the
immune system varies from species to species. In this study, we
employed the combination of F344 and Lewis rat strains, which is
characterized by a minor mismatch in the MHC class I region. We
acknowledge that this model does not fully represent the genetic
diversity usually observed between human lung transplant donors
and recipients. Furthermore, rodents, including the strains used in
our study, are generallymore likely to develop spontaneous tolerance
compared to humans. However, we chose this model because it
enables us to achieve relatively uniform levels of acute rejection
within the same groups, without the complicating effects of intense
post-transplant immunosuppression required in major mismatch
models. Further studies are needed to confirm our findings in a large
animal model before clinical trials. Third, this study focused on
whether DSF can prevent acute lung rejection; therefore, the
mechanism of drug action was not clarified. Although our group
has previously revealed a part of its mechanism of action [12, 24],
additional studies should be conducted to clarify its molecular
mechanism in a rat lung transplantation model. The
pharmacokinetics and safety profile of DSF are also well-known
because the Food and Drug Administration approved it
approximately 70 years ago [8].

In conclusion, DSF inhibited acute rejection after rat MiHC
lung transplantation through an anti-immune response effect,
especially involving macrophages. Targeting macrophages using
DSF can be a new immunotherapeutic option to attenuate the
rejection of allografts.
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Capillary Barrier Changes Underlying
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Primary graft dysfunction (PGD) remains a challenge for lung transplantation (LTx)
recipients as a leading cause of poor early outcomes. New methods are needed for
more detailed monitoring and understanding of the pathophysiology of PGD. The
measurement of particle flow rate (PFR) in exhaled breath is a novel tool to monitor
and understand the disease at the proteomic level. In total, 22 recipient pigs underwent
orthotopic left LTx and were evaluated for PGD on postoperative day 3. Exhaled breath
particles (EBPs) were evaluated by mass spectrometry and the proteome was compared
to tissue biopsies and bronchoalveolar lavage fluid (BALF). Findings were confirmed in
EBPs from 11 human transplant recipients. Recipients with PGD had significantly higher
PFR [686.4 (449.7–8,824.0) particles per minute (ppm)] compared to recipients without
PGD [116.6 (79.7–307.4) ppm, p = 0.0005]. Porcine and human EBP proteins
recapitulated proteins found in the BAL, demonstrating its utility instead of more
invasive techniques. Furthermore, adherens and tight junction proteins were
underexpressed in PGD tissue. Histological and proteomic analysis found significant
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changes to the alveolar-capillary barrier explaining the high PFR in PGD. Exhaled breath
measurement is proposed as a rapid and non-invasive bedside measurement of PGD.

Keywords: primary graft dysfunction, lung transplantation, particle flow rate, exhaled breath particles, mass
spectrometry

INTRODUCTION

Primary graft dysfunction (PGD) remains a challenge in the
postoperative management of lung transplantation (LTx) with an
estimated incidence rate of up to 25% of all cases [1]. Recognition
and appropriate management are particularly important as PGD
grade 3 correlates with increased mortality and rates of chronic
lung allograft dysfunction (CLAD) [2–4].

While PGD is readily diagnosed by the PaO2/FiO2 ratio and
chest imaging, current diagnostic tools do not necessarily
indicate early onset, offer a means of non-invasive bedside
detection, or provide a more detailed view of disease
pathology. Chest x-rays, while non-invasive and readily
available, are not necessarily specific and do not preclude
the existence of other processes. Advanced techniques for
patient evaluation such as bronchoalveolar lavage and
transbronchial biopsy are invasive and have associated risks.
Sampling of exhaled breath particles (EBPs), in contrast,
utilizes a non-invasive device connected to the mechanical
ventilation circuit with no additional safety considerations.
The benefit of this form of sampling would be the ability to
quickly identify PGD while being able to analyze the patient’s

condition from a more granular perspective given the
downstream analyses available for EBP collection.

The efficacy of EBP collection as a methodology has
previously been demonstrated in patients in intensive care
units (ICUs) and post-transplant patients on mechanical
ventilation to show feasibility and lack of adverse effects
[5–8]. Porcine models have also demonstrated a
relationship between lung injury and particle flow rate [9].
EBPs are thought to originate from the distal respiratory tract
lining fluid (RTLF) as the small airways open and close [10–12]
and share a similar composition to bronchoalveolar lavage
fluid or BALF [10, 11, 13]. While the safety of EBP collection
has been proven, its proteomic composition and the
mechanism by which disease processes lead to higher PFR
have not yet been elucidated, motivating the current study.
Additionally, there are few proteomic studies of lung
transplantation in general and PGD in particular, with the
majority focusing on biomarkers in the blood or BALF
[14–17]. Even without considering PGD, studies of the
proteome in lung tissue specifically following
transplantation are severely limited, with a literature search
revealing only one other study examining proteins in post-
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transplant porcine tissue [18]. Consequently, there is a great
need to gain a more detailed understanding of PGD using a
variety of profiles sourced from tissue, BALF, and exhaled
breath, all of which would be valuable in understanding disease
pathogenesis. The comparison of EBP proteins with BALF and
tissue proteomes would also validate the collection of exhaled
breath as a clinically valuable monitoring tool.

In this study, we utilized a pig lung transplantation model as a
platform to study PGD. We applied particle flow rate (PFR)
measurement and EBP collection to postoperative mechanical
ventilation and correlated PFR with disease occurrence. We then
isolated and identified the proteins found in the EBP, validating
the methodology for the detection of PGD and compared BALF
and tissue proteins to porcine and human lung transplant EBPs.
We utilized the proteomic findings to understand the mechanism
of higher PFR in PGD. We hypothesized that the epithelial and
endothelial damage that occurs in PGD underlies the particle
accumulation in the RTLF behind the higher PFR in the
disease state.

MATERIALS AND METHODS

Further details are provided in the online Supplementary
Materials and Methods.

Ethical Considerations for Porcine
Experiments
The study was approved by the local Animal Research Ethics
Committee (Dnr 5.2.18-4903/16, and Dnr 5.2.18-8927/16) at
Lund University. All animals received care according to the USA
Principles of Laboratory Animal Care of the National Society for
Medical Research, Guide for the Care and Use of Laboratory
Animals, National Academies Press (1996). All human patients
signed written informed consent and approval was obtained from
the Ethics Committee for Research (Dnr 2017/396).

Animal Preparation
An overview is provided in Figures 1A, B. All donors (n = 22) and
recipients (n = 22) were premedicated with xylazine (Rompun® vet.
20 mg/mL; Bayer AG, Leverkusen, Germany; 2 mg/kg) and
ketamine (Ketaminol® vet. 100 mg/mL; Farmaceutici Gellini
S.p.A., Aprilia, Italy; 20mg/kg). All animals were placed under
general anesthesia with ketamine (Ketaminol® vet, 100 mg/mL;
Farmaceutici Gellini S.p.A., Aprilia, Italy; 20mg/kg), midazolam
(Midazolam Panpharma®, Oslo, Norway) and fentanyl
(Leptanal®, Lilly, France). A pulmonary artery catheter (Swan-
Ganz CCOmbo V and Introflex, Edwards Lifesciences Services
GmbH, Unterschleissheim, Germany) was inserted into the right
internal jugular vein and an arterial line (Secalon-T™, Merit Medical

FIGURE 1 | Experimental overview and observed particle flow rate (PFR) in recipients with primary graft dysfunction (PGD). (A)Overview of transplantation followed
by the right pneumonectomy and distal airway exhaled breath collection on postoperative day 3. (B) Schematic illustrating the collection of particles from the distal
airways, where exhaled breath travels through a one-way valve in the particles in exhaled air (PExA) device, which counts them prior to impaction. Samples including
tissue, bronchoalveolar lavage fluid (BALF) and collected exhaled breath particles were then analyzed for protein identity usingmass spectrometry. Figure created in
biorender.com.

Transplant International | Published by Frontiers April 2024 | Volume 37 | Article 122983

Niroomand et al. Proteomics of Particles in PGD

65

http://biorender.com


Ireland Ltd., Galway, Ireland) was placed in the right common
carotid artery.

Lung Transplantation and Monitoring
Lung harvesting from the donor and transplantation into the
recipient followed the previous descriptions [19]. Recipient care
followed clinical standards and immunosuppression, infection
prophylaxis and ventilatory strategies are described in the
Supplementary Methods. On day 3 post-transplantation, a
right pneumonectomy (including the accessory lobe) allowed for
assessment of the transplanted left lung (Figure 1A). The recipient
was followed for an additional 4 h under one-lung ventilation, with
tidal volume and respiratory rate adjusted to maintain a peak
pressure <30 cmH2O. All recipients were monitored throughout
the post-transplantation period with hemodynamic parameters
and arterial blood gases (ABL 90 FLEX blood gas analyzer,
Radiometer Medical ApS, Brønshøj, Denmark) analyzed hourly.

Particles in Exhaled Air (PExA) and Exhaled
Breath Particles (EBP)
Following the right pneumonectomy, a customized PExA 2.0 device
(PExA, Gothenburg, Sweden) was connected to the expiratory limb
of the ventilator, as previously described [6, 9] to measure PFR
(particles per minute or ppm) and deposit particles on a membrane
(Figure 1B). Membranes were kept frozen at −80°C until analysis.

Staging of Primary Graft Dysfunction
PGDwas staged on postoperative day 3 based on the PaO2/FiO2 ratio
according to the guidelines of the International Society for Heart and
Lung Transplantation (ISHLT) [20]. Chest imaging was performed
with a mobile C-arm x-ray machine (Siemens, Munich, Germany).

Histopathological and
Immunofluorescence Analyses
Baseline biopsieswere taken from the right lower lobe after intubation
and from the transplanted left lung at the completion of the
experiment. All biopsies were fixed in a 10% neutral buffered
formalin solution (Sigma-Aldrich, Merck KGaA, Darmstadt,
Germany). For histopathological analysis, sections were stained
with hematoxylin and eosin (Merck Millipore, Darmstadt,
Germany). Images from each recipient were assessed by two
blinded scorers to report a lung injury score. For
immunofluorescence imaging, sections stained with 4′,6-
diamidino-2-phenylindole (DAPI), Lycopersicon Esculentum lectin
(LEA) DyLight-488 and aquaporin-5 (AQP-5) were imaged on a
Nikon A1RHD confocal microscopy platform (Nikon, Tokyo,
Japan). Alveoli were individually imaged at random locations and
analyzed using Fiji software [21]. A morphological quotient or MQ
was calculated by dividing the alveolar circularity by its wall thickness.

Collection of EBPs From Human Lung
Transplantation Patients
Membranes with EBPs were collected from 11 lung transplant
recipients in the ICU using a modified PExA 2.0 instrument, as

previously described [5]. PGD was graded according to the
ISHLT guidelines based on arterial blood gas measurements,
ventilator settings, and imaging. All patients arrived at the
ICU after transplantation with a 7.5-mm tracheal tube and
were ventilated according to unit guidelines, including a tidal
volume of 6 mL/kg, positive end-expiratory pressure of 5 cmH2O,
end-inspiratory pressure of less than 25 cmH2O, and an
inspiratory to expiratory ratio of 1:2 (Maquet Servo I, Getinge,
Solna, Sweden). EBPs were collected during measurements taken
over 2 h from the second or third post-operative day based on the
last measurement possible while the patient was on mechanical
ventilation.

Mass Spectrometry Analysis
Proteins were extracted from porcine tissue, porcine BALF,
porcine EBP membranes, and human EBP membranes. Mass
spectra were acquired using a data-independent acquisition
(DIA) method and analyzed with DIA-NN v 1.8.1 [22]. After
quality control, two porcine EBP membranes, and two porcine
BALF samples were excluded from further analysis. Differentially
expressed proteins were determined with a threshold
p-value <0.05 using the log2-transformed label-free
quantification (LFQ) intensities and fold-change thresholds
estimated from bootstrapping procedures. p-values were
adjusted to determine an FDR-adjusted q-value with a
significance level of 0.05. Hierarchical clustering in the heat
map was performed on normalized, log2-transformed LFQ
intensities (z-scores). The log2-fold change was used as the
differential rank statistic for the gene set enrichment analysis
(GSEA). A protein analysis through evolutionary relationships
(PANTHER) overrepresentation test1 of all EBP proteins was
performed to look for statistically significantly enriched gene
ontology (GO) terms under the biological process ontology.

Calculations and Statistics
Continuous variables were reported as median and interquartile
range (IQR). Statistically significant differences were tested with
the Student’s t-test and ANOVA for normally distributed data
and with the Mann-Whitney test and the Kruskal-Wallis tests for
non-normally distributed data. A Chi-squared test was
performed to analyze the observed frequencies of categorical
variables. All statistical analyses were performed using
GraphPad Prism 9.1 and R Studio (version 4.2.2). Significance
was defined as p < 0.001 (***), p < 0.01 (**), p < 0.05 (*), and p >
0.05 (not significant).

RESULTS

Human Patient Demographics and
Characteristics
Within the cohort, four patients were transplanted for idiopathic
pulmonary fibrosis, four for chronic obstructive pulmonary
disease, and another three for cystic fibrosis; none had an

1pantherdb.org
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FIGURE 2 | Incidence of primary graft dysfunction (PGD) in lung transplant recipients. (A) PGD grade was determined according to the ISHLT guidelines and
recipients were graded 0–3 based on the PaO2/FiO2 ratio and chest imaging. (B) Representative images of hematoxylin and eosin (H&E) staining of biopsies taken at the
experimental endpoint show the differences between tissue from recipients without PGD (left) and those with PGD grades 2-3 (right). The scale bar in the larger image
represents 0.5 mm and the callout shows a magnified portion of tissue where the bar represents 0.2 mm. (C) Blinded scoring of the H&E biopsies taken at the
experimental endpoint. (D) Representative images of immunofluorescence staining for Lycopersicon esculentum lectin (LEA, green) and 4′,6-diamidino-2-phenylindole
(DAPI, blue) at the lung biopsies taken at baseline prior to transplantation (left), at the experimental endpoint from a recipient without PGD (center) and at the experimental
endpoint from a recipient with PGD (right). The top row shows amagnified portion of the tissue in the bottom row. The scale bar in the top row represents 50 μmwhile the
bar in the bottom row represents 100 μm. (E) Morphological analysis of the immunofluorescence staining was conducted on the biopsies taken at baseline prior to
transplantation, and the experimental endpoints for PGD and no PGD recipients post-transplantation on LEA and DAPI staining, showing the percent of tissue coverage
in each image field of view (far left), in addition to the average thickness of individual alveoli (second from left), the calculated alveolar circularity (third from left), and the
morphological quotient calculated based on the wall thickness and circularity (right). Plots represent samples taken from baseline biopsies (n = 5), the experimental
endpoint for recipients with PGD (n = 9) or without PGD (n = 13). Values represent themedian and interquartile range (box) withminimum andmaximum values (whiskers).
For statistical comparisons between two groups the two-tailed Mann-Whitney test was used. For comparisons between more than two groups a one-way ANOVA or
Kruskal-Wallis test was used, followed by Tukey’s or Dunn’s post hoc tests, respectively. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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FIGURE 3 | Particles in the exhaled breath of porcine and human transplant recipients with and without primary graft dysfunction (PGD) exhibited
significant differences in both particle flow rate and protein identity and recapitulated identities found in the bronchoalveolar lavage fluid (BALF). (A) Particle
flow rate (PFR) relative to the grade of PGD determined for the porcine lung transplant recipients. Plots represent measurements taken at the experimental
endpoint for recipients with PGD (n = 9) or without PGD (n = 13). (B) Proteins from the exhaled breath particles (EBP, n = 20) were isolated and analyzed
using mass spectrometry and a heat map was made of differentially expressed proteins when the PGD porcine recipient group was compared to the non-PGD
group. (C) Proteins were also identified from within the bronchoalveolar lavage fluid (BALF) samples of the porcine transplant recipients with the volcano plot
showing the differentially expressed proteins with significantly higher expressed proteins in red. (D) A heat map was generated from the differentially
expressed BALF proteins showing the grouping of the PGD and non-PGD porcine recipients. (E) The PFR was also measured within human transplant
recipients (n = 11) between groups (left) and per recipient in correlation to the recipient’s PaO2/FiO2 ratio. (F) Isolated proteins from the human exhaled breath
particles (n = 11) were analyzed by mass spectrometry and a heat map was generated from the differentially expressed proteins. (G) A Venn diagram shows
the overlap of protein identities isolated from the porcine bronchoalveolar lavage (BAL) fluid compared to the porcine EBPs and the human EBPs. (H) Gene
Ontology (GO) term analysis was performed on the human EBPs to identify the biological processes from within the samples, with relevant terms highlighted in
the plot demonstrating the fold enrichment and the false discovery rate (FDR)-corrected p-value in the bar color. An enlarged version can be found in the
Supplementary Materials (Supplementary Figure S1). Plots represent measurements taken at the experimental endpoint for porcine recipients with PGD
(n = 9) or without PGD (n = 13) and for human recipients with PGD (n = 5) and without PGD (n = 6). Statistically significant differences between groups were
tested with the two-tailed Mann-Whitney test. *p < 0.05, ***p < 0.001. CPM, carboxypeptidase M; CRYAB, α-crystallin B chain; EEF1A1, elongation factor 1-α
1; HNRNPM, heterogeneous nuclear ribonucleoprotein M; IFI30, γ -interferon-inducible lysosomal thiol reductase; KLK9, kallikrein-9; LRRC15, leucine-rich

(Continued )

Transplant International | Published by Frontiers April 2024 | Volume 37 | Article 122986

Niroomand et al. Proteomics of Particles in PGD

68



active smoking status. Following transplantation, 6 patients had
PGD grade 0 while 5 patients had PGD grade 2. In the non-PGD
group, the median age was 61 years (56–64.5) and all were men.
The non-PGD group had a median pH of 7.44 (7.40–7.46), lactate
of 2.1 (1.85–2.9), and ventilation with a median tidal volume of
522 mL (497–571), a median minute ventilation of 9.8 (8.9–10.8),
and a median PEEP of 5 cmH2O (5–5). In the PGD group, the
median age was 56 years (55–59) and 3 of the 5 patients were
women. The PGD group had a median pH of 7.40 (7.37–7.44),
lactate of 1.6 (1.4–2.3), and was ventilated with a median tidal
volume of 454 mL (444–548), median minute ventilation of 9.0
(8.1–10.8), and a median PEEP of 5 cmH2O (5-5).

Primary Graft Dysfunction After Porcine
Lung Transplantation Correlates With
Histologic Analysis
All porcine recipients underwent a left LTx and were monitored
for 3 days, after which a right pneumonectomy was performed to
monitor the isolated left transplanted lung. Porcine recipients
were assessed for PGD according to ISHLT guidelines. Severe
PGDwith grades 2 and 3 was detected in nine recipients while the
remaining twelve had PGD grade 0 (Figure 2A).

PGD grades were correlated with the histological examination
of end-experiment lung biopsies (Figure 2B). PGD samples
received a lung injury score of 13.00 (9.75–17.75) compared to
1.50 (1.00–3.38) in non-PGD samples (p < 0.0001, Figure 2C).
Signs of damage including immune cell infiltration, alveolar wall
thickening, and capillary congestion were noted.

Immunofluorescence morphological examination showed
increased damage in PGD (Figure 2D). Tissue coverage was
significantly higher in the PGD group compared to the non-PGD
group and the pre-transplant baseline (p < 0.0001 and p <
0.0001 respectively, Figure 2E). Alveolar walls were
significantly thicker and alveolar circularity was significantly
decreased (p < 0.0001, p = 0.0009, Figure 2E). The
morphologic quotient (MQ) which takes into account the
contribution of structural changes in the alveolar wall and
circularity showed significant damage compared to the
baseline and the non-PGD groups (p < 0.0001 and p <
0.0001 respectively, Figure 2E). The MQ of the non-PGD
group did not significantly differ from the baseline (p = 0.506).

PGD Incidence Correlates With Higher
Rates of Particle Flow and Particles
Revealed a Proteomic Profile Similar
to BALF
Using the custom PExA device connected to the expiratory limb
of the ventilator, PFR was measured in the post-transplant
recipients and found to be significantly higher in those with
PGD with a rate of 686.4 (449.7–8,824.0) ppm. Those without

PGD had a rate of 116.6 (79.7–307.4) ppm (p = 0.0003,
Figure 3A). The EBPs were collected on a membrane from
which the proteins were extracted. After filtering for those
present in at least 60% of the samples per group, 137 proteins
were analyzed, of which 7 were significantly overexpressed in
PGD. Hierarchical clustering of the differentially expressed
proteins showed a clear separation of the PGD group from the
non-PGD group (Figure 3B). In BALF collected from all
recipients, from which 2,418 proteins were identified after
filtering for proteins in at least 65% of the samples. Of these,
91 proteins were overexpressed in PGD samples compared to
55 in non-PGD samples (Figure 3C). Again, hierarchical
clustering differentiated between the two recipient
groups (Figure 3D).

These results were additionally compared to findings collected
from human EBPs from transplant recipients. As previously
reported [5], the PFR in human recipients with PGD was higher
than in non-PGD recipients. When comparing recipients, the PGD
recipients had a significantly higher PFR (461.2 with IQR
284–1,177 ppm) compared to the non-PGD group (210.5 ppm
with IQR 95–220.2, p = 0.0424; Figure 3E). When PFR was
plotted against each recipient’s PaO2/FiO2 ratio, there was a
significant correlation (Spearman r = −0.7364, p = 0.0128,
Figure 3E). While this relationship between disease and PFR has
been noted previously, the proteins within this exhaled breath have
never been analyzed. Within the human samples, 338 proteins were
found after filtering, of which 18 were significantly differentially
expressed in PGD and hierarchical clustering showed separation of
the PGD and non-PGD samples (Figure 3F). Proteins found in the
EBPs of both the human and porcine samples overlapped with those
identified in BALF. When comparing the porcine EBP proteins to
BALF, there was an overlap of 88 protein identities, representing
64.2% of all EBP proteins (Figure 3G). When comparing human
EBPs to BALF, there was an overlap of 216 proteins or 63.9% of
human EBP proteins (Figure 3G). A PANTHER overrepresentation
test was performed to examine the significantly enriched pathways
and 16 terms were identified (Figure 3H). Within the PGD group,
acute phase and acute inflammatory responses were highlighted, in
addition to several terms related to cytoskeletal and filament
organization.

To understand how these processes are important in the
production of EBPs and to highlight the mechanism by which
EBPs are increased in the PGD group, further analysis of both the
tissue and BALF was performed to demonstrate the alterations in
the alveolar-capillary barrier.

Proteins in the Adherens and Tight
Junctions Are Underexpressed in Tissue
and Overexpressed in BALF
Analysis of the lung tissue identified 5,206 proteins, of which
302 were significantly overexpressed in the PGD group and

FIGURE 3 | repeat-containing protein 15; PSMD2, 26S proteasome non-ATPase regulatory subunit 2; RAB14, ras-related protein Rab-14; RPS18, 40S
ribosomal protein S18; RPS25, 40S ribosomal protein S25; SERPINC1, antithrombin-III; SNRPG, small nuclear ribonucleoprotein G; TUBB3, tubulin β-3
chain; TUBB4B, tubulin β-4B chain; UQCRC2, cytochrome b-c1 complex subunit 2.
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FIGURE 4 | Proteins identified in the tissue between primary graft dysfunction (PGD) and no PGD samples showed differences in biological processes as identified
by gene ontology analysis. (A) Volcano plots of differentially expressed proteins detected by mass spectrometry of porcine lung tissue samples at the experimental
endpoint. Blue dots indicate proteins that were underexpressed in PGD samples while red dots are those that were overexpressed in the samples. (B) Heat maps of
hierarchical clustering performed on porcine tissue samples on differentially expressed proteins with blue representing underexpression and red representing
overexpression. (C)Gene set enrichment analysis (GSEA) was performed on the differentially expressed proteins to show the statistically significant biological processes
found in the tissue (left) and BALF (right) samples represented as dot plots. An enlarged version can be found in the Supplementary Material (Supplementary Figure
S2). (D)Gene-concept network plot showing the association between proteins and biological processes found in the GSEA. Refer toSupplementary Tables S1, S2 for
a list of protein names. (E) Concept network plot for the analysis of the gene ontology (GO) term of the extracellular matrix. A list of protein names is in Supplementary
Table S3. Enlarged versions of 4d and 4e can be found in the Supplementary Materials (Supplementary Figure S3). (F) The proteins identified were additionally
compared between porcine tissue, BALF, and EBP samples and human EBP samples with a dot plot showing the fold change (FC) in color and the adjusted q-value in
dot size. Proteins were grouped according to the GO term to which they belonged. Plots represent measurements taken at the experimental endpoint for recipients with
PGD (n = 9) or without PGD (n = 13). Values represent the median and interquartile range (box) with minimum and maximum values (whiskers). Statistically significant
differences between groups were tested with the two-tailed Mann-Whitney test. ***p < 0.001. ALB, albumin; EZR, ezrin; FGA, fibrinogen α chain; FLNA, filamin-A; IGHM,

(Continued )
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55 were underexpressed (Figure 4A). As with other sample
types like EBP and BALF, the hierarchical grouping of
differentially expressed proteins showed a clear clustering of
the PGD and non-PGD (Figure 4B). A GSEA was performed
within the PGD group and showed that the enriched biological
processes in the PGD samples included regulatory pathways of
coagulation, wound healing, and responses to inflammation
(Figure 4C). By isolating the specific pathways of defense
responses, immune responses, inflammatory responses, and
wound healing, enriched protein identities could be mapped
to their biological processes (Figure 4D). Within the
extracellular matrix, eleven proteins were significantly
enriched, including known regulators such as
metalloproteinase 8 (Figure 4E). Proteins identified in the
tissue and BALF were additionally further compared to
those found in the human and porcine EBPs (Figure 4F),
demonstrating similarities in both the protein identities and
relative fold changes. The identified proteins were grouped
according to their corresponding GO biological processes.

To elucidate how there was a greater amount of exhaled breath
particles in the respiratory tract lining fluid in the setting of PGD,
the cell-cell adhesion proteins were examined. In the adherens
junctions in the tissue samples (Figure 5A), junctional
plakoglobin [log2 (FC) = −0.42, q = 0.005], catenin-α 1 [log2
(FC) = −0.36, q = 0.01], and vascular endothelial cadherin [log2
(FC) = −0.37, q = 0.02] were significantly underexpressed in the
PGD group. Serine/threonine-protein phosphatase 2A catalytic
subunit (PPP2CA) was higher in tissue from PGD samples,
although not to a statistically significant degree. Zona
occludens-1 and occludens of the tight junction were
significantly underexpressed in PGD {log2 (FC) = −0.46, q =
0.005; [log2(FC) = −0.83, q = 0.04] respectively}, and others
showed lower but not statistically significant levels, including
junctional adhesions molecule-1 (JAM-1), claudin-18
and vinculin.

Within BALF (Figure 5B), adherens junction proteins were
significantly higher in PGD samples. These included vinculin
[log2 (FC) = 0.74, q = 0.04] and catenin-α 1 [log2 (FC) = 0.65,
q = 0.03]. Junctional plakoglobin, PPP2CA, and vascular endothelial
cadherin all showed increased but not statistically significant levels.

BALFwas further examined to confirm the proteomic findings of
alterations in the alveolar-capillary barrier. Total protein content in
BALF showed an increasing trend toward the PGD group [2.0
(1.8–10.0) mg/mL in the PGD group, 2.2 (1.2–5.9) mg/mL in the
non-PGD group, p = 0.1213, Figure 6A]. Albumin and IgM protein
were overexpressed in the PGD BALF, demonstrating leakage of
large molecular weight serum proteins, an established measure of
alveolar-capillary barrier dysfunction [23] (Figure 6B). Other signs
of alveolar-capillary barrier changes were found on histological
examination, including H&E staining showing erythrocytes in the
airspace in 6 of 9 PGD recipients (Figure 6C). Expression of

aquaporin-5 (AQP-5), which is differentially localized to the
apical membrane of the superficial epithelium in the airways, was
decreased in tissue from the PGD group [log2 (FC) = −0.46, q =
0.04], which was also observed qualitatively by immunofluorescence
imaging (Figures 6D, E).

DISCUSSION

Despite improvements in transplantation, PGD remains a threat to
the postoperative recipient. Current methods of clinical appraisal
could be supported by a non-invasive bedside approach to diagnostic
surveillance. From this perspective, the addition of EBP analysis
provides a novel means to monitor PGD, both from the rapidity of
flow rate measurements that can be performed at the bedside and
from the granular data that can be gathered from the in-depth
analysis possible with collected particles. This study demonstrates
that high EBP flow rates are significantly correlated with PGD and
that the evaluation of proteins found in these EBPs can offer a
window into the pathophysiological study of the distal airways
without the need for more invasive bronchoscopy or tissue
sampling. In this study, porcine and human EBP collections not
only showed a correlation between high PFR and PGD incidence,
but the proteins identified within the EBP samples reflected the
BALF contents. Analysis of the tissue and BALF showed a disease-
based difference in protein expression demonstrating alveolar-
capillary barrier changes that explain the mechanism behind high
PFR in PGD recipients.

Using the PExA device, breath particles are impacted
according to their inertia, allowing both quantification and
collection on a membrane housed within the device. In this
study of a porcine lung transplant, PFR was correlated with the
development of PGD at postoperative day 3. Previous studies
have shown that PFR correlates with lung injury [8, 9] and a
pilot study showed higher PFR in human lung transplant
recipients with PGD [5]. In that report, we had previously
reported that in human lung transplant recipients, particle
counts measured on days 0, 1, 2, and 3 were increased in
recipients with PGD compared to those without PGD [5]. In
the present study, we aimed to build on these findings by
identifying the proteins collected in exhaled breath and the
mechanism by which PFR is higher in this state of injury, which
has not been shown before. This work is novel not only for its
proteomic profiling of the proteins captured by exhaled breath,
but also because it aims to substantiate the hypothesis that
changes to the alveolar-capillary barrier contribute to the PGD
disease state and higher PFR through the analysis of both BALF
and tissue samples. The evidence that porcine and human EBP
particles recapitulate proteins found in BALF emphasizes that
EBP collection can be a non-invasive means of sampling the
distal airway without having to resort to bronchoalveolar lavage.

FIGURE 4 | Immunoglobulin heavy constant mu; ITIH4, inter-α-trypsin inhibitor heavy chain H4; LGALS3, galectin; PLEC, plectin; PRDX1, peroxiredoxin-1; PRDX4,
peroxiredoxin-4; TXN, thioredoxin.
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To understand why PFR was higher in the PGD group, an
analysis of the alveolar-capillary barrier was pursued to
demonstrate how injury status correlates with leakage of

proteins into the respiratory tract lining fluid. While other
forms of acute lung injury have demonstrated changes to the
endothelial and epithelial barriers [23], this type of damage has

FIGURE 5 | Differential expression of junctional proteins in the adherens junctions and the tight junctions in the tissue from porcine recipients with primary graft
dysfunction (PGD). (A) Plots represent the differences found within individual analyses of protein expression in porcine tissue samples from no PGD and PGD samples
with respect to tight junction (left) and adherens junction (right) proteins. (B) Plots of the differences found within individual analyses of protein expression in
bronchoalveolar lavage fluid (BALF) from no PGD and PGD samples. Plots represent measurements taken at the experimental endpoint for recipients without PGD
(n = 13) or with PGD (n = 9). Values represent the median and interquartile range (box) with minimum and maximum values (whiskers). Statistically significant differences
are reported as FDR corrected p-values (q-values) using log (2)-fold change differences between groups (see Supplementary Methods), *q < 0.05, NS. JAM-1,
junctional adhesion molecule-1; VE-cadherin, vascular endothelial cadherin; PPP2CA, serine/threonine-protein phosphatase 2A-catalytic subunit. Figure created in
biorender.com.
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FIGURE 6 | Changes in the alveolar-capillary barrier compared between porcine recipients with and without primary graft dysfunction (PGD). (A) Total protein
concentration in bronchoalveolar lavage fluid (BALF) was measured in the recipients at the end of the experiment. (B) Expression levels of albumin and IgM were
measured using mass spectrometry in BALF samples. (C) Representative image of red blood cells seen in the airspace (black arrows) of hematoxylin and eosin (H&E)
stained lung tissue from a recipient with primary graft dysfunction. (D) Aquaporin-5 (AQP-5) was measured by mass spectrometry in the tissue (left) and then
visualized by immunofluorescence staining. (E) shows representative images from a no PGD sample (left) and PGD sample (right) using immunofluorescence staining
(4′,6-diamidino-2-phenylindole or DAPI in blue, AQP-5 in magenta). The scale bar represents 100 μm. Plots represent measurements taken at the experimental endpoint
for recipients with PGD (n = 9) or without PGD (n = 13). Values represent the median and interquartile range (box) with minimum and maximum values (whiskers).
Statistically significant differences are reported as FDR corrected p-values (q-values) using log (2)-fold change differences between groups (see Supplementary
Methods)**q < 0.05, NS.
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not been as clearly established in studies of PGD, largely due to
the lack of proteomic profiling in this disease. Other studies of
the alveolar-capillary barrier have shown that tight and
adherens junctions are important in maintaining alveolar
permeability, with claudin-18 knockouts showing increased
paracellular alveolar permeability [24, 25] and loss of
vascular endothelial cadherin (VE-cadherin) implicated as a
major mechanism of increased permeability in acute respiratory
distress syndrome (ARDS) [26]. In this study, zona occludens,
an important member of tight junctions, was significantly
underexpressed in PGD tissue. Additionally, from the
adherens junctions, VE-cadherin and its associated proteins
including vinculin, junctional plakoglobin, catenin- α 1 and
serine/threonine phosphatase 2 catalytic subunits were
decreased in the PGD tissue in this study. This was
accompanied by a concomitant increase in their BALF levels.
The GO term “adherens junction assembly” was also statistically
enriched within the EBP analysis.

Further evidence of alveolar-capillary barrier breakdown was
found in the increased protein content of BALF and the
presence of high molecular weight proteins, a recognized sign
of barrier breakdown [23]. On H&E staining, erythrocytes were
found in the airspace of the majority of PGD samples, further
demonstrating barrier breakdown. AQP-5 levels were
significantly reduced in the PGD group, which is important
due to the specific localization of the protein to the apical surface
of the lung epithelium, specifically within alveolar type 1 cell
[27]. These results show that PGD status is correlated with
significant changes in alveolar-capillary permeability.
Combined with the findings of significant changes in tight
and adherens junction components, the results that the
alveolar-capillary barrier was significantly damaged in PGD
can then be correlated to explain the finding of higher
particle flow in the lining fluid of these recipients. This
establishes the mechanism behind the higher PFR within this
injury state.

There are few other proteomic studies of PGD in lung
transplantation either in humans or in large animal models.
Previous studies have primarily focused on the search for
relevant biomarkers, which are typically measured in
plasma or BALF. Individual proteins have been singled out
instead [14, 28, 29], and thus this study demonstrates a novel
use of proteomic profiling using mass spectrometry as a means
to investigate the disease state through broader changes within
the proteome. Mass spectrometry has rarely been utilized in
lung transplantation research, with the exception of a few
studies focusing on long-term outcomes in bronchiolitis
obliterans syndrome [17, 30, 31]. This study therefore
represents a novel approach to the study of PGD. Given the
suggestion that there may be different phenotypes of PGD with
different mechanisms underlying lung pathology, broader
proteomic views such as those provided by EBP analysis
may give a more detailed understanding of PGD
pathophysiology [32]. Future endeavors with EBP collection
and analysis could focus on expanding the findings within our
porcine and human lung transplant recipients to look at
proteomic changes in larger cohorts. This would be

particularly valuable to increase the generalizability of the
results as the current study only included human PGD
grade 2 recipients. As implementation moves forward, EBP
collection may become a complement to diagnostic
techniques, but would need consideration and exercise of
clinical judgment as an alternative to some techniques such
as bronchoscopy, which, for example, may still be indicated for
other reasons, such as mucus clearance and viral and
bacterial sampling.

In conclusion, the use of exhaled breath particles allows for
the rapid detection of PGD in lung transplant recipients by
PFR measurement and may facilitate more in-depth analyses
to investigate disease pathology by proteomic analysis of the
distal airways. The higher PFR in this study in the PGD group
coupled with the results showing the overlap between proteins
captured by the EBPs compared to BALF sampling
demonstrates that EBP collection can be an important
diagnostic tool in the postoperative recipient. The
advantages of such a technique include the ease with which
the device can be connected to mechanical ventilation in
addition to its lack of invasiveness, which is an
improvement over traditional bronchoscopy. This technique
can be implemented in clinical settings as a bedside diagnostic
tool, thus allowing a transplant recipient to be monitored for
the development of PGD in a convenient manner which can be
leveraged for both rapid detection and more time-consuming
but in-depth proteomic analysis.
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Trends in high-sensitivity cardiac troponin I (hs-cTnI) after lung transplant (LT) and its
clinical value are not well stablished. This study aimed to determine kinetics of hs-cTnI after
LT, factors impacting hs-cTnI and clinical outcomes. LT recipients from 2015 to 2017 at
Toronto General Hospital were included. Hs-cTnI levels were collected at 0–24 h, 24–48 h
and 48–72 h after LT. The primary outcome was invasive mechanical ventilation
(IMV) >3 days. 206 patients received a LT (median age 58, 35.4% women; 79.6%
double LT). All patients but one fulfilled the criteria for postoperative myocardial
infarction (median peak hs-cTnI = 4,820 ng/mL). Peak hs-cTnI correlated with right
ventricular dysfunction, >1 red blood cell transfusions, bilateral LT, use of EVLP, kidney
function at admission and time on CPB or VA-ECMO. IMV>3 days occurred in 91 (44.2%)
patients, and peak hs-cTnI was higher in these patients (3,823 vs. 6,429 ng/mL, p <
0.001 after adjustment). Peak hs-cTnI was higher among patients with had atrial
arrhythmias or died during admission. No patients underwent revascularization. In
summary, peak hs-TnI is determined by recipient comorbidities and perioperative
factors, and not by coronary artery disease. Hs-cTnI captures patients at higher risk
for prolonged IMV, atrial arrhythmias and in-hospital death.
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GRAPHICAL ABSTRACT |

INTRODUCTION

The use of high sensitivity cardiac troponin I (hs-cTnI)
measurement after cardiac surgery is well stablished, and is
associated with higher risk of death, prolonged invasive
mechanical ventilation (IMV), and prolonged length of stay.
In cardiac surgery, there are multiple factors involved in
postoperative hs-cTnI levels, such as ischemia-reperfusion
injury, cannulation and manipulation, type of cardioplegia
used, inflammation and elevation of filling pressures, with
direct damage to the coronary artery tree being rare [1].
Despite its recognized predictive value, routinary
measurement on hs-TnI immediately after surgery is not
useful in certain settings, such as in heart transplantation [2].

In non-cardiac surgery, hs-cTnI is commonly used to rule
out perioperative myocardial injury following non-cardiac
surgery (MINS), which has been associated with higher
mortality, atrial arrhythmias and admissions for heart
failure [3–5]. The mechanisms leading to hs-cTnI rise are
not fully elucidated, but seem to be related as well with
perioperative conditions and baseline characteristics, and
consistently associated with worse outcomes irrespective of
the presence of ischemic symptoms or ECG changes [6], with a
dose-graded response based on degree of post-operative hs-
cTnI elevation [7]. With the development newer hs-cTnI
assays, the incidence of perioperative MINS will likely
increase as it is now recommended to screen high-risk
patients postoperatively [7].

The use of hs-cTnI in the lung transplant (LTx) population
has not been well studied. During LTx, hemodynamic stability
and direct cardiac damage may confer a different value to hs-

cTnI to that of non-cardiac surgery, but there is paucity of data
regarding the elevation of hs-cTnI in the early postoperative
course of LTx recipients, limited by sample size and lack of
serial measurements [8, 9]. With the new hs-cTnI assays
replacing the old ones, it remains crucial to examine the
normal trend in hs-cTnI in LTx to guide decision-making.

This study sought was to evaluate the levels and trend of hs-
cTnI during the first 72 h after LTx, factors impacting on hs-cTnI
levels and the prognostic value of hs-cTnI in the intensive care
unit (ICU) setting.

MATERIALS AND METHODS

Patient Population
Consecutive patients (≥18 years of age) who received a LTx
from October 2015 to May 2017 who were admitted to Toronto
General Hospital, University Health Network medical-surgical
intensive care unit (MSICU) were included in this
retrospective registry. The study protocol was approved by
the local Research Ethics Board (CAPCR study #17-5633).

Data Collection and Measurement
Data was collected from the electronic medical record. Pre-
operative demographics, co-morbid medical illnesses,
medications, and cardiac testing was recorded. As part of
their lung transplant workup, patients underwent extensive
cardiac testing including electrocardiography, transthoracic
echocardiography, non-invasive stress testing, coronary
angiography and right heart catheterization. RV
dysfunction was categorized as none, mild, moderate, or
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severe based on the visual assessment on the
echocardiography. Mild coronary artery disease (CAD) was
defined as any non-obstructive coronary lesion <70%
with <50% for left main disease. Any CAD more than mild
was revascularized prior to listing.

Surgical interventions were performed by thoracic surgeons,
along with a dedicated group of thoracic anesthesiologists,
according to the Toronto Lung Transplant Program technique
[10]. On a case-by-case basis, surgery was performed on
cardiopulmonary bypass (CPB), veno-arterial extracorporeal

TABLE 1 | Baseline characteristics of the cohort divided according to prolonged invasive mechanical ventilation (>3 days).

Total (n = 206) IMV for ≤3 days (n = 115) IMV for >3 days (n = 91) p-value

Age 58.2 (48.1–64.4) 59.9 (49.1–65.4) 57.8 (47.2–62.4) 0.19
Female sex 73 (35.4%) 39 (33.9%) 34 (37.4%) 0.61
BMI (kg/m2) 24.7 (20.3–28.7) 24.9 (20.3–28.4) 24.1 (20.5–29.0) 0.92
Hypertension 39 (18.9%) 18 (15.7%) 21 (23.1%) 0.18
Etiology 0.45
COPD 41 (20.1%) 28 (24.6%) 13 (14.4%)
Cystic fibrosis 24 (11.8%) 12 (10.5%) 12 (13.3%)
Pulmonary hypertension 10 (4.9%) 3 (2.6%) 7 (7.8%)
Sarcoid 2 (1.0%) 1 (0.9%) 1 (1.1%)
Retransplant 2 (1.0%) 1 (0.9%) 1 (1.1%)
Interstitial lung disease 106 (52.0%) 58 (50.9%) 48 (53.3%)
Other 19 (9.3%) 11 (9.6%) 8 (8.9%)

Dyslipidemia 42 (20.4%) 19 (16.5%) 23 (25.3%) 0.12
Diabetes 40 (19.4%) 17 (14.8%) 23 (25.3%) 0.059
Non-flow limiting CAD 149 (73.4%) 83 (73.5%) 66 (73.3%) 0.98
Previous MI 4 (2.0%) 3 (2.6%) 1 (1.1%) 0.43
History of PCI 19 (9.3%) 11 (9.6%) 8 (8.9%) 0.87
History of CABG 5 (2.4%) 3 (2.6%) 2 (2.2%) 0.85
Atrial fibrillation or flutter 4 (2.0%) 2 (1.8%) 2 (2.2%) 0.82
Chronic heart failure 1 (0.5%) 0 (0.0%) 1 (1.1%) 0.26
Right ventricular function 0.51
Normal 149 (72.3%) 85 (73.9%) 64 (70.3%)
Mild 37 (18.0%) 22 (19.1%) 15 (16.5%)
Moderate 10 (4.9%) 4 (3.5%) 6 (6.6%)
Severe 10 (4.9%) 4 (3.5%) 6 (6.6%)

Chronic kidney disease 2 (1.0%) 1 (0.9%) 1 (1.1%) 0.86
Cerebrovascular accident 4 (1.9%) 1 (0.9%) 3 (3.3%) 0.21
Hemoglobin (g/L) 142.0 (128.0–152.0) 144.0 (134.0–154.0) 137.0 (123.0–150.0) 0.006
Sodium (mmol/L) 140.0 (138.0–141.0) 140.0 (138.0–141.0) 140.0 (137.0–141.0) 0.84
Potassium (mmol/L) 4.0 (3.7–4.2) 4.0 (3.8–4.1) 4.0 (3.7–4.2) 0.55
eGFR (mL/m2/1.73 m2) 94.0 (79.0–105.0) 94.0 (78.0–104.0) 93.5 (79.0–107.0) 1.00
Bridged with VV-ECMO 4 (1.9%) 0 (0.0%) 4 (4.4%) 0.023
Bridged with VA-ECMO 15 (7.3%) 3 (2.6%) 12 (13.2%) 0.004
Bilateral lung transplant 164 (79.6%) 84 (73.0%) 80 (87.9%) 0.009
Use of EVLP 66 (32.0%) 32 (27.8%) 34 (37.4%) 0.15
ECMO intraoperatively 89 (43.2%) 38 (33.0%) 51 (56.0%) <0.001
CPB intraoperatively 14 (6.8%) 5 (4.3%) 9 (9.9%) 0.12
Time on intraoperatively MCS 0.0 (0.0–199.0) 0.0 (0.0–123.0) 70.0 (0.0–243.0) <0.001
Reperfusion PCO2 0.4 (0.4–0.5) 0.5 (0.4–0.5) 0.4 (0.4–0.5) 0.070
Reperfusion O2 1.0 (1.0–1.0) 1.0 (1.0–1.0) 1.0 (1.0–1.0) 0.95
Number of PRBCs <0.001
No PRBC needed 92 (45.1%) 63 (55.3%) 29 (32.2%)
1 PRBC used 69 (33.8%) 44 (38.6%) 25 (27.8%)
>1 PRBC used 43 (21.1%) 7 (6.1%) 36 (40.0%)

VV-ECMO after surgery 11 (5.3%) 1 (0.9%) 10 (11.0%) 0.001
VA-ECMO after surgery 10 (4.9%) 4 (3.5%) 6 (6.6%) 0.30
Ischemic time—left lung (min) 480.5 (409.5–609.5) 477.5 (402.0–626.0) 489.5 (419.0–589.0) 0.82
Ischemic time—right lung (min) 465.0 (373.0–629.0) 459.0 (361.0–573.0) 475.0 (394.0–652.0) 0.20
Troponin at 24 h (ng/mL) 3347.0 (1863.0–5823.0) 2749.5 (1556.0–4538.0) 4386.0 (2660.0–7716.0) <0.001
Troponin at 48 h (ng/mL) 4339.0 (2615.0–6680.0) 3696.0 (2050.0–5999.0) 5314.0 (3594.0–8371.0) <0.001
Troponin at 72 h (ng/mL) 3235.0 (2050.0–4800.0) 2875.0 (1824.0–3995.0) 3520.0 (2492.5–6321.5) 0.003
Peak troponin (ng/mL) 4820.0 (2894.0–7331.0) 3823.0 (2392.0–5992.0) 6429.0 (3873.0–9418.0) <0.001

IMV, invasive mechanical ventilation; BMI, body mass index; COPD, chronic obstructive pulmonary disease; CAD, coronary artery disease; MI, myocardial infarction; PCI, percutaneous
coronary intervention; CABG, coronary artery bypass graft; eGFR, estimated glomerular filtration rate; VV-ECMO, veno-venous extracorporeal membrane oxygenation; VA-ECMO, veno-
arterial extracorporeal membrane oxygenation; EVLP, Ex-ViVo Lung Perfusion; CPB, cardiopulmonary bypass; MCS, mechanical circulatory support; PRBC, packed red blood cells.
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membrane oxygenation (VA-ECMO) or without mechanical
circulatory support (MCS). We collected the use of MCS
before and after the surgery, and the length of MCS for the
intraoperative period. Ischemic time and reperfusion arterial
blood gas samples were also recorded.

Hs-cTnI was measured during the first 24 h, between
24 and 48 h and between 48 and 72 h after LTx on a
routine basis. Peak hs-cTnI was considered the highest
hs-cTnI among three measurements available. The hs-cTnI
assay used at our institution was the Abbott Alinity high
sensitivity troponin I assay, with a 99% upper limit of normal
of 26 ng/L.

Definition of Endpoints
The primary endpoint was prolonged IMV defined as IMV
for >3 days. Secondary endpoints included in-hospital

mortality, postoperative atrial arrythmias (inclusive of atrial
fibrillation, atrial flutter, or atrial tachycardia), length of stay in
ICU and primary graft dysfunction (PGD) 72 h post LTx,
defined by current guidelines based on a P/F ratio <300
72 h after LTx with lung infiltrates on a chest X ray [11].
All patients were followed up until death or hospital discharge,
whichever occurred first, and there were no patients lost to
follow-up.

Statistical Analysis
Mann-Whitney U test was used to assess differences in baseline
characteristics at the time of admission, and median and
interquartile range are provided. For categorical variables,
proportions were compared using a chi-squared test, and
counts and percentages are given.

To determine clinical factors determining peak hs-cTnI
level, univariate analysis with linear regression for
preoperative and surgical variables was done. Variables with
missing in >25% were not used for multivariate analysis, and
we performed complete case analysis. For the multivariate
analysis, a backwards stepwise selection method (p < 0.05 for
inclusion, p > 0.10 for exclusion) was conducted to include all
relevant variables among those with a p-value <0.2 in
univariate analysis. Collinearity within the final model was
considered unacceptable if variance inflation factor was >4.
The trends in hs-cTnI levels after LTx were assessed using a
mixed-effects model for repeated measures, and both
intercepts and slopes were compared between prespecified
subgroups. Prespecified comparison groups to assess trends
in postsurgical hs-cTnI trends were performed based on pre-
existing non-flow limiting CAD, pulmonary hypertension,
right ventricular (RV) dysfunction, use of preoperative
ECMO, use of MCS during surgery, bilateral LTx, use of ex
vivo lung perfusion system (EVLP) and number of blood
transfusions required during surgery.

FIGURE 1 | Trends in troponin according to etiology of the underlying
lung disease. COPD, chronic obstructive pulmonary disease; CI, confidence
interval; ICU, intensive care unit.

TABLE 2 | Effect on peak troponin within the initial 72 h after lung transplant of each predictor in univariate and multivariate linear regression analysis.

Univariate Multivariate

Peak troponin p-value Peak troponin p-value

Hypertension 1,316 0.190 1,277 0.074
Dyslipidemia 2,245 0.021 — —

Chronic kidney disease 19,063 0.001 — —

Chronic heart failure 9,187 0.104 — —

Mild coronary artery disease 1,407 0.123 — —

Pulmonary hypertension 3,086 <0.001 — —

Severe RV dysfunction 4,129 0.023 3,612 0.011
eGFR (per mL/min/1.73 m2) −55 0.007 −40 0.005
Bridged with VV-ECMO 4,167 0.143 — —

Bridged with VA-ECMO −1,977 0.191 — —

Bilateral lung transplant 3,869 <0.001 3,288 <0.001
Use of EVLP 1,996 0.018 1,528 0.010
VA-ECMO during surgery 2,672 0.001 — —

Time on MCS (per min) 16 <0.001 9 <0.001
>1 PRBC used 4,640 <0.001 1,827 0.011

The multivariate model was chosen based on a backwards stepwise regression.
RV, right ventricular; eGFR, estimated glomerular filtration rate; VV-ECMO, veno-venous extracorporeal membrane oxygenation; VA-ECMO, veno-arterial extracorporeal membrane
oxygenation; CPB, cardiopulmonary bypass; MCS, mechanical circulatory support; PRBC, packed red blood cells.
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Peak hs-cTnI was tested as a predictor for the primary and
secondary endpoints. Medians between patients with and
without the endpoint were compared using U Mann
Whitney test. Univariate analysis was performed using
logistic regression and an optimal cutoff for each endpoint
was selected using receiver-operator curve (ROC) analysis and
Youden’s index. Temporal trends were compared between
groups in a mixed effects model for repeated measurements.
Multivariate analysis for the primary endpoint was done by
including in a backwards stepwise regression all clinically
relevant predictors with a p-value <0.2. For in-hospital
mortality, as there were a relatively low number of events,
bivariate analyses for a priori clinically relevant covariates
were done. To obtain the probability of the primary endpoint
based on peak hs-cTnI levels, peak hs-cTnI was modelled as a
restricted cubic spline with 3 knots. A two-tailed
p-value <0.05 was considered significant for all
comparisons. Analyses were performed using Stata 15.0 for
Mac (StataCorp LLC, Texas, United States).

RESULTS

During the study period, 206 LTx patients were included
(Table 1). Median age was 58 (48–64) years and 35.4% were
women. Intestitial lung disease was the most common indication
for LTx (52.0%), followed by chronic obstructive pulmonary
disease (20.1%), with 79.6% of patients receiving a bilateral
LTx. Though 73.4% of recipients had mild CAD following
coronary angiography, only 9.3% received percutaneous
coronary intervention prior to listing. RV dysfunction and
atrial arrhythmias were infrequent at the time of surgery. Only
1.9% of patients were bridged to LTx with VV-ECMO, and 7.3%
with VA-ECMO. However, VA-ECMO was applied
intraoperatively in 43.2%, and CPB in 6.8% of cases. EVLP
was used in 32% of cases.

All patients met the criteria for MINS, and 99.5% of them even
reached a hs-cTnI 10 times above the upper limit of normal,
which is considered the threshold to define a coronary artery
bypass graft-related MI [12]. No patients suffered from a ST
elevation MI. Hs-cTnI levels at 0–24 h, 24–48 h and 48–72 h were
available in 207 (100%), 185 (89.4%) and 137 (66.2%) patients,
respectively. Median hs-cTnI level in the first 24 h was 3,347
(1863–5,823) ng/mL, and maximum hs-cTnI in the first 72 h was
4,820 (2,894–7,331) ng/mL. After LTx, hs-cTnI progressively
increased reaching a peak between 24 and 48 h, and then
decreased between 48 and 72 h. This trend was similar in all
the prespecified subgroups assessed, with higher baseline levels in
patients with pulmonary hypertension, who experienced a steeper
decline after LTx (Figure 1).

Peak hs-cTnI within the first 72 h was higher in patients
with dyslipidemia, hypertension, previous heart failure,
pulmonary hypertension, poor RV function, chronic kidney
disease or mild CAD. Patients supported with either VV or
VA-ECMO preoperatively, those receiving a bilateral LTx or
patients in which EVLP was used had greater hs-cTnI levels
postoperatively. The use of MCS (either CPB or VA-ECMO)
during surgery and the time on support also were strongly
associated with hs-cTnI rise, as well as the number of
transfusions required. Independent predictors for peak hs-
cTnI levels are shown in Table 2, and were severe RV
dysfunction, eGFR at the time of LTx, use of EVLP,
receiving a bilateral LTx, prolonged time on MCS
intraoperatively and receiving >1 red blood cell transfusion.
Predicted hs-cTnI levels using this model had a strong
correlation with the observed peak hs-cTnI (Pearson’s r =
0.604, p < 0.001) (Figure 2).

Median ICU stay was 4 (2–14) days, and median hospital
stay was 23 (16–53) days. There were 91 (44.2%) patients who
met the primary endpoint and were on IMV for >3 days. Peak
hs-cTnI was significantly higher in patients that required IMV
for >3 days compared to those that were weaned earlier
(6,429 vs. 3,823 ng/mL, p < 0.001; Figure 3). Peak hs-cTnI
alone displayed an AUC = 0.72 (0.65–0.79) to predict
prolonged IMV. Peak hs-cTnI was associated with the
primary endpoint in both unadjusted (OR per 100 ng/mL
increase = 1.01, 95% CI 1.01–1.02) and adjusted analysis
(OR per 100 ng/mL increase = 1.02, 95% CI 1.01–1.03).
Figure 4 shows how the probability of requiring prolonged
IMV increases at higher peak hs-cTnI levels. Table 3 shows
univariate predictors for the primary endpoint. Multivariate
analysis identified peak hs-cTnI, postoperative VV-ECMO,
requirement of more than 1 red blood cell transfusion and
pulmonary hypertension as the only independent predictors
for prolonged mechanical ventilation.

There were 13 (6.3%) patients who died during hospital
admission. Peak hs-cTnI was significantly higher in patients
who died during admission (9,690 vs. 4,659 ng/mL, p = 0.001)
(Figure 5A). Peak hs-cTnI had an AUC = 0.78 (0.63–0.93) for
in-hospital mortality, with the best cut-off at 7,840 ng/mL.
Death occurred in 9 (20.5%) patients with a hs-
cTnI >7,840 ng/mL and in 4 (2.5%) with a peak hs-
cTnI <7,840 ng/mL (p < 0.001, Figure 5B). Compared to

FIGURE 2 | Observed and predicted peak troponin levels using a 7-
variable model including RV dysfunction, hypertension, eGFR, bilateral lung
transplant, use of EVLP, length of intraoperative MCS and transfusion
requirements (Pearson’s r = 0.604, p < 0.001).
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survivors, patients experiencing in-hospital mortality had a
continued hs-cTnI rise with failure to decrease the circulating
hs-cTnI levels on the third day (Figure 5C). The association
between peak hs-cTnI and mortality remained significant in all
bivariate analysis (including MCS use before, during or after
surgery, age, diabetes, pulmonary hypertension, or poor
RV function).

Atrial arrhythmias were frequent and occurred in 88 (43.4%)
patients after LTx. Peak hs-cTnI was associated with the
occurrence of atrial arrhythmias (5,833 vs. 4,350 ng/mL, p =
0.008) (Table 4). There was no association between peak hs-
cTnI and primary graft dysfunction at 72 h after LTx, suggesting

that graft dysfunction does not mediate the association between
peak hs-cTnI and prolonged IMV. Patients with a peak hs-cTnI
above the median had a longer length of stay in ICU (median 8 vs.
3 days, p < 0.001), and a longer hospital length of stay (median
29 vs. 21 days, p = 0.002). After LTx, only six patients had a
coronary angiogram performed as recommended by cardiology
consultation based on hs-cTnI trends, and percutaneous
coronary intervention was not necessary in any case. There
was no correlation between peak hs-cTnI and left ventricular
ejection fraction after LTx in those with an available
measurement by echocardiography (n = 63, Pearson’s
r = −0.207, p = 0.10).

FIGURE 3 | (A) Violin plot showing peak troponin based on prolonged invasive mechanical ventilation for >3 days. (B) Temporal trends in troponin levels after LT
based on prolonged ventilation, showing significantly higher initial troponin levels but similar kinetics and progressive decline on the third day in both groups.
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DISCUSSION

In this study, we measured serial hs-cTnI levels in consecutive
LTx recipients upto 72 h after returning to the intensive care
setting. We identified that hs-cTnI rise above the defined
threshold for MINS was seen in all LTx recipients, and it was
associated with perioperative risk factors and not with flow-
limiting CAD. After LTx, high peak hs-cTnI is an independent
predictor for prolonged IMV, postoperative atrial arrhythmias
and in-hospital mortality, probably as a reflection of preoperative
and perioperative cardiac stress.

The fourth universal definition of MI defines a type V MI as a
CABG-related MI, leaving all other postoperative, non-
revascularization related MI within a separate category poorly
characterized [12]. Within 72 h after LTx, 99.5% of our
population had an elevated hs-cTnI >10 times above the 99th
percentile, as documented before [9]. There were no coronary
plaque ruptures documented, no significant CAD before surgery,
no need for revascularization during hospital admission and no
correlation with left ventricular ejection fraction, suggesting that
hs-cTnI rise is explained by factors related to the surgical
intervention and the postoperative course, especially since the
LTx operation necessitates cutting and sewing the atrial
myocardium, and the rise in hs-cTnI does not reflect coronary
artery disease. The independent predictors observed in our cohort
for hs-cTnI rise can be explained by elevated end-diastolic
pressures, such as an elevation of RV end-diastolic pressure in
those with pre-existent RV dysfunction worsened with
pulmonary artery cross-clamp, or elevation in left ventricular
end-diastolic pressure with retrograde arterial flow from VA-
ECMO. Longer time of surgical manipulation likely explains the
association between bilateral LTx with peak hs-cTnI. The
association between peak hs-cTnI, length of MCS support and
requiring more than one transfusion may also be related to
hemodynamic stability and supply-demand ischemia, whereas
a worse preoperative eGFR may prevent hs-cTnI washout after
LTx. The association with more extensive intreventions, length of
cardiac manipulation and comorbidities have also been observed
in other non-LT thoracic surgeries [13]. Therefore, our results
support that coronary events are rare and peak hs-TnI levels
correspond to either type 2 MI due to demand-supply mismatch
related to preoperative factors, to the surgical intervention or
more likely secondary to direct myocardial injury by cutting and
suturing of the recipient and donor myocardium during LTx.

In our cohort, peak hs-cTnI was associated with prolonged
IMV, atrial arrhythmias and death. There have been two other
studies evaluating the role of hs-cTnI after LTx surgery. In one of
them, including 95 patients, higher hs-cTnI measured on arrival
to the ICU was found to be associated with mortality, but this was
published only as an abstract with no more information being
available [8]. Another study described the impact on 30 days and
1-year mortality of a single hs-cTnI measurement upon
admission to the ICU. The authors also described an
association between a higher troponin and mortality [9]. The
association between peak hs-cTnI and worse outcomes is well
described in both cardiac and non-cardiac surgery. A recent
publication demonstrated a strong association between hs-

TABLE 3 | Odds ratio and 95% confidence interval for the primary endpoint
(invasive mechanical ventilation for >3 days) in univariate and multivariate
logistic regression analysis.

Univariate Multivariate

Peak troponin Peak troponin

Hypertension 1.62 (0.80–3.26) —

Dyslipidemia 1.71 (0.86–3.38) —

Diabetes 1.95 (0.97–3.92) —

Chronic heart failure (collinear) —

Pulmonary hypertension 2.60 (1.41–4.80) 2.25 (1.05–4.85)
Hemoglobin (per g/L) 0.98 (0.96–0.99) —

Bridged with VV-ECMO (collinear) —

Bridged with VA-ECMO 5.67 (1.55–20.76) —

Bilateral lung transplant 2.68 (1.26–5.70) —

Use of EVLP 1.55 (0.86–2.79) —

CPB during surgery 2.41 (0.78–7.47) —

VA-ECMO during surgery 2.58 (1.46–4.56) —

Time on MCS (per min) 1.00 (1.00–1.01) —

>1 PRBC used 10.19 (4.26–24.40) 7.20 (2.45–21.16)
VV-ECMO after surgery 14.07 (1.77–112.12) 15.26 (1.68–138.51)
Peak troponin (per 100 ng/mL) 1.01 (1.01–1.02) 1.02 (1.01–1.03)

RV, right ventricular; eGFR, estimated glomerular filtration rate; VV-ECMO, veno-
venous extracorporeal membrane oxygenation; VA-ECMO, veno-arterial
extracorporeal membrane oxygenation; CPB, cardiopulmonary bypass; MCS,
mechanical circulatory support; PRBC, packed red blood cells.
The table only shows predictors with a p-value <0.2 in univariate analysis. Chronic
heart failure (n = 1) and preoperative support with VV-ECMO (n = 4) were perfect
predictors of the endpoint and these patients were therefore excluded from
multivariate analysis.

FIGURE 4 | Probability of the primary endpoint (invasive mechanical
ventilation for more than 3 days) based on the peak troponin level modeled as
a restricted cubic spline, with its 95% confidence interval.
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cTnI elevation andmortality with a similar cutoff to predict death
(hs-cTnI >5,670 ng/mL), and a slightly lower cutoff for other
complications, as observed in our study [14]. The most likely
explanation for this association is that hs-cTnI probably captures
several factors that confer a worse prognosis after LTx, as it
reflects both direct and indirect cardiac damage, as demonstrated
in our study.

Normal troponin kinetics after LTx consist of an early peak at
24–48 h and a progressive decline thereafter, as also noted in a
study including only 10 LTx recipients [15]. However, we describe
a novel association between failure to decrease hs-cTnI levels and
in-hospital death, suggesting that hs-cTnI monitoring up to 72 h
may be useful to identify these high-risk patients.We observed that
a continued rise in hs-cTnI levels beyond 48 h is of concern, and
this trend in hs-cTnI kinetics merits careful review from the
clinician to identify alternative diagnoses which may explain the
persistent rise in serum levels. If the hs-cTnI levels do not trend
down beyond 48 h, this may suggest that hs-cTnI level may not be
due to myocardial injury from the surgical intervention alone,
although we did not observe in our cohort any significant coronary
artery disease that could explain hs-cTnI rise, and the association
could be explained by clinical worsening, oxygen supply-demand
mismatch or decreased hs-cTnI clearance. A broad differential
diagnosis exists and alternative etiologies of persistent hs-cTnI
elevation in this populationmay include cardiac arrhythmias, renal
failure, respiratory failure, or sepsis [16].

We must acknowledge the limitations of a single center
retrospective study, and conclusions can only be hypothesis-
generating. Despite having a relatively low number of deaths,
it is the largest analysis of hs-cTnI trends after LTx.
Unfortunately, hs-cTnI was not available in all LTx recipients
at 48 and 72 h and selection bias cannot be completely excluded,
but comparison of patients with missing and non-missing hs-
cTnI did not reveal any major differences.

Overall, our study shows that, in LTx recipients, peak hs-cTnI
within the initial 72 h after surgery is elevated ten times above the
range of MINS in >99% of patients. Peak hs-cTnI is not related to
coronary artery disease and is most likely related to surgical
manipulation of the cardiac atrial tissue, recipient comorbidities
and the clinical situation at the time of LTx, hemodynamic stability
during the intervention and perioperative factors. An elevated peak
and persistent elevation of hs-cTnI identifies patients with higher
rates of prolonged ventilation, atrial arrhythmias, and in-hospital
death, as it likely reflects a worsened preoperative status with a
greater degree of oxygen supply-demand mismatch during surgery
and in the early postoperative period.

FIGURE 5 | (A) Distribution of peak troponin according to in-hospital
mortality. (B) In-hospital mortality based on the best cut-off for peak troponin
(7,840 ng/mL) selected by Youden’s index using ROC curve analysis. (C)
Trends in troponin levels among patients who survived during admission
and those who did not survive the index admission. After a similar increase at
day 2 compared to day 1 among both groups (p = 0.778), peak troponin
continued to rise in patients who died, whereas it declined for patients who
survived (p = 0.008 for the slope).

TABLE 4 | Peak troponin levels based on the occurrence of the primary and secondary endpoints.

Number of events Troponin in those with event Troponin in those without event p-value

IMV >3 days 91 (44.0%) 6,429 (3,873–9,418) 3,823 (2,392–5,992) <0.001
In-hospital mortality 13 (6.3%) 11,081 (6,249–19,802) 4,675 (2,773–6,937) <0.001
Atrial arrhythmias 88 (43.4%) 5,833 (3,334–8,107) 4,350 (2,499–6,428) 0.008
Primary graft dysfunction 48 (33.8%) 4,838 (3,035–7,405) 6,142 (3,749–8,262) 0.087

IMV, invasive mechanical ventilation.
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Impact of Everolimus Initiation and
Corticosteroid Weaning During Acute
Phase After Heart Transplantation on
Clinical Outcome: Data from the
Korean Organ Transplant
Registry (KOTRY)
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The effect of changes in immunosuppressive therapy during the acute phase post-heart
transplantation (HTx) on clinical outcomes remains unclear. This study aimed to investigate
the effects of changes in immunosuppressive therapy by corticosteroid (CS) weaning and
everolimus (EVR) initiation during the first year post-HTx on clinical outcomes. We analyzed
622 recipients registered in the Korean Organ Transplant Registry (KOTRY) between
January 2014 and December 2021. The median age at HTx was 56 years (interquartile
range [IQR], 45–62), and the median follow-up time was 3.9 years (IQR 2.0–5.1). The early
EVR initiation within the first year post-HTx and maintenance during the follow-up is
associated with reduced the risk of primary composite outcome (all-cause mortality or re-
transplantation) (HR, 0.24; 95% CI 0.09–0.68; p < 0.001) and cardiac allograft
vasculopathy (CAV) (HR, 0.39; 95% CI 0.19–0.79; p = 0.009) compared with EVR-free
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or EVR intermittent treatment regimen, regardless of CS weaning. However, the early EVR
initiation tends to increase the risk of acute allograft rejection compared with EVR-free or
EVR intermittent treatment.

Keywords: heart transplantation, mTOR inhibitor, Korean Organ Transplant Registry, steroid weaning, primary
outcome, rejection, cardiac allograft vasculopathy

INTRODUCTION

Calcineurin inhibitors (CNI), mycophenolic acid (MPA),
mammalian target of rapamycin (mTOR) inhibitors, and
corticosteroids (CS) are the main choices for
immunosuppressive therapy after heart transplantation (HTx)
[1, 2]. Advanced maintenance regimens consisting of
immunosuppressive agents and therapeutic drug monitoring
post-HTx contribute to the increased success of HTx by
reducing the risk of rejection [3, 4]. However, temporal
changes of regimens or dosages in immunosuppressive agents
are still associated with a risk of acute rejection after
transplantation, while inappropriate administration leads to
adverse drug effects [5–7]. Therefore, the principal goal of
immunosuppressive therapy is to balance the prevention of
allograft rejection and adverse immunotherapeutic effects [8].
In this context, determining the optimal timing of the treatment
initiation or change in immunosuppressant dosage is crucial to
maximize efficacy and minimize adverse effects.

A previous study has reported the safety of tacrolimus (TAC)
monotherapy compared with TAC and mycophenolate mofetil
(MMF) therapy and CS withdrawal in the early phase post-
transplantation [9]. Subsequently, recent studies have reported

the safety and efficacy of mTOR inhibitor treatment initiation
with CNI tapering or withdrawal in HTx recipients [10–15].
However, these studies have evaluated the efficacy and safety of
single immunosuppressive agents. Initiation, adjustment, and
changes in immunosuppressive agents are inevitable,
depending on various factors, including drug adverse effects or
tolerability during the acute phase post-transplantation. Against
this background, the impact of concurrent changes in
immunosuppressive agents with initiation, tapering, or
withdrawal during the acute phase post-HTx on clinical
outcomes remains to be determined. Therefore, this study
aimed to evaluate whether temporal changes in the
immunosuppressive agents during the acute phase post-HTx
are associated with clinical outcomes in HTx recipients by
using heart transplant cohort database of the Korean Organ
Transplant Registry (KOTRY).

PATIENTS AND METHODS

Data Source and Collection
The KOTRY is the first nationwide prospective cohort study of
solid organ transplantation launched in 2014 [16]. The KOTRY
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consist of five organ-transplant cohorts (kidney, liver, lung,
pancreas, and heart). Among cohorts, 7 hospitals (Seoul
National University Hospital, Samsung Medical Center, Asan
Medical Center, Seoul National University Bundang Hospital,
Yonsei Severance Hospital, Keimyung University Dongsan
Medical Center, Pusan National University Yangsan Hospital)
are participating in the heart transplant cohort. After written
informed consent was obtained from each recipient prior to HTx,
HTx recipients from representative medical centers have been
consecutively enrolled in the KOTRY1 upon transplantation, and
recipient-related data for study have been prospectively recorded.
Detailed information regarding the collected data and the
definition of comorbidities are described in the first and
second reports of the Korean Heart Transplant Registry [17,
18]. Briefly, recipients enrolled in heart transplant cohort of the
KOTRY are followed up at 1, 6, 12, 24, 36, 48, 60, and 120 months
to monitor for rejection and screen for adverse events post-HTx
according to the heart transplant cohort protocol. We annually
collected the data including [1] the recipient’s vital signs and
comorbidities [2]; the information about prescribed medications
and changes to medications including immunosuppressants [3]; a
laboratory test [4]; PRA (panel reactive antibody) I & II [5]; DSA
(donor specific antibodies) [6]; echocardiographic assessment [7];
recent events (death, rejection, cardiac allograft vasculopathy,
renal replacement therapy or re-transplantation); and [8] post-
transplantation complications (rejection, malignancy, diabetes
mellitus, hypertension, stroke, infection, skeletal complication,
and renal impairment).

Endomyocardial biopsy (EMB) was performed according to
center-specific protocol biopsy for rejection surveillance.
Typically, KOTRY protocol recommended EMBs within
30 days, 3, 6, 12, and 24 months after HTx. However, the
specific timing and frequency of EMBs could vary slightly
based on the center established protocol. After 24 months,
routine EMBs were generally discontinued. Additional EMBs
could be performed beyond 2 years if clinically indicated. The
decision to perform an EMB was based on individual patient
factors and clinical evaluation such as any suspicion of
symptomatic allograft rejection, even if other tests are
inconclusive. After all biopsies performed during the follow-up
period were reviewed, only those cases where rejection was
confirmed were recorded in the cohort. Further, if EMB was
performed at a similar time as the protocol biopsy, the reason was
clearly recorded at electronic case report form (eCRF).

Cardiac allograft vasculopathy (CAV) defined as abnormal
coronary angiography findings diagnosed either by coronary
angiography (CAG) with or without IVUS (adjunct
intravascular imaging can be considered if expertise is
available), or CT coronary angiography and graded using the
international society of heart and lung transplantation (ISHLT)
nomenclature [19, 20]. KOTRY heart transplant protocol
recommended routine CAG at 12 months post-transplant. If
CAG detected any abnormality, IVUS was further
recommended for detailed assessment. Beyond 12 months,

coronary evaluation was recommended annually through
either CAG or CT-CAG. Additionally, coronary evaluation
was performed (regardless of the one-year schedule) if there is
clinical suspicion of cardiac allograft vasculopathy (CAV) during
the follow-up period. This result was selected and recorded at
eCRF during the follow-up period.

Data Quality
Data management of heart transplant cohort of the KOTRY was
performed by using a web-based electronic case report form
(eCRF) with Pharmacoepidemiology and Clinical Trial
Applications X (PhactaX) system, which was developed by the
Medical Research Collaborating Center of Seoul National
University Hospital. All participating sites received multiple
onsite monitoring visits to verify informed consent in all
participants and to check key data in enrolled patients. All
clinical data were collected and recorded in eCRF (version 2.7)
compliant centralized online database. In addition to checking for
outliers via automated computational methods, data quality was
verified every 3 months by verifying values entered in the
database against the primary source documents.

Study Population
From 2014 to 2021, 813 HTx recipients aged above 18 years were
enrolled in the KOTRY HTx database. To evaluate the effect of
the early EVR initiation and CS weaning within the first year
post-HTx on clinical outcome, we excluded the following
recipients from this study. 64 recipients were excluded due to
insufficient follow-up (less than 1 month post-HTx).
56 recipients who died within the first year post-HTx were
excluded. 73 recipients were excluded due to missing data on
the presence of EVR and CS prescription, dose, or trough levels
during the follow-up. Finally, 620 HTx recipients were included
in this study. Written informed consent was obtained from each
participant. The use of the registry data for this study was
approved by the institutional review board of Seoul National
University Hospital (IRB No. 1406-082-588).

Study Outcomes
The primary outcome was a composite of all-cause death or re-
transplantation. Secondary outcomes were cardiac allograft
vasculopathy (CAV), acute allograft rejection, infection, and
malignancy during the follow-up period. The diagnosis of
acute allograft rejection was based on endomyocardial biopsy
(EMB) findings by an experienced pathologist following ISHLT
guidelines [21, 22]. The acute allograft rejection was classified into
acute cellular rejection (ACR) (Grade 1R, Grade 2R, Grade 3R,
and Unspecified) and acute antibody-mediated rejection (AMR).
The pathologic grading and reporting of AMR were as follows:
pAMR 1 (pAMR 1-histopathologic, pAMR 1-
immunopathologic), pAMR 2, pAMR 3, unspecified.

CAV was classified as insignificant (CAV 0), mild (CAV 1),
moderate (CAV 2), or severe (CAV 3) according to the
International Society for Heart and Lung Transplantation
(ISHLT) CAV grading report [19]. The infection was defined
as the cases requiring hospitalization due to pathogens such as
viruses, bacteria, fungi, or parasites and was diagnosed by signs or1https://www.kotry.org/ko/main.html
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symptoms related to infection and detection of pathogen by
laboratory tests. Malignancies included the following diseases
diagnosed during the follow-up period: malignancy of skin, renal,
urogenital, respiratory, upper/lower gastrointestinal,
hepatobiliary-pancreas, gynecologic, breast, hematologic,
intracranial, and thyroid.

Statistical Analysis
Descriptive statistics were used to describe and summarize patients’
baseline characteristics and comorbidities. Categorical variables were
compared using the chi-square or Fisher’s exact test. Continuous
variables are presented as mean ± standard deviation or medians
(25th−75th percentiles), and group differences were compared using
Student’s t or the Mann-Whitney test.

The Cox proportional hazard regression model was used to
calculate hazard ratios (HR) and 95% confidence intervals (CI).
For the comparison of clinical outcomes regarding changes in
immunosuppressive agents or regimens, a multivariate Cox
proportional hazard regression model was used to calculate
adjusted HR and its CI. The following variables were included
for adjustment: age, sex, diabetes mellitus, hypertension,
smoking, donor-specific antibody, and desensitization. The
cumulative incidence of primary and secondary outcomes was
estimated using the Kaplan–Meier method, and the log-rank test
was used to evaluate differences between groups. Statistical
significance was set at p < 0.05. SPSS Statistics version 25.0
(IBM, Chicago, IL, United States) was used for statistical analyses.

RESULTS

Recipient and Donor Characteristics
The baseline characteristics of recipients and donors are
presented in Table 1. The median recipient age was 56 years,

TABLE 1 | Baseline characteristics of HTx recipients and donors.

Variables Overall (N = 622)

Recipient characteristics

Age (years), median (IQR) 56.0 (45.0–62.0)
Sex (male), no. (%) 429 (69.2)
BMI (kg/m2) 22.6 ± 3.5
Diabetes mellitus, no. (%) 169 (27.3)
Type 1 DM 4 (0.6)
Type 2 DM without insulin 138 (22.3)
Type 2 DM with insulin 27 (4.4)
Hypertension, no. (%) 196 (31.6)

Smoking status, no. (%)

Never 360 (58.1)
Current 59 (9.5)
Former 197 (31.8)
Previous malignancy, no. (%) 49 (7.9)
Chronic kidney disease, no. (%) 100 (16.1)
CKD stage 3 (eGFR 30–59) 66 (10.6)
CKD stage 4 (eGFR 15–29) 8 (1.3)
CKD stage 5 (eGFR <15) with HD 26 (4.2)
Left ventricular ejection fraction (%) 27.1 ± 14.2

Lab findings at heart transplantation

WBC (×103 μL/L) 6.8 (5.3–9.0)
Hemoglobin (g/dL) 11.0 (9.5–12.8)
Platelet (×103/μL) 161.0 (112.0–218.0)
BUN (mg/dL) 20.3 (15.1–29.3)
Creatinine (mg/dL) 1.0 (0.8–1.4)
Total cholesterol (mg/dL) 134.0 (108.0–163.0)
LDL-C (mg/dL) 76.5 (57.0–104.0)
HDL-C (mg/dL) 38.0 (29.0–46.0)

Causes of heart transplantation, no. (%)

Ischemic 123 (19.8)
Cardiomyopathy 368 (59.4)
Valvular heart disease 25 (4.0)
Myocarditis 21 (3.4)
Infiltrative diseasea 22 (3.5)
Congenital 21 (3.4)
Chemotherapy-induced 8 (1.3)

Panel-reactive antibody (PRA) > 50%

Overall 124 (20.1)
Class-I 71 (11.6)
Class-II 85 (14.0)
Class-I & Class-II 37 (6.0)
Donor-specific antibodies (+) 74 (13.4)
Desensitization prior to HTx, no. (%) 50 (8.1)
Pre-operative support
On IV inotropes 516 (83.2)

Mechanical support devices

IABP 1 (0.2)
ECMO or PCPS 162 (26.1)
VAD 46 (7.4)
Ventilator 129 (20.8)
ECMO with ventilator 106 (17.1)
Operation time (min), median (IQR) 339.0 (286.0–405.0)
Cold ischemic time (min), median (IQR) 96.0 (65.0–169.0)
Warm ischemic time (min), median (IQR) 51.0 (38.0–75.0)
Post-op ECMO support, no. (%) 54 (8.7)
Post-op CRRT support, no. (%) 103 (16.6)

Donor characteristics

(Continued in next column)

TABLE 1 | (Continued) Baseline characteristics of HTx recipients and donors.

Variables Overall (N = 622)

Age (years), median (IQR) 43.0 (32.0–49.0)
Sex (male), no. (%) 442 (71.3)
BMI (kg/m2) 23.5 ± 3.6
Diabetes mellitus, no. (%) 31 (5.0)
Hypertension 88 (13.2)
LVEF (%) 63.2 ± 9.4
Total CPR time (min) 15.2 ± 24.7

Donor cause of death

Intracranial hemorrhage 264 (42.6)
Trauma 156 (25.2)
Hanging 121 (19.5)
Other 79 (12.7)

Abbreviations: BMI, body mass index; BUN, blood urea nitrogen; CKD, chronic kidney
disease; CPR, cardiopulmonary resuscitation; CRRT, continuous renal replacement
therapy; ECMO, extracorporeal membrane oxygenation; eGFR, estimated glomerular
filtration rate; HD, hemodialysis; HDL-C, high-density lipoprotein cholesterol; HTx, heart
transplantation; IABP, Intra-aortic balloon pump; IQR, interquartile range; LDL-C, low-
density lipoprotein cholesterol; VAD, ventricular assist device; PCPS; percutaneous
cardiopulmonary support; WBC, white blood cell.
aInfiltrative diseases including amyloidosis n = 8 (1.1%) and sarcoidosis n = 16 (2.1%).
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and 69.2% were male. Of the recipients, 169 (27.3%) had diabetes
mellitus, 196 (31.6%) had hypertension, and 100 (16.0%) had
chronic kidney disease. Themean left ventricular ejection fraction
(LVEF) at HTx was 27.1%. Cardiomyopathy (59.4%) was the
most frequent cause of HTx, followed by ischemic heart disease
(19.8%). In total, 516 (83.2%) patients required inotropic support
to stabilize circulation. A total of 162 patients (26.1%) received
venoarterial extracorporeal membrane oxygenation (VA-
ECMO), and 46 (7.4%) received ventricular assist device
therapy as a bridge to HTx. A total of 129 patients (20.8%)
received mechanical ventilation, and 106 (17.1%) received
mechanical ventilation in combination with VA-ECMO. In
total, 124 (20.1%) patients exhibited class I and/or class II pre-
transplantation panel reactive antibodies against human
leukocyte antigen (anti-HLA) greater than 50%. 74 patients
(13.4%) had donor-specific anti-HLA antibodies, and 50
(8.1%) were desensitized before transplantation. The median
operative time was 339 min, and the median warm ischemic
time was 51 min. A total of 54 patients (8.7%) received VA-
ECMO, and 103 (16.6%) received continuous renal replacement
therapy after transplantation.

The median donor age was 43.0 years (IQR 32.0–49.0), with
males as the predominant sex (71.3%). The mean body mass
index of the donors was 23.5 ± 3.6 kg/m2, and themean LVEF was
63.2%. Donors with diabetes mellitus and hypertension
accounted for 5.0% and 13.2% of all donors, respectively. The
leading causes of donor death were intracranial hemorrhage
(42.6%), trauma (25.2%), and suicide by hanging (19.5%). The
mean cardiopulmonary resuscitation time was 15.2 ± 24.7 min.

Immunosuppressive Agent
Prescription Patterns
Prescription patterns for immunosuppressive agents during the
follow-up period are shown in Figure 1. At discharge post-HTx,
TAC, cyclosporine (CsA), MMF, CS, and everolimus (EVR)

were prescribed to 95.5%, 3.8%, 91.1%, 96.2%, and 10.3% of
recipients, respectively. The most frequently prescribed
immunosuppressive agents were TAC (95.5% at discharge
and 76.9% at the 6-year follow-up) and MMF (91.1% at
discharge and 76.9% at 6-year follow-up). Notable changes in
immunosuppressive agents were CS weaning (dose tapering or
withdrawal) and EVR initiation. CS weaning attempts were
initiated from the first month post-HTx, and the rate of CS
prescription decreased from 96.2% at discharge to 34.3% at the
6-year follow-up. The prescription rate for EVR increased after
the first month post-HTx, ranging from 10.3% at discharge to
31.6% at the 6-month follow-up and 40.6% at the 6-year follow-
up. However, the CsA prescription rate was less than 5% during
follow-up periods.

Changes in Prescribed Immunosuppressive
Agents and Maintenance Regimens
The changes in prescribed immunosuppressive agent doses or in
trough levels during the follow-up period are shown in Figure 2.
The doses of immunosuppressive agents decreased rapidly in
early post-HTx periods and remained constant throughout the
follow-up period. The changes in maintenance regimens during
follow-up period are shown in Figure 3. The most used
maintenance regimen in the Korea during 2014–2021 was a
triple therapy regimen consisting of TAC, MMF, and CS in
the early phase post-HTx (Supplementary Figure S1).
However, the prescription rate for TAC-based triple regimens
gradually decreased from 76.2% at discharge to 16.1% at 6-year
follow-up. The prescription rates for EVR-based regimens (from
8.6% at discharge to 40.6% at 6-year follow-up) and CS-free/
TAC/MMF regimens (from 2.4% at discharge to 35.7% at 6-year
follow-up) increased during follow-up periods (Figure 3). The
EVR-based regimen consists of various combinations of
immunosuppressive agents during the follow-up period. It
consists of 4, 3, or 2 immunosuppressive agents including
EVR (Supplementary Figure S2). Overall, the notable change
in maintenance regimen was from TAC-based triple regimens to
EVR-based or CS-free/TAC/MMF regimens via EVR initiation
and CS weaning during follow-up periods.

Based on these findings, we hypothesized that temporal
changes in immunosuppressive regimens and the prescribed
doses or trough levels in immunosuppressive agents during
early post-HTx periods affect the clinical outcomes of
recipients. Thus, a receiver operating characteristic (ROC)
curve was used to assess the prognostic value of each
immunosuppressive agent’s doses or trough levels during
follow-up periods. We found that only CS and EVR doses or
trough levels during the early post-HTx period (within the first
year post-HTx) accurately predicted the primary outcome. ROC
curves and optimal cutoff values of CS and EVR doses for the
primary outcome are shown in Supplementary Figure S3. The
CS dose at 1 year (AUC 0.72, sensitivity 64.7, specificity 58.3; p <
0.001) and EVR dose at 1 year (AUC 0.69, sensitivity 87.2,
specificity 34.1; p < 0.001) showed good predictive ability for
the primary composite outcome. The optimal cutoff values for
predicting the primary outcome using the ROC curve and

FIGURE 1 | Temporal trend of immunosuppressant prescription during
follow-up periods. Prescription patterns for immunosuppressants during the
follow-up period. D0, discharge; HTx, heart transplantation; M, month;
Y, year.
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Youden index analyses were 3.5 mg (CS) and 0 mg (EVR). Based
on these findings, HTx recipients (n = 620) were divided into CS
weaning (CS withdrawal or tapered with less than 3.5 mg within
the first year post-HTx) (n = 272) and CS maintenance (maintain
CS more than 3.5 mg during the follow-up period) group (n =
346). In the case of EVR, the optimal cutoff value was 0 mg. For
this reason, recipients were divided into EVR prescription and
non-prescription groups. However, the treatment pattern of EVR
in recipients was diverse in this study. Some patients were
prescribed EVR intermittently, while others were continuously
prescribed and taking EVR during the follow-up period.
Therefore, HTx recipients were divided into three or two
groups as follows: the EVR-free regimen group (n = 354), the

EVR intermittent treatment regimen group (n = 100), and early
EVR initiation/maintenance regimen group (n = 166) or EVR-
free or EVR intermittent treatment regimen group (n = 454), and
the early EVR initiation/maintenance regimen group (n =
166) (Figure 4).

Clinical Outcomes
Primary Outcome
To investigate the effects of early CS weaning during the first
year post-HTx on clinical outcomes, we compared the clinical
outcomes between the CS weaning within the first year post-
HTx and CS dose maintenance (≥3.5 mg) during the follow-
up. The early CS weaning within the first year post-HTx had

FIGURE 2 |Changes in immunosuppressant prescription doses or trough levels during follow-up periods The trough level of tacrolimus (A), and everolimus (B), the
prescription dose of mycophenolic acid (C), and corticosteroid (D), the trough level of cyclosporine (E) during the follow-up periods are shown. HTx, heart
transplantation; M, month; Y, year.
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reduced the risk of primary composite outcome (all-cause
death or re-transplantation) compared with CS maintenance
(≥3.5 mg) (7.2% vs. 17.7%; HR, 0.49; 95% CI 0.27–0.90, p =
0.022) (Figure 5A). Next, to investigate the effects of early
EVR initiation within the first year post-HTx and
continuously maintained EVR during the follow-up on
clinical outcomes, we compared the clinical outcomes
between the EVR-free or EVR intermittent treatment

regimen group and the early EVR initiation/maintenance
regimen group. The early EVR initiation during the first
year post-HTx and continuously maintained EVR during
the follow-up had reduced the risk of primary composite
outcome compared with the EVR-free or EVR intermittent
treatment regimen group (3.2% vs. 13.3% and 3.2% vs. 16.7%,
log-rank p = 0.002 and p < 0.001, respectively). However,
there was no significant difference in primary outcome

FIGURE 3 | Changes in maintenance regimens post-HTx. The Venn diagram shows the changes in maintenance regimens at discharge (A), 6 months (B), 1 year
(C), 2 years (D), 4 years (E), and 6 years (F) post-HTx. CS, corticosteroid; CsA, cyclosporine; EVR, everolimus; HTx, heart transplantation; MMF, mycophenolate
mofetil; TAC, tacrolimus.

FIGURE 4 | Study flow A flow chart of the selection of eligible HTx recipients for this study. CS, corticosteroid; EVR, everolimus; HTx, heart transplantation.
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between EVR-free and EVR intermittent treatment
(Supplementary Figure S4). For this reason, EVR-free and
EVR intermittent treatment regimen groups were combined

and defined as an EVR-free or EVR intermittent treatment
regimen group (Figure 4). Ultimately, to investigate the effect
of early CS weaning and early EVR initiation/maintenance on

FIGURE 5 | Impact of everolimus initiation and corticosteroid weaning on the primary outcome. The primary outcome was a composite of all causes of death or re-
transplantation. Kaplan–Meier curves comparing the risk of primary outcome between the CS weaning (tapering (<3.5 mg) or withdrawal) and CS maintenance
(≥3.5 mg) regimens (A) and between early EVR initiation and EVR-free regimens (B). Kaplan–Meier curves comparing the risk of primary outcome between four groups
according to CS weaning and the presence of EVR initiation (C). CI, confidence interval; CS, corticosteroid; EVR, everolimus; HR, hazard ratio; HTx, heart
transplantation.

FIGURE 6 | Impact of everolimus initiation and corticosteroid tapering or withdrawal on CAV. The Kaplan–Meier curve shows the cumulative incidence of CAV. The
cumulative incidence of CAV significantly decreased in HTx recipients undergoing CSmaintenance (≥3.5 mg) compared with those undergoing CS tapering (<3.5 mg) or
withdrawal regimens (A), and in recipients undergoing early EVR initiation compared with those undergoing EVR-free regimens (B). The cumulative incidence of CAV is
the highest in HTx patients undergoing CS tapering (<3.5 mg) or withdrawal and EVR-free regimens compared with those undergoing other regimens (C). CAV,
cardiac allograft vasculopathy; CS, corticosteroid; EVR, everolimus; HR, hazard ratio; HTx, heart transplantation.
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clinical outcomes, 622 HTx recipients were divided into four
subgroups as follows: early EVR initiation and maintenance
with CS weaning regimen (n = 108), EVR-free or EVR
intermittent treatment with CS weaning regimen (n = 240),
early EVR initiation and maintenance with CS maintenance
(≥3.5 mg) regimen (n = 58), and EVR-free or EVR
intermittent treatment with CS maintenance
regimen (n = 214).

The early EVR initiation during the first year post-HTx and
continuously maintained EVR during the follow-up had reduced
the risk of primary composite outcome compared with EVR-free
or EVR intermittent treatment regimen group (3.2% vs. 16.0%;
HR, 0.24; 95% CI 0.09–0.68, p = 0.007) regardless of CS weaning
(Figures 5B, C). However, CS weaning within the first year post-
HTx had reduced the risk of primary composite outcome
compared with CS maintenance (≥3.5 mg) in EVR-free or

EVR intermittent treatment regimen (9.7% vs. 22.7%; HR,
0.51; 95% CI 0.27–0.97, p = 0.042) (Figure 5C). An EVR-
based regimen had reduced the risk of primary composite
outcome compared with the TAC + MMF + CS regimen (HR,
0.41; 95% CI 0.17–0.99, p = 0.048) and other regimens (HR, 0.21;
95% CI 0.08–0.56, p = 0.002) (Supplementary Figure S5A).

Cardiac Allograft Vasculopathy
In this study, CAV events were identified in the first year after
HTx, and CAV grades were mostly mild to moderate
(Supplementary Table S1). The cumulative incidences of
CAV according to CS weaning and the presence of EVR
initiation are shown in Figure 6. The incidence of CAV
decreased in the CS maintenance group compared with in the
CS weaning group (11.7% vs. 23.5%, HR 0.47; 95% CI 0.28–0.78,
p = 0.004) and in the EVR initiation/maintenance regimen group

FIGURE 7 | Impact of everolimus initiation and corticosteroid weaning on acute cellular rejection. The rate of acute cellular rejection is shown according to the CS
weaning (A), EVR initiation (B), and the combination of EVR initiation and CS weaning (C) regimens during the follow-up period. CS, corticosteroid; EVR, everolimus,
HTx, heart transplantation.

FIGURE 8 | Impact of everolimus initiation and corticosteroid weaning on infection. The incidence of infection requiring hospitalization is shown according to the CS
weaning (A), EVR initiation (B), and the combination of EVR initiation and CS weaning (C) regimens during the follow-up period. CS, corticosteroid; EVR, everolimus;
HTx, heart transplantation.
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compared with in the EVR-free or intermittent EVR treatment
regimen group (8.4% vs. 22.6%, HR 0.39; 95% CI 0.19–0.79, p =
0.009), respectively (Figures 6A,B). Furthermore, CS
maintenance (≥3.5 mg) reduced the risk of CAV events
compared with CS weaning in the EVR-free or intermittent
treatment regimen group (13.5% vs. 30.2%, HR 0.44; 95% CI
0.25–0.77, p = 0.004) (Figure 6C).

The cumulative Incidence of CAV decreased in the EVR-based
regimen group (7.8% vs. 24.2%, HR, 0.34; 95% CI, 0.17–0.68, p =
0.002) compared with the TAC + MMF + CS regimen group
(Supplementary Figure S5B).

Acute Rejection
Acute allograft rejection occurred most frequently during the first
6 months post-HTx, and the number of rejections decreased
during the follow-up periods (Figures 7A–C; Supplementary

Figure S6). Rates of biopsy-proven acute cellular rejection (ACR)
and acute antibody-mediated rejection (AMR) were higher in the
CS weaning group at 6 months and at 1 month post-HTx than in
the CS maintenance group (Figure 7A; Supplementary Figure
S6A). Furthermore, biopsy-proven ACR and AMR were higher
in the early EVR initiation/maintenance regimen group
during the first year post-HTx than in the EVR-free or EVR
intermittent treatment regimen group (Figures 7B, C;
Supplementary Figure S6).

Infection and Malignancy
Subsequently, we investigated the rate of infections requiring
hospitalization according to the immunosuppressive regimen.
Infection events frequently occurred in the acute phase post-HTx,
and the infection rate decreased during the follow-up period
(Figure 8). The CSmaintenance (≥3.5 mg) significantly increased

TABLE 2 | Changes in immunosuppressive agent dosages or trough levels according to the presence of everolimus prescription post-HTx.

EVR-free or EVR intermittent treatment Early EVR initiation and maintenance p-Value

Discharge after HTx

TAC (ng/mL)a 5.1 ± 3.6 5.4 ± 3.7 0.665
CsA (ng/mL)a 196.7 ± 89.6 203.3 ± 116.0 0.889
MMF (mg) 1,278.3 ± 559.0 943.1 ± 519.4 <0.001
CS (mg) 18.2 ± 12.8 11.0 ± 7.2 <0.001

One month after HTx

TAC (ng/mL) 9.2 ± 3.3 8.1 ± 2.6 <0.001
CsA (ng/mL) 232.9 ± 100.8 227.7 ± 121.4 0.915
MMF (mg) 1,309.6 ± 663.3 797.9 ± 435.3 <0.001
CS (mg) 16.9 ± 8.4 13.6 ± 7.5 0.004

Six months after HTx

TAC (ng/mL) 8.2 ± 3.1 5.6 ± 2.5 <0.001
CsA (ng/mL) 192.4 ± 67.6 147.0 ± 67.6 0.182
MMF (mg) 1,285.1 ± 562.8 612.6 ± 289.6 <0.001
CS (mg) 6.2 ± 6.8 2.7 ± 3.5 <0.001

One year after HTx

TAC (ng/mL) 7.7 ± 3.2 4.8 ± 1.7 <0.001
CsA (ng/mL) 141.2 ± 56.9 119.1 ± 42.7 0.280
MMF (mg) 1,207.7 ± 579.0 606.1 ± 294.6 <0.001
CS (mg) 4.0 ± 4.5 2.1 ± 3.1 <0.001

Two years after HTx

TAC (ng/mL) 7.4 ± 1.9 4.5 ± 1.6 <0.001
CsA (ng/mL) 121.3 ± 71.9 84.7 ± 42.6 0.070
MMF (mg) 1,134.7 ± 582.4 597.5 ± 371.0 <0.001
CS (mg) 2.1 ± 2.8 1.7 ± 3.6 0.126

Three years after HTx

TAC (ng/mL) 6.4 ± 2.1 4.0 ± 1.3 <0.001
CsA (ng/mL 117.9 ± 56.5 65.7 ± 35.7 0.029
MMF (mg) 1,097.8 ± 576.2 607.8 ± 351.9 <0.001
CS (mg) 1.9 ± 3.1 1.4 ± 2.3 0.098

Four years after HTx

TAC (ng/mL) 6.4 ± 2.0 4.0 ± 1.1 <0.001
CsA (ng/mL 127.1 ± 76.0 61.3 ± 21.9 0.032
MMF (mg) 1,139.2 ± 571.3 617.6 ± 299.6 <0.001
CS (mg) 1.6 ± 3.1 1.3 ± 2.3 0.380

Abbreviations: CS, corticosteroid; CsA, cyclosporine; EVR, everolimus; HTx, heart transplantation; MMF, mycophenolic mofetil; TAC, tacrolimus.
aTAC and CsA were represented to trough level.
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the incidence of infection during the follow-up period (Figure 8A).
No significant difference was found in rates of infections requiring
hospitalization between the EVR initiation/maintenance regimen
group and the EVR-free or EVR intermittent treatment regimen
group except for the 2-year follow-up period (Figure 8B).
However, the CS maintenance (≥3.5 mg) or EVR initiation/
maintenance with CS maintenance (≥3.5 mg) regimens were
associated with higher risks of infection compared with other
regimens during the follow-up period (Figure 8C).

The incidence ofmalignancies tends to slightly increase during the
follow-up period. The CS maintenance (≥3.5 mg) slightly increased
the incidence of malignancy during the follow-up period compared
with CS weaning (8.5% vs. 4.7%; OR, 1.7; 95% CI 0.9–3.4, p = 0.125).
However, there was no significant difference in the incidence of
malignancy between the early EVR initiation/maintenance and EVR-
free or intermittent treatment (6.6% vs. 6.4%; OR, 1.0; 95% CI
0.5–2.1, P = 0.973). The EVR initiation and maintenance with CS
maintenance regimen tend to increase the risk of malignancy
compared to EVR initiation and maintenance with CS weaning
regimen (12.1% vs. 3.7%; OR, 3.0; 95% CI 0.8–11.0, p = 0.105)
(Supplementary Table S2; Supplementary Figure S7–S9).

DISCUSSION

This study was the first to investigate changes in the
immunosuppressive agents and maintenance regimens and
evaluated the effects of these temporal changes during the
acute phase on the clinical outcomes in Korean HTx
recipients. The major characteristics of the immunosuppressive
agents for HTx recipients enrolled in the KOTRY were as follows:
First, the initial backbone of immunosuppressive maintenance
regimens was TAC and MMF. Second, notable changes in the
prescription of CS and EVR were found. CS weaning attempts
were initiated after one-month post-HTx, and the rate of CS
prescription and dose gradually decreased during the follow-up
period. However, the prescription of EVR increased after one-
month post-HTx. Third, temporal dose changes in
immunosuppressive agents mainly occurred during the acute
phase (within 1 year post-HTx). Fourth, the maintenance
immunosuppressive therapy was changed from a TAC-based
triple therapy (TAC + MMF + CS) to EVR-based and CS-free/
TAC/MMF therapy during the follow-up period.

CS are important components of induction, maintenance, and
rejection regimens post-HTx [2, 6]; however, CS administration
was associated with the highest number of long-term adverse
effects. Therefore, attempts at CS withdrawal or dose tapering are
continuously being made in the HTx field. Delgado et al. [23]
reported that the use of CS for more than 1 year post-HTx is
unlikely to provide clinical benefits. Furthermore, the ISHLT
guidelines recommend that CS withdrawal can be achieved
within 3–12 months post-HTx in low-rejection risk patients to
minimize CS adverse effects [21]. Consistent with other studies,
our study showed that CS weaning within the first year post-HTx
was associated with a reduced risk of the primary outcome.
However, the effects of CS weaning on the primary outcome
differed according to the presence of early EVR initiation. In

EVR-free or EVR intermittent treatment regimens, CS dose
maintenance (≥3.5 mg) had a higher risk of the primary
composite outcome than CS weaning. However, no significant
difference was observed in the primary composite outcome
between the two groups in the early EVR initiation/
maintenance regimen. This may be explained by the effect of
EVR. Recipients receiving EVR during the follow-up period had a
lower mean CS dose compared with recipients who were not
administered EVR (Table 2). For this reason, adverse effects due
to CS dose maintenance during the follow-up period would have
been minimized.

However, it is possible that the initiation of EVR and CS
weaning attempts were preferentially considered in recipients at
low risk of rejection. Conversely, recipients at high risk of
rejection may have been maintained on a higher dose of CS.
Therefore, considering the confounding and selection bias, we
should be cautious in extrapolating the current results to all HTx
recipients who may have a different immunosuppressant
regimen. This study showed that various EVR-based regimens
are being applied in HTx recipients. Furthermore, the EVR
initiation is associated with changes in prescription rate or
dose of other immunosuppressive agents including TAC,
MMF, or CS. Because the initiation of EVR indirectly affects
changes in the prescription rate or dosage of other
immunosuppressive agents, further research is needed to
confirm whether our results are a direct effect on EVR or an
effect due to changes in the prescription rate or dose of other
immunosuppressive agents.

The safety and efficacy of mTOR inhibitor treatment have
been reported [11, 12]. The SCHEDULE study showed that the
EVR initiation with cyclosporine withdrawal 7–11 weeks after
HTx reduced CAV progression at 12 months than standard
cyclosporine-based immunosuppression [11]. Furthermore,
early conversion (median time of 1.1 years [IQR
0.6–3.0 years]) to sirolimus is associated with attenuated CAV
progression, lower long-term mortality, and fewer CVA-related
events than continued CNI use [12]. However, the EVERHEART
study reported that the initiation of mTOR inhibitors
immediately (≤144 h post-HTx) post-transplantation is
associated with a poor safety profile, driven primarily by a
higher rate of pericardial effusions compared with delayed
(4–6 weeks post-transplantation) mTOR inhibitor treatment
initiation [13]. These varying results suggest that the optimal
timing of mTOR inhibitor treatment initiation to maintain an
adequate balance between drug efficacy and safety
remains unclear.

In this study, the early (within the first year post-HTx) EVR
initiation and maintenance during the follow-up period is
associated with reduced risk of the primary composite
outcome and CAV events in recipients compared with the
EVR-free or intermittent treatment regimens. Furthermore,
compared with the TAC-based triple regimen (TAC + MMF
+ CS), the EVR-based regimen is associated with reduced risk of
the primary composite outcome and CAV events. These results
suggest that the early EVR initiation-based regimen can be an
alternative treatment option for HTx recipients to improve
clinical outcomes. The EVR-based regimen largely consists of
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a combination of 4, 3, or 2 immunosuppressants including EVR
during the follow-up period. In clinical settings, EVR is used for
HTx recipients for a variety of reasons. Although the reason for
switching or adding EVR from other immunosuppressants is not
clearly described in the KOTRY heart transplant cohort, the use of
EVR is primarily [1] to increase immunosuppression in the early
phase after HTx [2], for minimization of other
immunosuppressants (TAC, MMF or CS) or for CNI-free
regimen, and [3] when CAV is suspected. In our study, the
prescription rates, doses, or trough levels of TAC, CsA
(cyclosporine A), MMF, or CS are lower in the early EVR
initiation and maintenance regimen than in the EVR-free or
EVR intermittent treatment regimen (Table 2; Supplementary
Table S3). Furthermore, the TAC trough level is significantly lower
in the early EVR initiation and maintenance regimen than in the
EVR-free or EVR intermittent treatment regimen (Supplementary
Table S4). These findings suggest that the use of EVR is associated
with the minimization of other immunosuppressive agents or
conversion to a CNI-free regimen.

In the EVR-free or EVR intermittent treatment regimen, TAC
trough levels are lower in the third (Q3) or fourth (Q4) quartiles
than in the lower quartiles (Q1 and Q2) of the serum creatinine
during the follow-up period. However, there was no significant
difference in TAC trough levels between lower quartiles (Q1 and
Q2) and the third (Q3) or fourth (Q4) quartiles of the serum
creatinine in the early EVR initiation and maintenance regimen
(Supplementary Table S4). Furthermore, TAC trough levels and
serum creatinine levels were lower in the early EVR initiation and
maintenance regimen than in the EVR-free or EVR intermittent
treatment regimen (Supplementary Tables S4, S5). These
findings suggest that the initiation of EVR may not affected by
serum creatinine levels. However, the early initiation of EVR is
associated with a reduced risk of CNI-related nephrotoxicity by
minimizing CNI exposure during the follow-up period.

EVR is a mammalian target of rapamycin (mTOR) inhibitor/
proliferation-signal inhibitor with potent immunosuppressive
and anti-proliferative effects. Several studies have
demonstrated the efficacy of EVR in reducing acute rejection,
progression, and development of CAV [11, 24]. Furthermore,
EVR has the potential to facilitate the reduction of CNI therapy
and preserved renal function [10, 15]. The current study’s
findings on the efficacy of EVR initiation were consistent with
previous studies. However, tolerability and safety of EVR remain
a concern. EVR-related pneumonitis, pericardial effusion, mouth
ulcers, and impaired wound healing were associated with
morbidity and mortality. Another issue is which
immunosuppressive agents should be used in combination
with EVR in HTx recipient during the long-term period. The
combination of EVR and CS may be associated with a reduced
risk of rejection and the progression or development of CAV by
enhancing immunosuppression in HTx recipients. Although
there are limitations in drawing conclusions due to the
number of subjects in this study being relatively small, long-
term treatment of EVR and CS combination therapy may have
increased the incidence of infection or malignancy compared to
EVR with CS weaning therapy in our study (Supplementary
Table S2; Figure 8; Supplementary Figure S9). Considering that

our study is an observational study, and the sample size is small,
further studies are needed to verify the safety of long-term
treatment of EVR and CS combination therapy.

CAV remains a long-term complication of HTx and is the
major cause of death in patients surviving 1 year after
transplantation [3, 25, 26]. According to a previous study, the
prevalence of CAV is 3.3%, 5.1%, and 9.7% at one, two, and
5 years after transplantation, respectively [27]. The occurrence of
CAV in our study was confirmed in the first year after
transplantation, and the incidence rates were 5.5%, 6.1%,
12.3%, 13.7%, 15.4%, and 14.7% at one, two, three, four, five,
and 6 years after transplantation, respectively. Although the grade
of CAV was mostly mild (CAV 1) to moderate (CAV 2), an early
EVR initiation-based regimen effectively prevented CAV
progression. Furthermore, CS prevented CAV progression in
recipients receiving EVR-free or EVR intermittent treatment
regimens in our study. CS and EVR had a synergistic effect in
preventing CAV. CAV incidence was the highest in EVR-free or
EVR intermittent treatment with CS weaning regimen, whereas
CAV incidence was the lowest in the early EVR initiation/
maintenance with CS maintenance regimen (30.2% vs. 5.3%,
p = 0.002). However, even if CS prevents CAV progression, CS
is not effective in terms of CAV prevention considering the adverse
effects that may occur due to long-term CS administration.

These findings suggest that the early initiation of EVR and
maintenance therapy post-HTx may be reasonable, considering
the efficacy of EVR. However, although the intention of the early
initiation of EVR during the first year post-HTx is to effectively
suppress immunity in recipients at high risk of rejection, the early
EVR initiation may increase the risk of acute rejection due to
reduced prescribed doses or trough levels of other
immunosuppressive agents, including TAC, MMF, or CS. This
finding suggests that changes in regimen, dose, or trough level of
immunosuppressive agents during the first year post-HTx, when
the risk of acute allograft rejection is the highest, may increase the
risk of acute rejection. Therefore, these changes can increase the
risk of acute rejection by destabilizing the patient’s
immunosuppressive state during the first year post-HTx. The
KOTRY data revealed that the prescription rates for TAC and
MMF were consistently higher than those for other
immunosuppressive agents during the follow-up period. At
6 years post-HTx, TAC and MMF prescription rates were
88.1% and 76.9%, respectively, with 35.7% of patients
prescribed a TAC/MMF regimen and 16.1% of patients
prescribed a TAC + MMF + CS regimen. Despite the TAC-
based regimen increasing the risk of primary composite outcome
and the incidence of CAV compared with the EVR-based
regimen, 51.8% of recipients in Korea were still prescribed a
TAC/MMF-based regimen. CS withdrawal was 65.6% at the 6-
year follow-up post-HTx, whereas the prescription rate for EVR
rapidly increased from 8.1% to 31.6% between one and 6 months
but slightly increased thereafter to 40.6% at the 6-year follow-up.
Although the excellent efficacy of EVR has been demonstrated in
trials, several possible reasons exist for the low prevalence of early
EVR-based regimens in Korea. First, the adverse effects and lower
tolerability of EVRmay affect their early or long-term use in HTx
recipients. Second, adherence to traditional TAC-based regimens
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limits the use of EVR. Additional clinical studies are needed to
investigate the use of early EVR-based maintenance regimens as
an effective treatment strategy for HTx recipients.

This study has several limitations. First, this study was a
retrospective observational study, and the analysis was based on a
heart transplant cohort in KOTRY which has not been externally
validated. Therefore, the results should be generalized with caution.
Second, potential confounding and selection bias regarding CS
weaning and EVR initiation may exist in a selected group of
recipients. Further, we excluded 56 patients that died within the
first year post-HTx due to evaluate the effect of CS weaning and EVR
initiation during the first year post-HTx on long term clinical
outcome. However, this exclusion may influence outcomes. Third,
the indication and timing of CS weaning and EVR initiation differed
per patient in the KOTRY. This is likely influenced by center-specific
protocols and physician expertise or recipient characteristics and
tolerability. This raises a very important bias (confounding by
indication). Fourth, some information on the prescription status,
dose, or trough level of immunosuppressive agents is missing during
the follow-up. Finally, this study was conducted on an Asian
population. Therefore, caution should be exercised when
extrapolating these results to non-Asian HTx recipients.

In conclusion, the early EVR initiation within the first year
post-HTx and maintenance during the follow-up period is
associated with reduced risk of primary composite outcome
and CAV events in HTx recipients. However, changes in the
prescription rate, dose, or trough level of TAC, MMF, or CS due
to early EVR initiation may increase the risk of acute allograft
rejection during the first year post-HTx.
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The KDIGO guideline for acute rejection treatment recommends use of corticosteroids and
suggests using lymphocyte-depleting agents as second line treatment. Aim of the study
was to determine the current practices of detection and treatment of TCMR of kidney
allografts amongst European kidney transplant centres. An invitation was sent through
ESOT/EKITA newsletters and through social media to transplant professionals in Europe
for taking part in the survey. A total of 129 transplant professionals responded to the
survey. There was equal representation of small and large sized transplant centres. The
majority of centres treat borderline changes (BL) and TCMR (Grade IA-B, IIA-B) in
indication biopsies and protocol biopsies with corticosteroids as first line treatment.
Thymoglobulin is used mainly as second line treatment for TCMR Grade IA-B (80%)
and TCMR IIA-B (85%). Treatment success is most often evaluated within one month of
therapy. There were no differences observed between the large and small centres for the
management of TCMR. This survey highlights the common practices and diversity in clinics
for the management of TCMR in Europe. Testing new therapies for TCMR should be in
comparison to the current standard of care in Europe. Better consensus on treatment
success is crucial for robust study designs.

Keywords: survey, clinical practice, therapy, diagnostics, TCMR

INTRODUCTION

One of the major causes of graft failure is alloimmune rejection, either T cell-mediated, antibody-
mediated, or mixed [1, 2]. The histopathological diagnosis of allograft rejection is established by following
the Banff working scheme [3–5], which has undergone periodic revisions, based on immunological and
clinical insights, clinical and epidemiological studies, and emerging trends of molecular diagnostics.

Despite the progress in precision diagnostics of allograft rejection, very little progress has been
made in therapeutics. While the past two decades have seen several attempts to establish the
treatment for antibody-mediated rejection (AMR) [6], lesser studies have evaluated treatment
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TABLE 1 | Participant characteristics.

Question Multiple choices Number of centres (N) Percentages (%)

Specialization Nephrologist 100 78.1%
(n = 128) Transplant surgeon 21 16.4%
[1 participant did not respond to this question] Pathologist 3 2.3%

Others (transplant coordinator, immunologist, intensivist) 4 3.1%

Population treated Adult 110 85.9%
(n = 128) Paediatric 5 3.9%
[1 participant did not respond to this question] Adult and paediatric 13 10.2%

Years in practice Still in training 6 4.7%
(n = 127) <5 years 16 12.6%
[2 participants did not respond to this question] 5–10 years 19 15.0%

11–20 years 39 30.7%
>20 years 47 37.0%

Type of centre Academic 125 97.7%
(n = 128) Private 1 0.8%
[1 participant did not respond to this question] Others (public hospital, non-benefit pvt hospital) 2 1.6%

Size of centre <50 kidney transplantations/year 25 19.4%
(n = 129) 50–100 kidney transplantations/year 44 34.1%

100–150 kidney transplantations/year 32 24.8%
150–250 kidney transplantations/year 23 17.8%
>250 kidney transplantations/year 5 3.9%

Living donor % <10% 30 23.3%
(n = 129) 10–<25% 58 45.0%

>25% 41 31.8%

Repeat transplants % <10% 24 18.8%
(n = 128) 11%–25% 89 69.5%
[1 participant did not respond to this question] 25%–50% 15 11.7%

>50% 0 0
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options for T cell-mediated rejection (TCMR) [7].
Thymoglobulin, the last drug approved for treatment of
TCMR, was approved in 1998. A systematic review indicated

that antibody therapy was probably better than steroids in
reversing acute cellular rejection and in preventing subsequent
rejection, and also in preventing graft loss. T cell depleting

FIGURE 1 | Survey participant characteristics. (A) European countries represented in the survey. (B) Number of kidney transplants/year. (C) Steroid withdrawal.
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antibodies are efficacious but associated with a much greater risk
for adverse effects [8, 9]. However, no information is available on
rejection grades or clinical context; most studies were performed
only with rejection in indication biopsies. Few clinical trials on
treatment for subclinical TCMR with steroids showed mixed
results [10–12]. Since the T-cell depleting agents were approved,
no new drugs were studied for this indication, despite the high
unmet need for effective treatment of TCMR, with less
therapeutic side effects.

The 2009 KDIGO guideline for treatment of acute TCMR
recommends the use of corticosteroids as the initial treatment
and suggests using lymphocyte-depleting antibodies (ATG or
thymoglobulin; OKT3 is no longer available) if the patient is non-
responsive to corticosteroids or if there is recurrence of acute
cellular rejection. It was also suggested that subclinical and
borderline TCMR should be treated and background
immunosuppression optimized [13]. More recent guidelines
echo these recommendations, without further evidence
supporting them, also acknowledging that the use of protocol
biopsies to detect and treat subclinical rejection is not built on
strong evidence [14].

Because of both the lack of strong evidence for treatment
choices in subtypes or different grades of (borderline) TCMR and

the absence of international consensus guidelines on this topic,
transplantation centre practices differ substantially. Not only do
transplantation centre practices differ in the performance of
protocol biopsies [6], but also in the treatment approaches for
patients with rejection as reported in study reports on this topic
[7]. Surveys in the United States and Canada confirmed this
heterogeneity and indicate also differences between countries [15,
16]. Recent reports, on the background of tacrolimus-
mycophenolate based therapy, document a high rate of
persistent rejection following anti-rejection therapy for both
clinical and subclinical rejection, which is associated with poor
long-term outcomes (i.e., de novo anti-HLA donor-specific
antibodies, AMR graft loss) [17, 18].

The last consensus forum defining efficacy endpoints for the
assessment of anti-rejection therapy was in 1995 and relied primarily
on renal functional criteria [19]. The definitions of rejection, insights
in pathophysiology and outcome, and treatment options have
changed significantly over the past 25 years. Therefore, a new
consensus on more recent data is needed. However, European
data on the current clinical practice of detection, treatment, and
follow-up after rejection are lacking.

As the clinical practice in Europe is likely different from that in
Canada and the United States, enriching the debate and adapting

TABLE 2 | Standard of care therapy for kidney transplantation—induction and treatment for TCMR other than steroids.

Question Multiple choices Number of centres (N) Percentages (%)

Type of induction therapy used at the time of transplantation Basiliximab 20 16.0
(n = 125) Thymoglobulin/ATG 5 4.0
[4 participants did not respond to this question] Alemtuzumab 1 0.8

Basiliximab or Thymoglobulin/ATG 90 72.0
Basiliximab or Alemtuzumab 7 5.6
Basiliximab or Thymoglobulin/ATG
or Alemtuzumab

1 0.8

Thymoglobulin/ATG or
Alemtuzumab

1 0.8

Steroid withdrawal within the first months after transplantation Yes, in all cases 11 8.5
(n = 129) Yes, in select cases 67 51.9

No 51 39.5

Authority approval of thymoglobulin/ATG in kidney
transplantation—all that apply

For treatment of rejection, without
specification, to be decided by the
treating physician

89 74.2

(n = 120)
Only for treatment of steroid-
resistant rejection

32 26.7[9 participants did not respond to this question]

Only in case of rejection at time of
graft dysfunction (indication
biopsies)

6 5.0

Only as induction therapy 77 64.2
There is no reimbursement 1 0.8
Other (desensitization, as primary
treatment for TCMR - Grade 2a
upward, steroid resistant rejection,
v > 0)

3 2.5

Availability of alemtuzumab for treatment of rejection For treatment of rejection, without
specification, to be decided by the
treating physician

19 17.0
(n = 112)

For treatment of steroid-resistant
rejection

7 6.2

[17 participants did not respond to this question]

Not available for treatment of
rejection

86 76.8

Transplant International | Published by Frontiers April 2024 | Volume 37 | Article 122834

Koshy et al. T-Cell Mediated Rejection, European Survey

103



consensus to the current European reality is necessary. Charting
the standard of care in clinical practice is essential in designing
innovator drug trials, which need a well-defined comparator
group. Insight in current routine practice of TCMR diagnosis
and treatment could pave the way to new trials heavily needed in
the field.

Here, we report on a survey conducted to determine the
current practices of detection and treatment of TCMR of
kidney allografts amongst European kidney transplant centres,
and compare these practices with previous reports from the
United States and Canada [15, 16].

METHODS

A survey was drafted by all co-authors and transferred to a
SurveyMonkey (Momentive Global Inc., San Mateo, California,
United States) web-based platform, which was tested by all
co-authors. An invitation to participate in the survey was sent
through the European Society for Organ Transplantation (ESOT)
and European Kidney Transplant Association (EKITA)
newsletters and through a social media campaign to transplant
professionals in Europe for taking part in the survey. Several
reminders were sent. Also, an individual email campaign was

TABLE 3 | Clinical follow-up post-transplant.

Question Multiple choices Number of
centres (N)

Percentages
(%)

By whom Nephrologist 117 92.1
(n = 127) Transplant surgeon 4 3.1
[2 participants did not respond to this question] Others (both) 6 4.7

Where Transplant centre 79 62.2
(n = 127) Referring centre 5 3.9
[2 participants did not respond to this question] Mixed/Hybrid 40 31.5

Others 3 2.4

Protocol biopsies performed Never 54 42.5
(n = 127) Always 46 36.2
[2 participants did not respond to this question] In specific groups 27 21.3

Definition of protocol biopsies Prescheduled, irrespective of kidney function 87 81.3
(n = 107)
[22 participants did not respond to this question]

Defined based on stable kidney function 20 18.7

Timing of protocol biopsies—all that apply 1 week 1 1.4
(n = 73) 2 weeks 1 1.4

1 month 5 6.8
3 months 48 65.8
6 months 8 11.0
1 year 45 61.6
2 years 9 12.3
5 years 2 2.7
10 years 1 1.4
Others (3 years) 3 4.1

Standard biopsy procedure Hospitalization 71 55.9
(n = 127)
[2 participants did not respond to this question]

Outpatient based 56 44.1

Indications for “for-cause” biopsies—all that apply Slow recovery of graft function 117 92.1
(n = 127) Deterioration of eGFR 126 99.2
[2 participants did not respond to this question] Proteinuria 117 92.1

Polyomavirus replication 76 59.8
HLA-DSA occurrence 76 59.8
Others 7 5.5

Routine non-invasive testing to guide kidney transplant
biopsies—all that apply Serum creatinine/eGFR

127 100

(n = 127) Proteinuria 123 96.9
[2 participants did not respond to this question] Cystatin C 12 9.4

Polyomavirus PCR in urine 28 22.0
Polyomavirus PCR in blood 105 82.7
Urinary chemokines 4 3.1
Donor-derived cell-free DNA testing 8 6.3
Monitoring for de novo HLA-DSA occurrence 102 80.3
Other tests (CMV, non-HLA antibody testing, MAG3 at DGF,
DSA for high risk cases only)

4 3.1

Transplant International | Published by Frontiers April 2024 | Volume 37 | Article 122835

Koshy et al. T-Cell Mediated Rejection, European Survey

104



FIGURE 2 |Clinical follow-up post-transplant: (A) Protocol biopsies performed. (B)Protocol biopsies definition. (C)Routine monitoring after kidney transplantation.
(D) Reason to perform an indication biopsy.
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launched to reach as many centres as possible in Europe. The
survey was conducted in 2022.

The survey questionnaire was divided into two parts.
Part 1 consisted of four categories:
- Category 1—Survey participant characteristics—questions
regarding specialization, population treated, years in
practice, type of transplantation centre, size of centre,
induction therapy at time of transplantation, time period
of steroid withdrawal, percentage of living donors and
percentage of repeat transplants.

- Category 2—Clinical follow-up post-transplant—questions
regarding clinical follow-up by whom, where, performance
of protocol biopsies, indications for for-cause biopsies
and about non-invasive testing to guide kidney
transplant biopsies.

- Category 3—Diagnosis of rejection—questions regarding
reporting of allograft biopsies, use of Banff lesion scores,
diagnosis of rejection without performing kidney biopsy, use
of molecular microscope for diagnosis of rejection in routine
clinic, rate of clinical TCMR, definition of borderline
rejection, authority approval of thymoglobulin and
alemtuzumab.

- Category 4—Definition of successful rejection treatment
of TCMR.

Part 2 consisted of questions on treatment of subclinical and
clinical TCMR.

Descriptive statistical analyses were performed in Prism 9 for
macOS (GraphPad Prism version 9.5.0, GraphPad Software, San
Diego, California United States1).

RESULTS

Survey Participant Characteristics
Survey participant characteristics are detailed in Table 1. A total
of 129 European transplant professionals representing 25
European countries responded to the survey (Figure 1A).
Most of the participants were transplant nephrologists (78.1%)
treating the adult population with more than 11 years of
experience. 94 (72.9%) participants volunteered to mention
their affiliation, and they represent 92 major university
hospitals in Europe. 85.9% of centres perform uniquely adult
kidney transplants, 10.2% both adults and paediatric transplants,
and 3.9% in children/adolescents only. 69 (53.5%) transplant
centres perform <100 kidney transplantations per year, while

TABLE 4 | Diagnosis of rejection.

Question Multiple choices Number of
centres (N)

Percentages
(%)

Biopsy results evaluated by Nephropathologist 111 91.7
(n = 121) General pathologist 7 5.8
[8 participants did not respond to this question] Nephrologist 3 2.5

Pathology report—definition of TCMR According to the most recent Banff 2019 classification 117 96.7
(n = 121) According to older versions of Banff classification 2 1.7
[8 participants did not respond to this question] Not according to Banff classification 2 1.7

Pathology report—individual lesion scores Individual Banff lesion scores are routinely reported 109 90.8
(n = 120)
[9 participants did not respond to this question]

Individual Banff lesion scores are not routinely reported 11 9.2

Diagnosis of rejection without performing a kidney
transplant biopsy Never

78 64.5

(n = 121) Based on non-invasive markers but not always confirmed
by biopsy

29 24.0
[8 participants did not respond to this question]

We do not do biopsies to confirm rejection 1 0.8
Others (in patients with high risk/contraindication) 13 10.7

Molecular microscope for diagnosis of rejection in routine
clinic Never

113 93.4

(n = 121) Always 1 0.8
[8 participants did not respond to this question] In specific cases (mainly for clinical trials/research) 7 5.8

Rate of clinical TCMR (in indication biopsies) <5% 15 12.8
(n = 117) 5-<11% 39 33.3
[12 participants did not respond to this question] 11–<16% 30 25.6

16-<26% 23 19.7
>26% 10 8.5

Definition of borderline changes t ≥ 1, i ≥ 1 threshold 73 60.3
(n = 121) t 1/2/3 with i0 considered as borderline changes 21 17.4
[8 participants did not respond to this question] Other (t1 or t0 with i1 or i0) 1 0.8

Unknown 26 21.5

1www.graphpad.com

Transplant International | Published by Frontiers April 2024 | Volume 37 | Article 122837

Koshy et al. T-Cell Mediated Rejection, European Survey

106

http://www.graphpad.com/


60 (46.5%) transplant centres perform >100 kidney transplantations
per year on average (Figure 1B). Living donation rates vary greatly
between centres and countries. The majority (69.5%) perform
11%–25% repeat transplantations. It has not been surveyed
whether induction therapy is used in all or selected patients.
There is a heterogeneity in the drugs used for induction therapy
at the time of transplantation (Table 2): 72% of the respondents use
either basiliximab or thymoglobulin; 8% of the respondents include
alemtuzumab in their armamentarium for induction. Many
respondents (51.9%) stop administering steroids within the first
months after transplantation in selected cases (not further
specified), while other respondents (39.5%) do not have steroid
withdrawal protocols. Only few respondents (8.5%) systematically

discontinue steroids in all cases within the first months after
transplantation (Figure 1C).

Clinical Follow-Up Post-Transplant
Table 3 summarizes the standard practices for post-transplant
follow-up by the respondents included in the survey. The clinical
follow-up post-transplant is conducted mainly by the transplant
nephrologists (92.1%) in the transplant centre (62.2%) but hybrid
follow-up in collaboration with the referring centre is also
common (31.5%). Protocol biopsies are performed in the
centres of 57.5% of respondents (Figure 2A), but only 36.2% of
respondents always perform a protocol biopsy. 21.3% of
respondents perform protocol biopsies in specific subgroups of

TABLE 5 | Definition of successful rejection treatment of TCMR.

Question Multiple choices Number of
centres (N)

Percentages
(%)

Definition of “therapy resistant TCMR”—all that apply When creatinine/eGFR does not completely return to baseline 35 29.9
(n = 117) When creatinine/eGFR recovers not at all or at best partly 59 50.4
[12 participants did not respond to this question] When creatinine/eGFR does not improve anything 44 37.6

Based on follow-up biopsy histology 62 53.0
Others 4 3.4

Definition of “therapy resistant TCMR” Based on graft functional evolution 55 47.0
(n = 117) Based on follow-up biopsy histology 19 16.2
[12 participants did not respond to this question] Based on combination of functional evolution and follow-up

biopsy histology
43 36.8

Definition of “steroid-resistant TCMR” When creatinine/eGFR does not completely return to baseline
after high-dose steroid treatment

29 25.0
(n = 116)

When creatinine/eGFR recovers not at all or at best partly after
highdose steroid treatment

42 36.2[13 participants did not respond to this question]

When creatinine/eGFR does not improve anything 10 8.6
Based on follow-up biopsy histology 28 24.1
When second-line therapy is initiated, irrespective of kidney
function or histology

4 3.4

Other 3 2.6

Definition of “return to baseline kidney transplant function” Based on whole eGFR/creatinine trajectory 66 56.4
(n = 117) Based on best value of eGFR/creatinine 19 16.2
[12 participants did not respond to this question] Based on graft function prior to the diagnostic biopsy 31 26.5

Other 1 0.8

Timeframe of efficacy failure of antirejection treatment At 1 week 30 26.5
(n = 113) At 14 days 37 32.7
[16 participants did not respond to this question] Within 1 month 33 29.2

Within 3 months 8 7.1
Within 6 months 0 0
Others 5 4.4

Performance of a control/follow-up biopsy after rejection
treatment to see disease resolution

After every antirejection treatment, also when diagnosed in
protocol biopsies

8 6.8

(n = 117) After every treatment for clinical TCMR, also when kidney
function improved

7 6.0
[12 participants did not respond to this question]

When kidney function did not completely recover to baseline 29 24.8
When renal function did not improve sufficiently upon
treatment

61 52.1

In selected cases 5 4.3
(Almost) never 7 6.0

If control biopsies are performed, when are they planned After 14 days 29 29.3
(n = 99) After 1 month 23 23.2
[30 participants did not respond to this question] After 3 months 18 18.2

After 6 months 3 3.0
Others 26 26.3
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patients, for example, in highly sensitized/immunized patients;
in patients with positive donor-specific anti-HLA antibodies
(HLA-DSA); in patients participating in clinical trials; and
depending on the primary native kidney disease. Protocol
biopsies are mainly conducted at 3 months and 1 year post-
transplant; very few respondents perform protocol biopsies
later after transplantation. There is no difference in performing
protocol biopsies between the respondents performing <100 renal
transplantations/year and the respondents performing >100 renal
transplantations/year (Supplementary Table S1). Most of the
respondents performing protocol biopsies (81.3%), defined
protocol biopsies as “prescheduled, irrespective of kidney
function (Figure 2B).” 55.9% of respondents perform kidney
biopsies after hospitalization of patients and 44.1% respondents
perform kidney biopsies as outpatient procedure. The routine non-
invasive testing to guide kidney transplant biopsies are serum
creatinine/eGFR (100%), proteinuria (96.9%), polyomavirus
PCR in blood (82.7%), monitoring for de novo HLA-DSA

(80.3%) and polyomavirus PCR in urine (22%). Only a few
respondents (<10%) also monitor cystatin C (9.4%), urinary
chemokines (3.1%), and donor derived cell-free DNA (6.3%)
(Figure 2C). The common indications for “for-cause” biopsies
are slow recovery of graft function (92.1%), deterioration of
eGFR (99.2%), and proteinuria (92.1%). There is less
concordance about performing an indication biopsy at the
time of polyomavirus replication (59.8%) or with HLA-DSA
occurrence (59.8%) (Figure 2D).

Diagnosis of TCMR
In Europe, the kidney transplant biopsies are mostly evaluated by
renal pathologists (91.7%), who are considered to follow the most
recent Banff 2019 classification (Table 4). Most of the pathology
reports (90.8%) include the individual Banff lesion scores routinely.
Many respondents (64.5%) never diagnose rejection without
performing a kidney biopsy, but this is not universal and 24%
of respondents diagnose rejection based on non-invasive markers

FIGURE 3 | Definition of successful rejection treatment of TCMR. (A) Therapy-resistant TCMR definition. (B) Definition of return to baseline graft function. (C)
Timeframe of treatment failure. (D) Performance of control biopsies after treatment.
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not always confirmed by tissue biopsy. Most respondents (93.4%)
do not use biopsy-based molecular diagnostics for the diagnosis of
rejection in routine clinical practice.

The rate of clinical TCMR in indication biopsies reported by
the respondents is highly variable, and significantly relates to the
rate of repeat transplantations (Supplementary Table S2). Most
respondents (60.3%) report using the Banff 2019 (t ≥ 1, i ≥ 1)
threshold for the definition of borderline changes in their centre,
but 26 respondents (21.5%) do not know the threshold used at
their centre for defining borderline changes.

Definition of Successful Rejection
Treatment of TCMR
We next evaluated the definitions of “successful rejection
treatment.” The definition of therapy resistant TCMR is highly
heterogeneous (Table 5). The question asked to the participants
(“all that apply”) lead to redundancy in the responses, as several
respondents ticked multiple choices—“When creatinine/eGFR
does not completely return to baseline”; “When creatinine/
eGFR recovers not at all or at best partly” and “When
creatinine/eGFR does not improve anything.” This indicates
that the definitions of complete return to baseline, partial
recovery or “any improvement” are unclear to the
respondents. Therefore, we reformatted the responses to
evaluate whether creatinine/eGFR vs. histological evaluations
was considered for the definition of therapy resistant TCMR.
This indicates high heterogeneity in this definition, with 47% of
respondents using creatinine/eGFR evolution, 16% pure biopsy
histology, and 37% integration of information from biopsies and

from creatinine/eGFR for the definition of therapy resistance;
53% of respondents integrate the use of a repeat biopsy in the
definition of therapy resistance (Figure 3A).

The majority of respondents define “steroid resistant
TCMR” based on graft functional characteristics (36.2%
when creatinine/eGFR recovers not at all or at best partly;
25.0% when creatinine/eGFR does not completely return to
baseline; 8.6% when creatinine/eGFR does not improve
anything), but 24.1% indicate defining this based on follow-
up biopsy histology; combinations between graft functional
and histological definition were not allowed for this
question (Table 5).

The majority of respondents define “return to baseline
kidney transplant function” by assessing the whole eGFR/
creatinine trajectory (56.4%), while others base this
evaluation on graft function prior to the diagnostic biopsy
(26.5%) and based on the best value of eGFR/creatinine
(16.2%), again indicating lack of consensus in these
responses (Table 5; Figure 3B).

Next, we surveyed the timeframe of efficacy failure of
antirejection treatment. Most respondents (88.5%)
consider therapy failure “within 1 month” as the period of
efficacy failure of antirejection treatment. Only 7.1% of
respondents consider therapy failure at 3 months or later
(Table 5; Figure 3C). Many respondents (76.9%) perform a
control/follow-up biopsy after rejection treatment for
assessment of disease resolution only when the renal
function does not improve sufficiently upon treatment;
systematic control biopsies are performed in only 12.8%
(Table 5; Figure 3D). If control biopsies are performed

TABLE 6 | Treatment of TCMR.

Protocol biopsies Indication biopsiesFirst-line therapy

Borderline
changes

TCMR grade
IA/IB

TCMR
grade II

Borderline
changes

TCMR grade
IA/IB

TCMR
grade II

Number of respondents 85 85 85 108 108 107
Anti-rejection therapy 53 (62.4%) 82 (96.5%) 83 (97.6%) 97 (89.8%) 107 (99.1%) 106 (99.1%)
Thymoglobulin/ATG/alemtuzumab 0 (0%) 1 (1.2%) 23 (27.1%) 1 (0.9%) 1 (0.9%) 30 (28.0%)
High-dose steroids 53 (62.4%) 81 (95.3%) 60 (70.6%) 96 (88.9%) 106 (98.1%) 76 (71.0%)
- High-dose IV steroids followed by PO
taper

7 (8.2%) 23 (27.1%) 24 (28.2%) 16 (14.8%) 28 (25.9%) 32 (29.9%)

- High-dose IV steroids 44 (51.8% 55 (64.7%) 35 (41.2%) 76 (70.4%) 78 (72.2%) 44 (41.1%)
- Steroid taper PO 2 (2.4%) 3 (3.5%) 1 (1.2%) 4 (3.7%) 0 (0%) 0 (0%)

Increased baseline immunosuppression 20 (23.5%) 1 (1.2%) 0 (0%) 11 (10.2%) 1 (0.9%) 1 (0.9%)
No change 12 (14.1%) 2 (2.4%) 2 (2.4%) 0 (0%) 0 (0%) 0 (0%)

Second-line therapy Borderline
changes

TCMR grade
IA/IB

TCMR
grade II

Borderline
changes

TCMR grade
IA/IB

TCMR
grade II

Number of respondents — — — 98 106 106
Anti-rejection therapy — — — 72 (73.5%) 100 (94.3%) 95 (89.6%)
Thymoglobulin/ATG/alemtuzumab — — — 28 (28.6%) 85 (80.2%) 90 (84.9%)
High-dose steroids — — — 44 (44.9%) 15 (14.2%) 5 (4.7%)
- High-dose IV steroids followed by PO
taper

— — — 11 (11.2) 6 (5.7%) 1 (0.9%)

- High-dose IV steroids — — — 30 (30.6%) 9 (8.5%) 4 (3.8%)
- Steroid taper PO — — — 3 (3.1%) 0 (0%) 0 (0%)

Increased baseline immunosuppression — — — 17 (17.3%) 4 (3.8%) 8 (7.5%)
No change — — — 9 (9.2%) 2 (1.9%) 3 (2.8%)
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FIGURE 4 | Treatment of TCMR. (A) Antirejection treatment for (borderline) TCMR in protocol biopsies. (B) First-line antirejection treatment for (borderline) TCMR in
indication biopsies. (C) Second-line antirejection treatment for (borderline) TCMR in indication biopsies.
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after rejection treatment, their timing is very variable between
respondents; either after 14 days (29.3%), after 1 month (23.2%), or
after 3 months (18.2%); others responded that this timing depends
on kidney functional evolution. Altogether, this indicates that there
is no consensus on the best timing for performing a control
biopsy (Table 5).

Treatment of TCMR
The responses to the questions about first-line and second-line
treatment for TCMR were highly variable between respondents.
The granular responses are summarized by counting the strongest
therapy indicated by the respondent for each rejection type
(Thymoglobulin/ATG/alemtuzumab > IV steroids with PO
taper > high-dose IV steroids > PO steroid taper > increase
baseline immunosuppression > no change). Several centres
report, e.g., combinations of ATG with IV steroids and increase
baseline immunosuppression. Doses of IV corticosteroids range
between 250, 500 and 1,000 mg for 3 days. PO steroid taper was not
further specified.

Most centres (74.2%) report having authority approval for using
thymoglobulin/ATG at the physician’s discretion, while others
(23.7%) can use thymoglobulin/ATG only for treatment of
steroid-resistant rejection. Alemtuzumab is not widely available in
Europe; only 23.2% of centres report having access for anti-rejection
treatment (Table 2).

Subclinical (Borderline) TCMR in Protocol Biopsies
Not all centres perform protocol biopsies. Per definition, centres
not performing protocol biopsies do not diagnose and do not
treat subclinical rejection. Upon detection of subclinical
borderline changes, 62.4% of respondents report treating such
cases with high-dose steroids, but never with lymphocyte-
depleting agents. Other respondents just optimize baseline
immunosuppression. Only a small minority reports not
changing therapy after the detection of subclinical borderline
changes. Most centres treat subclinical TCMR. Treatment of
subclinical TCMR consists mainly of high-dose IV steroids,
although 27% of respondents report using lymphocyte-
depleting agents for treatment of subclinical TCMR grade II
(Table 6; Figure 4A).

(Borderline) TCMR in Indication Biopsies
Borderline changes are almost universally treated when diagnosed
at the time of graft dysfunction (in indication biopsies). Even more
so for TCMR grade I-II, which is universally treated. Lymphocyte-
depleting agents are not used as first-line therapy for borderline
changes or TCMR grade I, but 28% of respondents report treating
TCMR grade II with thymoglobulin, ATG or alemtuzumab in the
first line (Table 6; Figure 4B).

Second-line treatment of (borderline) TCMR, after the failure of
first-line treatment (with varying definitions), is less universally
applied than could be anticipated. This relates especially to
borderline changes, where second-line antirejection therapy is
not considered in 26.5% of cases, and to TCMR grade II, where
10.4% of respondents would not treat, likely because they already
treat these patients with strong therapies (including lymphocyte
depleting agents) in first line (Table 6; Figure 4C). Of the

39 respondents proposing lymphocyte-depleting agents as first-
line therapy for TCMR grade II, 4 (10.3%) propose alemtuzumab
as second-line therapy (after thymoglobulin/ATG); 15 (38.5%) do
not propose second-line therapy but just increase baseline
immunosuppression after failure of first-line therapy. The other
respondents (N = 20; 51.2%) repeat the same therapy with
lymphocyte-depleting agents despite the lack of success in first-
line treatment.

DISCUSSION

This survey assesses the clinical practices in the transplant centres
across Europe for detecting and treating TCMR. A total of
129 participants took part in the survey, wherein the majority
were transplant nephrologists with over 11 years of clinical
experience, covering the routine clinical practice across all
European areas. There were almost equal numbers of small sized
transplant centres (centres performing less than 100 kidney
transplantations per year) and large sized transplant centres
(centres performing 100 to 250 kidney transplantations per
year). All conclusions made are against the background of
relatively low numbers of centres systematically withdrawing
corticosteroids after transplantation, and with a lack of access to,
e.g., alemtuzumab in a majority of centres.

The main conclusions of the survey are:
1) Protocol biopsies to detect subclinical rejection are not

universally performed, not different between small and
larger transplant centres. Some centres always perform
protocol biopsies, others never, and still some others only
in specific patient populations.

2) The definition of a protocol biopsy is not standardized.
3) The large majority of European centres use classic

biomarkers for follow-up after transplantation; donor-
derived cell-free DNA assessment or other biomarkers are
not used to non-invasively assess the probability of ongoing
or future rejection. Sixty percent of centres see BKPyV
replication in plasma and de novo occurrence of HLA-
DSA as indications for a biopsy, but this is also not universal.

4) The most updated Banff Classification is considered as the
gold standard for diagnosis of TCMR with also individual
Banff lesion scores given, althoughmany respondents are not
aware of the detailed thresholds for borderline changes
applicable.

5) Biopsy based molecular diagnostics are not commonly used
in Europe.

6) There is great heterogeneity in the definition of anti-rejection
treatment success. Therapy resistance is sometimes defined
based on graft functional evolution, sometimes on histological
evaluation of a follow-up biopsy, and often on both together.
Systematic control or follow-up biopsies are not common
though (and less common than in the US where 40% perform
follow-up biopsies [15]); subclinical disease continuation
would thus be missed by most European centres.

7) The lack of standardized definition of “baseline graft
function” complicates the definition of treatment success,
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which is often estimated by the total eGFR/creatinine
trajectory and not based on a single measurement.

8) There is quite consensus that treatment success or failure is
evaluated on a short term, within the first month.

9) Transplant centres consider borderline changes often as
indication for therapy, even when diagnosed in protocol
biopsies, although not all centres perform such biopsies
systematically and subclinical rejection is per definition
missed in those centres. Certainly in indication biopsies,
borderline changes are deemed clinically meaningful, leading
to treatment with high-dose steroids and the related
treatment burden/risk.

10) Full TCMR is almost universally treated, with some difference
in the approach to TCMR grade I vs. grade II, the latter being
treated sometimes with lymphocyte-depleting agents in the first
line, although this is the case in only a minority of the centres.

11) Second-line therapy of TCMR consists of a step-up approach
towards almost universal use of lymphocyte-depleting
agents, if not already used in first line. Centres using
lymphocyte-depleting agents in first line (for grade II TCMR)
lack efficacious second-line therapies, clear indication of the
great unmet need.

Our results about the heterogeneity in the implementation of
protocol biopsies are in line with other recent reports [6, 15, 20].
In our survey, respondents indicate that subclinical (borderline)
TCMR is treated very similarly to clinical (borderline) TCMR. In
Europe, subclinical borderline changes are treated with high-dose
steroids in 62% of cases, similar to the 64% reported in Canada
[16]. This phenotype is even more often treated in the US with
high-dose IV/PO steroids (50%/33%), and even thymoglobulin.
Only 22% of subclinical borderline rejections are not being
treated in the United States [15], despite lack of evidence of
effects on outcome. In case of subclinical TCMR IA and IB, all US
centres performing protocol biopsies reported treating this entity,
which is comparable to our European survey results and previous
Canadian results [15, 16]. Like in Canada, thymoglobulin is
virtually not used in Europe for subclinical TCMR grade IA/
IB. However, quite some respondents (27%) in Europe propose
lymphocyte-depleting agents for subclinical TCMR grade II,
again like the practice in the United States [15]. Although
performing a biopsy and treating subclinical (borderline)
TCMR is not based on strong evidence [10, 12, 21, 22], this
indicates that subclinical rejection, when detected and
subsequently treated, is a clinically meaningful event, as was
also concluded recently by a working group of ESOT [23].

Our survey illustrates that, in Europe, very few centres use
innovative non-invasive markers for kidney transplant rejection,
and most rely solely on eGFR/creatinine and proteinuria as
clinical indication for performing biopsies, while some also see
HLA-DSA occurrence and BKPyV replication in plasma as
indications for performing a biopsy [24]. At time of graft
dysfunction, in indication biopsies, borderline changes is
routinely treated in Europe by 90% of respondents using high-
dose steroids, even slightly higher than the 81% of the
respondents in the US survey who treat this entity using high-
dose steroids [15]. This strongly confirms that borderline changes

diagnosed at time of graft dysfunction is a clinically meaningful
event, potentially suitable as an endpoint for clinical trials [23].

For clinical TCMR IA and IB, all US centres treat with either IV
steroids (91%, 71%), PO steroids (21%), or thymoglobulin (13%)
[15]. In contrast, thymoglobulin is not often used for this type of
rejection in Europe and corticosteroids remain the European
mainstay as first-line therapy for this entity, as was also reported
for Canada [16]. A final major difference between EU and US is that
TCMR grade II is treated with thymoglobulin in 98% of cases in the
United States [15], while this is the case for only 28% of respondents
in Europe; no data are available for Canada for this rejection type.

Finally, we assessed the definition of successful anti-rejection
treatment. The lack of international standardization/consensus on
primary definitions hampers the field. Previously, the Canadian
survey [16] and an older multicentre survey from 1998 [19],
indicated that therapy success is typically measured against the
prerejection creatinine level. Our survey adds to this by indicating
that most respondents evaluate the overall trajectory of eGFR/
creatinine (no single values), and often also integrate information
from follow-up biopsies in this evaluation. However, the latter is not
at all standardized. Likewise, the Canadian survey indicated that
30% of respondents assessed histological response to treatment
independent of changes in kidney function [16]. More systematic
study of post-treatment follow-up biopsies would be needed
to understand the rate of disease persistence/recurrence despite
treatment, which is very likely underestimated according to single-
centre data [17, 18].

Notwithstanding the important conclusions of this survey,
some limitations are worth mentioning. Not all responses
were easily interpretable, especially when “all that apply”
multiple choices were allowed (e.g., for definition of steroid/
therapy-resistant rejection). We did not assess the baseline
immunosuppression or standard induction therapy used by
the centres. This study focused on (borderline) TCMR; it
remains unclear whether, e.g., repeat biopsies, definition of
treatment success/failure, etc. can be generalized also to, e.g.,
AMR or mixed TCMR-AMR phenotypes. Data analysis remains
largely descriptive, and potential relationships between different
answers were not systematically assessed.

CONCLUSION

In conclusion, our survey indicates that the treatment of TCMR
is a great unmet clinical need. Current TCMR treatment is still
primarily based on high dose corticosteroids, resembling early
transplantation practices. Testing new therapies for TCMR
should be in comparison to the current standard of care for
TCMR, which differs between the United States and Europe/
Canada. Better consensus on treatment success is crucial for
robust study designs. However, there is good consensus that
treatment success is a short-term outcome parameter, achieved
within the first few weeks of/after antirejection treatment.
Borderline changes are typically treated like full TCMR, and
are thus clinically meaningful when diagnosed in indication
biopsies. Subclinical rejections, even borderline changes,
diagnosed by some centres performing protocol biopsies, are
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also often treated despite a lack of robust scientific evidence. The
field should investigate innovative treatment options for TCMR
after kidney transplantation.
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Tacrolimus’s Time Below Therapeutic
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Pancreatic Graft Rejection and the
Development of De Novo
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Tacrolimus is pivotal in pancreas transplants but poses challenges in maintaining optimal
levels due to recipient differences. This study aimed to explore the utility of time spent
below the therapeutic range and intrapatient variability in predicting rejection and de novo
donor-specific antibody (dnDSA) development in pancreas graft recipients. This
retrospective unicentric study included adult pancreas transplant recipients between
January 2006 and July 2020. Recorded variables included demographics,
immunosuppression details, HLA matching, biopsy results, dnDSA development, and
clinical parameters. Statistical analysis included ROC curves, sensitivity, specificity, and
predictive values. A total of 131 patients were included. Those with biopsy-proven acute
rejection (BPAR, 12.2%) had more time (39.9% ± 24% vs. 25.72% ± 21.57%, p = 0.016)
and tests (41.95% ± 13.57% vs. 29.96% ± 17.33%, p = 0.009) below therapeutic range.
Specific cutoffs of 31.5% for time and 34% for tests below the therapeutic range showed a
high negative predictive value for BPAR (93.98% and 93.1%, respectively). Similarly,
patients with more than 34% of tests below the therapeutic range were associated with
dnDSA appearance (38.9% vs. 9.4%, p = 0.012; OR 6.135, 1.346–27.78). In pancreas
transplantation, maintaining optimal tacrolimus levels is crucial. Suboptimal test
percentages below the therapeutic range prove valuable in identifying acute graft
rejection risk.
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GRAPHICAL ABSTRACT |

INTRODUCTION

Tacrolimus has been the mainstay immunosuppressive agent in
pancreas transplantation in the last two decades [1–3], given its
effectiveness in preventing rejections and increasing graft survival
[4]. It presents a narrow therapeutic window, requiring strict
monitoring and constant dosing modification [5]. Differences in
tacrolimus absorption [6, 7], metabolism [8, 9], and drug
interactions [6, 10, 11] often lead to either sub- or
supratherapeutic trough levels [12, 13]. Above-target trough
levels are associated with adverse effects, whereas those below
target are associated with an increased risk of rejection and
development of de novo donor-specific antibody
(dnDSA) [14, 15].

Given the pharmacokinetics and pharmacodynamics of
tacrolimus [6, 8–11], several formulas have been developed to
explore the correlation of tacrolimus trough levels with graft
outcomes. Intrapatient variability (IPV) calculates the variability
coefficient by dividing the standard deviation of tacrolimus
samples by their mean [16, 17]. A high IPV has been
associated with an increased risk of rejection, development of
dnDSA, and graft failure in kidney transplantation [16–20] and
with rejections in heart [21] and lung [22], though not in liver
transplantation [23]. Time in therapeutic range (TTR), first
developed by Rosendaal et al. to monitor anticoagulation time
in patients on warfarin [24], has been recently used to explore the
correlation of the time of tacrolimus within the therapeutic
window and its correlation with graft outcomes. In lung,
heart, and kidney transplantation, a lower TTR is associated

with dnDSA development [25], acute rejection, and graft survival
[26–29]. However, there are many concerns about the accuracy of
this formula, as it assumes tacrolimus will change linearly from
test to test [30]. The method used for managing warfarin assumes
a linear increase or decrease between two consecutive INR
(International Normalized Ratio) determinations [30, 31].
Therefore, we propose using the formula that calculates the
ratio of samples within the therapeutic range to the total
number of samples, also from Rosendaal et al. [24].
Additionally, if the primary study outcome is immunological,
it may be more useful to only determine the time below the
therapeutic range [25]. To date, the ability of these formulas to
predict pancreas graft outcomes has yet to be explored.

In this study, we aimed to determine the utility of tacrolimus
IPV and the time and test results below the therapeutic range in
identifying the risks of rejection and dnDSA development for
pancreatic grafts in recipients of pancreas transplants.

MATERIALS AND METHODS

Patient Population
We conducted a retrospective unicentric study including all adult
pancreas transplant recipients between January 2006 and July
2020 from Hospital Clínic of Barcelona. Both simultaneous
pancreas-kidney (SPK) and pancreas after kidney (PAK) were
analyzed. We excluded patients in whom TTR was not possible to
calculate; those who had a primary non-function pancreas graft,
those lost to follow-up, and those who died due to transplantation
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surgery. One-hundred and eighty-two pancreas transplants were
performed during the study period; fifty-one were excluded
(Figure 1). Data was gathered from electronic clinical records.
This study was conducted in accordance with the Declaration
of Helsinki.

Variables
Demographic data such as age, weight, body mass index, sex, and
race at the time of transplantation were recorded for donors and
recipients. Induction immunosuppression was performed with
rabbit antithymocyte globulin (rATG) or basiliximab.
Maintenance immunosuppression consisted of tacrolimus in
combination with mycophenolic acid and prednisone. The
human leukocyte antigen (HLA) A, B, and DR for both
recipient and donor and the number of HLA mismatches were
registered. Other variables recorded were amylase, lipase, blood
glucose, hemoglobin A1C (HbA1C), c-peptide, glutamic acid
decarboxylase antibodies (antiGAD), blood type, surgical
technique (duo-duodenal or duo-jejunal anastomosis), diabetes
mellitus type and vintage, renal replacement therapy at time of
transplantation (peritoneal dialysis, hemodialysis, non-dialysis
dependent chronic kidney disease), dialysis vintage, graft
perfusion solution, and post-transplant surgical reintervention.

Time and Tests Below the
Therapeutic Range
The first tacrolimus dose was administered pre-transplantation as
part of the induction immunosuppression protocol, and the first
levels were drawn 48 h after surgery. The minimum tacrolimus
levels targeted were 10 ng/mL during the first 3 months, 8 ng/mL
between the third and sixth month, and 6 ng/mL afterward. The
percentage of time below the tacrolimus therapeutic range was
calculated by adding the number of days below the target and
dividing them by the total number of monitored days. Likewise,
the percentage of the number of tests below the therapeutic range

was calculated by adding the number of test results below the
target and dividing them by the total number of tests performed
respectively [24].

Biopsy-Proven Rejection and DSA
Determination
Pancreatic graft biopsies were conducted per protocol (3 weeks
and 12 months after transplantation) or per cause. According to
the center’s guidelines, biopsies prompted per cause were
indicated when patients exhibited a consistent rise (on at least
two occasions, with a gap of more than 48 h) in pancreatic
enzymes (amylase and/or lipase) exceeding three times the
upper normal levels, developed dnDSA, or persistent
hyperglycemia (fasting blood glucose >120 mg/dL on more
than two determinations). Tissue samples were collected using
a percutaneous needle puncture guided by ultrasound, and their
histological categorization followed the criteria outlined in the
2011 Banff classification [32]. Tacrolimus trough levels, amylase,
lipase, c-peptide, HbA1C, and anti-HLA and antiGAD antibodies
were determined at the time of biopsy. De novo DSAs were
defined as HLA antibodies against the donor that were absent
before transplantation. DSAs were characterized by having a
mean fluorescence intensity (MFI) that was more than double
the negative control’s value and an absolute MFI exceeding
500 [33]. The MFIs were adjusted based on the manufacturer’s
guidelines by comparing them to the negative control beads.

Statistical Methods
For data following normal distribution, quantitative variables are
presented as mean and standard deviation; otherwise, they are
presented as median and interquartile range. Categorical
variables are described in terms of absolute and relative
frequencies. The normality of quantitative variables was
assessed using the Shapiro-Wilk test and Q-Q plots. When the
data was not normally distributed, a U-Mann Whitney test was
employed for the quantitative variables’ comparison between the
two groups; for normally distributed data, an independent
Student’s t-test was used instead. Disparities in categorical
variables were evaluated using the χ2 test, while Fisher’s exact
test was utilized when a category contained fewer than five
occurrences. Receiver Operating Characteristic (ROC) curves
were generated, and metrics such as sensitivity, specificity,
positive predictive value (PPV), and negative predictive value
(NPV) were calculated. A p-value of less than 0.05 was considered
statistically significant. All analyses were conducted using IBM
SPSS® Statistics version 26.

RESULTS

Participants
One hundred and thirty-one patients were included; sixty-nine
(52.7%) were male, 122 (93.1%) were SPK, and nine were PAK.
One hundred and twenty-nine (98.5%) had type 1 diabetes, one
had type 2 diabetes, and one had diabetes after a necrotizing
hemorrhagic pancreatitis. Seventy (53.4%) of the donors were

FIGURE 1 | Flowchart of included patients.
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male. Sixty-four patients (48.9%) received basiliximab, and 65
(49.6%) received rATG as induction immunosuppression. All
patients were on mycophenolate and tacrolimus as maintenance
treatment. The median follow-up was 104 (45.5–139) months.
Recipient and donor characteristics are detailed in Table 1.

Clinical Outcomes
The median time and tests below the therapeutic range for the
entire group were 24.44% (8.58%–40.52%) and 28.6%
(20.26%–42.45%), respectively, with a median IPV of
45.15% (38.87%–55.56%). Overall, 32.8% and 35.1% of
patients had tacrolimus levels below the therapeutic range
in more than 36% of the tests performed and more than
31.5% of the time. Eighteen (13.74%) patients died, nine
(50%) of them with a functioning graft. Thirty patients lost
their pancreatic graft function (22.9%), with a median survival
time of 101.8 (67.6–119.9) months.

Out of the 16 instances of pancreas BPAR (12.2%), two
occurred in the same patient. Two were antibody-mediated
rejections, while the remaining 14 were T-cell-mediated, with
11 being grade I, 2 grade II, and 1 grade III. The mean BPAR-free
survival time was 85.24 ± 17.38 months. Lipase levels were higher
in patients with BPAR (185.25 ± 264.37 vs. 59.77 ± 47.92 U/L in
those without rejection, p = 0.001). There was a trend towards a
higher incidence of rejection between PAKs and SPKs (3, 50% vs.
13, 11.9%; OR 4.19, 0.935–18.798; p = 0.045).

Patients with BPAR had a significantly higher time (39.9% ±
24% vs. 25.72 %± 21.57%, p = 0.016) and number of tests
(41.95% ± 13.57% vs. 29.96% ± 17.33%, p = 0.009) below
therapeutic range compared to those without rejection. There
was no association between tacrolimus’ IPV or amylase with

pancreas BPAR incidence (48.7% vs. 49.9%, p = 0.81; 125.63 vs.
98.9, p = 0.11).

The area under the curve (AUC) for time and tests below the
therapeutic range and BPAR incidence were 70.5% and 73.2%,
respectively, and 72.9% for lipase and 63.2% for amylase
(Figure 2). Based on the highest sensitivity and specificity
coordinates, we evaluated the former in two categories: 31.5%
for time and 34% for tests. Patients who maintained tacrolimus
levels more than 31.5% of the time below the therapeutic range
until the moment of the biopsy had a significantly higher
probability of having a BPAR (22.1% vs. 6%, p = 0.004; OR
4.629, 1.502–14.286) than those who did not. This test had a
sensitivity of 68.75%, a specificity of 67.83%, a PPV of 22.92%,
and an NPV of 93.98%. Similarly, patients with 36% or more
tacrolimus tests below the therapeutic range had a higher
probability of pancreas BPAR (23.3% vs. 6.9%, p = 0.008; OR
4.098, 1.375–12.195). This test had a sensitivity of 62.5%, a
specificity of 71.05%, a PPV of 23.26%, and an NPV of 93.1%.
On the other hand, lipase had a specificity of 98.33% and a similar
NPV of 89.70%. In this case, also based on the ROC coordinates,
we divided the set with a lipase cutoff of 53 U/L. A lipase higher
than this correlated with an increased risk of pancreas BPAR
(41.4% vs. 8.5%, p = 0.001; OR 7.588, 2.145–26.839) with a
sensibility of 68.75%, a specificity of 67.83%, a PPV of 22.92%,
and an NPV of 93.98%.

Eleven (8.4%) patients developed dnDSAs. Among them, eight
recipients had dnDSAs from class II, two from class I, and one
from both class I and II. Of these antibodies, 6 (46.1%) were HLA-
DQ, 4 (30.78%) were HLA-DR, and 3 (23.08%) were HLA-A.
There was a non-significant difference with tacrolimus’ IPV
(47.9% ± 14.44% vs. 69.27% ± 44.76%, p = 0.193), amylase

TABLE 1 | Differences in clinical and analytical variables between groups.

Variable Biopsy-proven rejection No rejection p-value

N = 16 N = 115

Pancreas transplantation type, n (%) 0.045
SPK 13 (10.66) 109 (89.34)
PAK 3 (33.33) 6 (66.67)

Indication for pancreas transplantation, n (%) 0.868
Type 1 diabetes 16 (12.4) 113 (87.6)
Type 2 diabetes 0 1
Hemorrhagic pancreatitis 0 1

Male donor, n (%) 9 (12.85) 61 (87.14) 0.810
Lipase, U/L, median (IQR) 96 (161) 41 (39.75) 0.078
Amylase U/L, median (IQR) 111.5 (99.5) 88.5 (49.75) 0.111
Glucose mg/dL, median (IQR) 92.5 (38.25) 87.5 (14) 0.284
HbA1C (%), median (IQR) 5.35 (0.93) 5.5 (0.65) 0.894
antiGAD U/mL, median (IQR) 0.55 (15.73) 0.6 (3.72) 0.692
C-peptide ng/mL, mean ± SD 3.4 ± 1.81 3.52 ± 2.53 0.807
Recipient age, mean ± SD 39.66 ± 9.41 41.35 ± 7.53 0.281
Donor age, median (IQR) 36 (23) 36 (14.5) 0.430
BMI, kg/m2 23.9 ± 2.6 23.35 ± 3.03 0.488
Diabetes vintage (months), mean ± SD 25.7 ± 9.59 27.19 ± 8.21 0.982
Intrapatient variability, median (IQR) 52.18 (0.32) 43.3 (0.13) 0.809
Time BTR, median (IQR) 37.98 (0.37) 20.45 (0.26) 0.028
Tests BTR, mean ± SD 42.43 ± 13.81 32.5 ± 17.07 0.013

antiGAD, Anti-glutamic acid decarboxylase antibody; BMI, body mass index; BTR, below therapeutic range; HbA1C, hemoglobin A1C; PAK, pancreas after kidney; SPK, simultaneous
pancreas kidney.

Transplant International | Published by Frontiers April 2024 | Volume 37 | Article 125914

Rodríguez-Espinosa et al. Time in Therapeutic Range in Pancreas Transplantation

117



(116 ± 42.54 vs. 108 ± 50.23 U/L, p = 0.68), and lipase (234.67 ±
344.53 vs. 83.83 ± 71.46 U/L, p = 0.23).

The time and tests below the therapeutic range were associated
with an increased incidence of dnDSA development (30.18% vs.
43.93%, p = 0.017 and 40.57% vs. 71.26%, p = 0.048, respectively).
However, the AUC for the time was smaller than for the number
of tests below the therapeutic range (66.2% vs. 71.3%). When
analyzing both variables as dichotomic based on the cutoff values
established previously, only the number of tests remained
statistically significant (38.9% vs. 9.4%, p = 0.012; OR
6.135, 1.346–27.78).

DISCUSSION

In this study, we determined that patients who spent longer time
or had more tests below the tacrolimus therapeutic range had an
increased incidence of acute pancreatic graft rejection. We also
found that a cutoff of 31.5% of the time and 34% of the tests were
significantly associated with an increased pancreatic rejection
incidence with a very high specificity and NPV. Moreover, those
with a higher number of tests below the therapeutic range were
also associated with an increased incidence of dnDSA. Finally, we
performed ROC analysis and found that the time and tests below
the therapeutic range had a similar area under the curve
compared to lipase for pancreatic graft BPAR.

Tacrolimus is a crucial part of maintenance
immunosuppression in pancreas transplantation and is
recommended by current guidelines despite being prescribed
off-label due to lack of approval by the US Food and Drug
Administration. However, sufficient evidence has proven its
efficacy in improving short- and long-term pancreatic graft
survival [34]. There is some data on specific dosing of
immunosuppressors and dnDSA formation in pancreas
transplantation. Yet, data on the impact of dosage and
monitoring trough levels on the risk of rejection is lacking.

That becomes of great importance as tacrolimus has a limited
therapeutic threshold that needs to be constantly adjusted by
transplant professionals. In this sense, there is evidence that
associates the time spent within the therapeutic range of
tacrolimus and various solid-organ graft survival, such as lung,
heart, and kidney [35]. Nevertheless, there is currently no data on
this subject in patients with SPK or PAK.

In our cohort, we found that around a third of patients were
below the targeted tacrolimus therapeutic range, similar to data
published by Davis et al. [33], although theirs is only from the
first-year post-kidney transplantation.

Regarding BPAR, we found a rejection incidence of 12.2%,
similar to the reported 10%–14% incidence published previously
[36]. There is evidence evaluating the usefulness of TTR in other
solid organ transplants, such as lung transplantation, where a
cutoff of 30% or an increase of 10% of the baseline TTR, in turn,
decreased the risk of graft rejection [20, 28]. Similarly, a study on
living kidney donors determined that a TTR below 22% increased
the risk of kidney graft rejection [26], while another one with
deceased donors determined a cutoff of 30% [25]. In the case of
heart transplants, a TTR lower than 25% was associated with
more rejections [29]. In our case, we found that spending more
than 31.5% of the TTR and more than 34% of the tests below the
therapeutic level was significantly associated with an increased
risk of acute rejection.We also found that an elevated lipase above
53 UI/L was significantly associated with an increased incidence
of BPAR. To our knowledge, this is the first evidence on a specific
lipase cutoff value since there is no evidence on this subject for
stable pancreatic transplant recipients beyond the early
postoperative scenario, where they associate a mean value of
634 ± 247 UI/L with an increased incidence of BPAR [37].

Regarding humoral response, there is evidence that lower
tacrolimus levels are associated with a higher risk of dnDSA
development in kidney transplant recipients [25]. The mentioned
article by Davis et al. [33] found dnDSAs in 21.7% of their cohort.
Their appearance was associated with a time outside the

FIGURE 2 | Receiver operating characteristic (ROC) curves of evaluated tests.
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therapeutic range of tacrolimus greater than 30%. In our cohort,
8.4% of patients developed dnDSA, and a percentage of 36% or
more of tests below the therapeutic range increased the risk of
developing them [37]. We did not find any significant association
with lipase blood levels. This may be explained by the fact that
lipase only translates to an ongoing graft injury, and while a
patient with dnDSAs is at risk for rejection, it may not have
occurred yet, hence there is no injury. Additionally, not all
rejections are antibody-mediated, which may also explain the
presence of a significant BPAR and not a dnDSA association.

A study by Torabi et al. [38] performed on pancreatic
transplant recipients showed that extended-release tacrolimus
was associated with fewer rejections and non-significantly with
less IPV. The study by Davis et al. [25] in kidney and SPK
recipients determined that an IPV greater than 44% was
associated with increased dnDSA development. However, they
did not perform an SPK subanalysis. In contrast, we did not find
an association between IPV and BPAR and only found a non-
significant difference with increased IPV and dnDSA formation.

This study has several limitations. There is a possibility that
certain tacrolimus levels may not accurately represent trough
levels. Concurrent medical conditions or medications may
influence levels, and we did not perform a subanalysis
according to patients’ baseline immunological risk, given the
small sample we worked with. Also, as were only evaluating
immunological outcomes, we decided only to study the time
below and not within the therapeutic range. Finally, this is a
single-center retrospective study, which limits our capacity to
determine the exact number of per cause and protocol biopsies,
the interpretation of the results obtained, and their
generalizability.

To conclude, this study highlights the significance of
maintaining proper levels of immunosuppression in pancreas
transplantation. It suggests that identifying patients at risk of
rejection can potentially be done by monitoring the percentage of
tests that fall below the therapeutic range. Additionally, this
method could prove to be a valuable tool if combined with
new rejection markers, such as donor-derived cell-free DNA
[39]. This would enable identification of high-risk patients for

immunological exposure, while also allowing for detection of
graft damage, without incurring additional financial expenses.
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Reveals Distinct Impact on Antiviral
T-cell Immunity Towards CMV
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Infectious complications, including widespread human cytomegalovirus (CMV) disease,
frequently occur after hematopoietic stem cell and solid organ transplantation due to
immunosuppressive treatment causing impairment of T-cell immunity. Therefore, in-depth
analysis of the impact of immunosuppressants on antiviral T cells is needed.We analyzed the
impact of mTOR inhibitors sirolimus (SIR/S) and everolimus (EVR/E), calcineurin inhibitor
tacrolimus (TAC/T), purine synthesis inhibitor mycophenolic acid (MPA/M), glucocorticoid
prednisolone (PRE/P) and common double (T+S/E/M/P) and triple (T+S/E/M+P)
combinations on antiviral T-cell functionality. T-cell activation and effector molecule
production upon antigenic stimulation was impaired in presence of T+P and triple
combinations. SIR, EVR and MPA exclusively inhibited T-cell proliferation, TAC inhibited
activation and cytokine production and PRE inhibited various aspects of T-cell functionality
including cytotoxicity. This was reflected in an in vitro infection model, where elimination of
CMV-infected human fibroblasts by CMV-specific T cells was reduced in presence of PRE
and all triple combinations. CMV-specific memory T cells were inhibited by TAC and PRE,
which was also reflectedwith double (T+P) and triple combinations. EBV- and SARS-CoV-2-
specific T cells were similarly affected. These results highlight the need to optimize immune
monitoring to identify patientswhomaybenefit from individually tailored immunosuppression.

Keywords: CMV-specific T cells, immunosuppression, adoptive T-cell therapy, solid organ transplantation,
hematopoietic stem cell transplantation

INTRODUCTION

Infectious complications following hematopoietic stem cell and solid organ transplantation (HSCT,
SOT) are common due to immunosuppressive treatment for prevention of graft-versus-host disease
(GvHD) and allograft rejection. Persistent herpesviruses, such as human cytomegalovirus (CMV),
are particularly frequent pathogens. An association between CMV infection/reactivation, the
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development and severity of GvHD and graft injury has been
described in several clinical studies of HSCT and SOT [1–3]. Risk
factors include in vivo or in vitro T-cell depletion, HLA-
mismatched HSCT, the intensity of immunosuppression, and -
in the setting of SOT - the type of transplanted organ [4, 5].
Moreover, CMV-seronegative (CMV-) SOT recipients of a graft
from a CMV-seropositive (CMV+) donor (D+/R-) are at high-
risk, with incidences of CMV disease up to 50% [6, 7].

The two main strategies to prevent CMV infection or disease in
transplant patients are antiviral prophylaxis and preemptive therapy.
Especially in high-risk SOT recipients, the most common strategy is
antiviral prophylaxis, which is applied for up to 12 months after
transplantation. Despite effectiveness of antiviral prophylaxis, side-
effects such as nephrotoxicity or bonemarrow suppression can result
in discontinuation of prophylaxis and late-onset CMV disease after
end of prophylaxis [8]. In addition, drug resistances can limit the
efficacy of antiviral drugs [9–11]. In 2017/2018, letermovir was
approved for prophylaxis after HSCT. In a recent phase III clinical
trial comparing valganciclovir and letermovir prophylaxis in kidney
transplant recipients (D+/R-), similar incidences of CMV disease
were observed in both groups, with fewer side effects in patients
receiving letermovir [12]. Preemptive treatment comprises of regular
monitoring of viral load, allowing rapid therapy initiation upon
detection of an increase. By this, progression to CMV disease can be
prevented at an early stage of virus replicationwhile at the same time,
myelotoxicity associated with antiviral drugs is reduced [4, 13].

Mechanistically, a relationship between the magnitude of T-cell
responses, especially by CD8+ T cells, CMV clearance and restoration

of antiviral immunity was found [14]. In line, late-onset CMVdisease
andmortality have been correlated with the absence of CMV-specific
T cells [7, 15, 16]. In recent studies, lower incidence of late-onset
CMV disease was observed in liver transplant patients receiving
preemptive therapy compared to prophylaxis and this was
hypothesized to be due to enhanced CMV-specific T-cell
immunity [17, 18]. Assuming that preemptive treatment
potentially allows early immune reconstitution and the
establishment of cellular antiviral immunity due to controlled low-
level CMV replication, the restoration of endogenous antiviral
immunity may be sensitively disrupted or delayed by
immunosuppressive therapy.

Appropriate T-cell function relies on a variety of aspects and
these are targeted via different mechanisms by post-transplant
immunosuppressants. Reduction of immunosuppression as
tolerated is an alternative option to restore a functional antiviral
immune response. CMV disease after SOT typically occurs after
30–90 days [19–22]. At this point, patients are mostly treated by
maintenance therapy, e.g., triple combinations usually consisting of
a calcineurin inhibitor (CNI, e.g., tacrolimus) and a corticosteroid
(e.g., prednisolone), supplemented with a purine synthesis
inhibitor (e.g., mycophenolate mofetil, MMF) or a mechanistic
target of rapamycin inhibitor (mTORi, e.g., sirolimus, everolimus).
Of note, different clinical studies including the ATHENA study
showed that the use of an mTORi was associated with lower CMV
infection incidences compared to MMF-based regimens [23–29].

To support the restoration of antiviral immunity in SOT
recipients and thereby reduce the risk of viral infection or
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reactivation, in-depth analysis of the effects of immunosuppressive
drugs and combination regimens on antiviral T cells is required. In
this study, we analyzed the impact of mTORi sirolimus (S/SIR) and
everolimus (E/EVR), the CNI tacrolimus (T/TAC), the active
metabolite of the purine synthesis inhibitor MMF - mycophenolic
acid (M/MPA) - and the glucocorticoid prednisolone (P/PRE) [30]
on CMV-specific T cells. As combination regimens are often used
due to synergistic effects and lower single doses thereby minimizing
toxicities, we included double (T+S/E/M/P) and triple combinations

(T+S/E/M+P) in our study. Detailed assessment of CMV-specific
T-cell responses in vitro revealed that SIR, EVR and MPA selectively
inhibited T-cell proliferation, TAC slightly inhibited different aspects
of CMV-specific T-cell functionality and PRE had broad inhibitory
effects. Severe impairment was observed with triple combinations,
and this could not be compensated by mTORi harboring partial
beneficial effects on CMV-specific T cells. In line with that, T+P
impaired antiviral T-cell functionality more strongly than T+S/E/M.
These results, including evidence of a similar effect on T cells against

FIGURE 1 | IFN-γ ELISpot, activation and cytokine secretion of CMV_pp65-stimulated PBMCs under immunosuppression. (A) PBMCs were isolated from CMV+
donors, rested overnight and stimulated with CMV_pp65 on day 1 in presence and absence of indicated immunosuppressants on IFN-γ ELISpot plates. After 24h,
secreted IFN-γ was detected. Representative and summarized IFN-γ ELISpot results shown as spots per well (spw)/2.5 × 105 PBMCs, spot intensity and spot size,
normalized to untreated control (UT). (B–D) PBMCs were isolated from CMV+ donors, rested overnight and stimulated with CMV_pp65 on day 1 in presence and
absence of indicated immunosuppressants. After 24 h cells were harvested for flow cytometric analysis and cell culture supernatants were collected for multiplex
analysis. (B) Frequencies of CD69+ cells among CD4+ T cells (bar graph) and memory CD4+ T-cell subsets (heat map), normalized to UT. (C) Summarized frequencies of
CD69+ cells among CD8+ T cells and memory CD8+ T-cell subsets (heat map), normalized to UT. (B–C) Bar graphs show median and interquartile range Q1-Q3, each
symbol represents data from one donor (n = 12). (B–D) Heat maps show median values, normalized to UT (n = 12). Statistical significance (in comparison to UT) was
calculated using (A–C) Friedman test followed by Dunn’s multiple comparison and (D) 2way ANOVA followed by Dunnett’s multiple comparison. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. NC negative control (unstimulated), UT untreated, SIR/S sirolimus, EVR/E everolimus, TAC/T tacrolimus, MPA/Mmycophenolic acid, PRE/P
prednisolone, TN naïve T cells (CD45RA+/CD62L+), TCM central memory T cells (CD45RA−/CD62L+), TEM effector memory T cell (CD45RA−/CD62L−), TEMRA effector
memory T cell re-expressing CD45RA (CD45RA+/CD62L−).
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EBV and SARS-CoV-2, highlight the need to optimize monitoring of
immunocompromised patients or patients with viral infection/
reactivation by determining antigen-specific T-cell functionality to
further individualize immunosuppressive therapy.

MATERIALS AND METHODS

For description of methods please see Supplementary Material.

RESULTS

PRE and Triple Combinations Reduce
Antiviral T-cell Activation and Effector
Molecule Production
To analyze the impact of the different immunosuppressants on the
reactivity of CMV-specific memory T cells, PBMCs were isolated
from CMV+ healthy donors and subjected to IFN-γ ELISpot assay
using CMV_pp65 overlapping peptide pool for restimulation in
absence or presence of immunosuppressants (Figure 1A;
Supplementary Figure S1A). To account for inter-individual
differences (Supplementary Figure S1A), the data were
normalized to values obtained from untreated (UT; stimulated but
not treated with immunosuppressants) controls (Figure 1A). The
frequencies of reactive CMV-specific T cells were significantly
decreased upon treatment with PRE and T+S/E/M+P. SIR and
TAC slightly reduced detectable CMV-specific T-cell response. In
addition to the number of spots, correlating to the number of reactive
CMV-specific memory T cells, average spot intensities and sizes were
significantly reduced in presence of triple combinations. Since all
triple combinations severely impaired memory T-cell reactivity, we
analyzed the impact of double combination of immunosuppressants
(T+S/E/P) on the reactivity of CMV-specific T cells in a small donor
cohort, revealing significantly reduced number of spots in the
presence of T+P (Supplementary Figure S1B). Of note, EBV-
and SARS-CoV-2-specific T-cell responses were similarly affected
by immunosuppressive treatment (Supplementary Figures S1C,
S1D), with SARS-CoV-2-specific T cells being more susceptible.

To gain more insights into the affected T-cell populations,
PBMCs from CMV+ donors were stimulated with
CMV_pp65 for 24 h in absence or presence of
immunosuppressants, followed by analysis of
CD69 expression as indicator of activation (Figures 1B, C;
Supplementary Figures S2A, S2B). Frequencies of CD69+

T cells after antigenic stimulation varied between donors and
T-cell subsets (Fig. S2b) and were normalized to values obtained
from UT controls (Figures 1B, C). Activation of CD4+ T cells by
CMV_pp65 was significantly reduced in presence of T+E+P and
T+M+P (Figure 1B). Of note, within the different CD4+

memory T-cell subsets, activation was significantly reduced
in presence of all triple combinations. Moreover, in presence
of PRE, CD4+ effector memory T cells (TEM,
CD45RA−CD62L−) were significantly less activated. Slightly
reduced CD69 expression on CD4+ central memory T cells
(TCM, CD45RA−CD62L+) and TEM was detected in presence

of TAC and MPA. Similarly, activation of CD8+ T cells by
CMV_pp65 was significantly reduced in presence of triple
combinations and PRE (Figure 1C). The main affected CD8+

memory T-cell subsets were TEM and effector memory T cells
re-expressing CD45RA (TEMRA, CD45RA+CD62L−). In line
with the effect of PRE on CD4+ T cells, significant reduction of
CD69 expression among CD8+ TEM was observed in presence
of PRE. Of note, slightly increased activation of CD4+ and CD8+

TEM and TEMRA were observed in presence of SIR and EVR.
In a small donor cohort, T-cell activation was analyzed after
antigenic restimulation in presence of double combinations of
immunosuppressive drugs (T+S/E/M/P) and found to be
slightly reduced in presence of T+P (Supplementary Figure
S2C). Similar tendencies were observed for EBV- and SARS-
CoV-2-specific T-cell responses (Supplementary Figures S2D,
S2E). The activation of CD4+ and CD8+ SARS-CoV-2-specific
T cells was significantly reduced in presence of T+P
(Supplementary Figure S2E).

For a more comprehensive overview on the impact of
immunosuppression on the production of cytotoxic mediators,
multiplex cytokine assays were performed with supernatants of
CMV_pp65-stimulated PBMCs (Figure 1D; Supplementary
Figure S3). The raw values (Supplementary Figure S3) were
normalized to the values obtained from UT controls (Figure 1D).
While SIR and EVR induced slightly higher concentrations of, e.g.,
IL-6 and TNF-α, the secretion of pro-inflammatory effector
molecules was slightly reduced in presence of TAC, MPA and
significantly reduced in presence of PRE and T+S/E/M+P. To
confirm antiviral T cells as source of the measured effector
molecules, we analyzed the culture supernatants of T-cell-depleted
PBMCs (Supplementary Figure S4A) stimulated with CMV_pp65
(Supplementary Figure S4B). Effector molecules such as, e.g., IL-2,
TNF-α and IFN-γ were upregulated in PBMCs but not T-cell-
depleted PBMCs after restimulation. Analysis of the effects of dual
immunosuppression (T+S/E/M/P) on the secretion of effector
molecules (Supplementary Figure S5) revealed significantly
reduced secretion of different effector molecules by PBMCs after
stimulation with CMV_pp65 in presence of T+P (Supplementary
Figure S5B). Overall, similar patterns were observed after stimulation
under the influence of immunosuppression for EBV- and SARS-
CoV-2-specific T cells (Supplementary Figure S5B).

Taken together, PRE and triple combinations significantly
reduced activation and effector molecule secretion of CMV-
specific T cells. While all CD4+ memory T-cell subsets were
affected by triple combinations, effects on CD8+ T cells were
mainly attributed to TEM. Among the double combinations, T+P
had the most pronounced impact on antiviral T cells. Moreover,
immunosuppressive treatment resulted in impaired T-cell
responses towards EBV and SARS-CoV-2.

TAC, MPA, PRE and Triple Combinations
Inhibit Cytokine Production by CD4+ and
CD8+ T-cell Subsets Upon Antigenic
Stimulation
To further discriminate between CD4+ and CD8+ T cells, we
performed intracellular cytokine staining of PBMCs stimulated
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with CMV_pp65 in absence or presence of immunosuppressants
and triple combinations thereof (Figure 2; Supplementary
Figure S6). The data were normalized to values obtained from
UT controls (Figure 2; Supplementary Figure S6B, S6C).
Frequencies of IFN-γ+, TNF-α+, and IL-2+ cells within CD4+

T cells were significantly reduced by triple combinations
(Figure 2A). Moreover, IFN-γ+ cells within CD4+ T cells were

significantly reduced by TAC and the frequencies of IL-2+ cells
within CD4+ T cells were significantly reduced by TAC and PRE.
In contrast, frequencies of IFN-γ+ cells within CD8+ T cells were
reduced by TAC, whereas triple combinations had no impact
(Figure 2B). TNF-α production by CD8+ T cells was slightly
reduced in presence of triple combinations, while IL-2 production
was significantly reduced by TAC, PRE and triple combinations.

FIGURE 2 | Cytokine profiling of CMV_pp65 stimulated PBMCs under immunosuppression. PBMCs were isolated from CMV+ donors, rested overnight and
stimulated with CMV_pp65 on day 1 in presence and absence of indicated immunosuppressants. After 24h, intracellular cytokine production was detected using
multicolor flow cytometry and secreted cytotoxic mediators were measured using a flow cytometry-based multiplex assay (LEGENDplex). (A,B) Bar graphs summarize
frequencies of IFN-γ+, TNF-α+ and IL-2+ cells among (A)CD4+ and (B)CD8+ T cells. The data are shown asmedian and interquartile range Q1-Q3 (n = 12). (C)Heat
maps summarize frequencies of IFN-γ+, TNF-α+ and IL-2+ cells among CD4+ (left) and CD8+ (right) memory T-cell subsets, normalized to untreated control (UT). Data are
shown as median (n = 12). Statistical significance (in comparison to UT) was calculated using Friedman test followed by Dunn’s multiple comparison. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001. NC negative control (unstimulated), UT untreated, SIR/S sirolimus, EVR/E everolimus, TAC/T tacrolimus, MPA/M mycophenolic acid,
PRE/P prednisolone, TN naïve T cells (CD45RA+/CD62L+), TCM central memory T cells (CD45RA−/CD62L+), TEM effector memory T cell (CD45RA−/CD62L−), TEMRA
effector memory T cell re-expressing CD45RA (CD45RA+/CD62L−).
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Inhibitory effects on CD4+ T cells were primarily focused on
TEM (IFN-γ, TNF-α, IL-2) and TEMRA (TNF-α) (Figure 2C).
Moreover, significantly reduced IFN-γ and IL-2 production by
CD4+ TEM was observed in presence of TAC. Among CD8+

memory T-cell subsets, reduction of TNF-α and IL-2 production
was comparable to CD4+ T-cell subsets.

Taken together, SIR and EVR mostly preserved the release of
pro-inflammatory cytokines by CMV-specific memory T cells,
which is in contrast to TAC, PRE and triple combinations.
Moreover, impairment of IFN-γ production by
immunosuppressive treatment was mostly restricted to CD4+

T cells, while IL-2 production was strongly reduced in CD4+ and
CD8+ T cells.

MPA and Triple Combinations Inhibit
CMV-specific T-cell Proliferation
To analyze the impact of immunosuppression on proliferation of
CMV-specific memory T cells, we isolated CMV_pp65-specific
T cells by IFN-γ cytokine secretion assay (CSA). The cells were
labeled with CellTrace Violet (CTV) proliferation dye and
expanded on irradiated autologous PBMCs (feeder cells) in

presence or absence of immunosuppressants and combinations
thereof for 4 days (Figure 3; Supplementary Figure S7). The data
were normalized to values obtained from untreated controls
(Figure 3; Supplementary Figures S7B, S7C). Presence of
MPA, T+S+P and T+E+P resulted in significantly reduced
proliferation of T cells (Figure 3A). Among CD4+ T-cell
subsets, treatment with T+E+P and T+M+P resulted in
significantly reduced proliferation of TEM (Figure 3B).
Proliferation of CD8+ TEM was significantly reduced in
presence of all triple combinations and CD8+ TCM
and TEMRA proliferation was significantly reduced in
presence of T+E+P.

Taken together, treatment with MPA and triple combinations
resulted in significantly impaired proliferation of CMV-
specific T cells.

PRE and Triple Combinations Impair
CMV-specific T-cell Activation and
Cytotoxicity
For measurement of the cytotoxic capacity of CMV-specific
T cells under immunosuppression, CMV_pp65-specific

FIGURE 3 | Proliferation analysis of purified CMV-specific T cells under immunosuppression. PBMCs were isolated from CMV+ donors, labeled with CellTrace™
Violet (CTV) and rested overnight, followed by magnetic enrichment of CMV-specific T cells using Cytokine Secretion Assay and CMV_pp65 stimulation. Afterwards, the
T cells were expanded on irradiated autologous PBMCs in presence or absence of indicated immunosuppressants, followed by flow cytometric analysis. (A)Histograms
showing CTV signals of CMV-specific T cells from a representative donor after 5 days of expansion (upper graph). Bar graph shows summarized mean fluorescent
intensities (MFIs) of CTV from proliferating T cells on day 5, normalized to untreated control (UT) (lower graph). (B) Bar graphs show summarized MFIs of CTV from
proliferating CD4+ (left) and CD8+ (right) T cells on day 5, normalized to untreated control (UT) (upper). Heat maps show summarized MFIs of CTV from proliferating CD4+

(left) and CD8+ (right) memory T-cell subsets on day 5, normalized to untreated control (UT) (lower). (A,B) Bar graphs show median and interquartile range Q1-Q3, each
symbol represents data from one donor (n = 5). Heat maps show data as median values (n = 5). Statistical significance (in comparison to UT) was calculated for each
T-cell subset using Friedman test followed by Dunn’s multiple comparison. *p < 0.05, **p < 0.01, ***p < 0.001. UT untreated, SIR/S sirolimus, EVR/E everolimus, TAC/T
tacrolimus, MPA/M mycophenolic acid, PRE/P prednisolone, TN naïve T cells (CD45RA+/CD62L+), TCM central memory T cells (CD45RA−/CD62L+), TEM effector
memory T cell (CD45RA−/CD62L−), TEMRA effector memory T cell re-expressing CD45RA (CD45RA+/CD62L−).
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memory T cells were isolated as described before and expanded
on feeder cells for 12 days, followed by co-culture with CTV-
labeled autologous CMV_pp65-loaded PBMCs in presence or
absence of immunosuppressants. Unloaded PBMCs served as
negative control. After 4 h, the cells were harvested for flow
cytometric analysis of target cell death and T-cell activation

(Figure 4; Supplementary Figure S8). The data were
normalized to values obtained from UT controls (Figure 4;
Supplementary Figure S8). While no unspecific cytotoxicity
of T cells co-cultured with unloaded PBMCs was observed
(Supplementary Figures S8A, S8B), frequencies of dead (7-
AAD+) PBMCs were increased when peptide pool-loaded and
co-cultured with T cells, and this effect was dose-dependent
(Figure 4A; Supplementary Figure S8B). At both ratios,
T+M+P resulted in reduced cytotoxicity of T cells towards
loaded PBMCs. Moreover, at the 5:1 ratio, treatment with
T+E+P significantly reduced cytotoxicity. Slightly reduced
cytotoxicity was observed in presence of MPA, PRE and triple
combinations at both ratios. In line, frequencies of CD69-
expressing CD8+ T cells and memory subsets were
significantly reduced under treatment with PRE (5:1), T+S+P
(1:1 and 5:1) and T+E+P (1:1 and 5:1) (Figure 4B;
Supplementary Figures S8C, S8D).

Taken together, PRE and triple combinations resulted in
comparable inhibition of cytotoxicity and activation after co-
culture with autologous CMV_pp65-loaded PBMCs.

PRE and Triple Combinations Inhibit
Real-Time Cytotoxicity Towards CMV-
Infected Fibroblasts
To evaluate long-term effects of immunosuppressive treatment, we
measured real-time cytotoxicity of CMV-specific T cells towards
partially HLA-matched CMV-infected or CMV_pp65-loaded
human foreskin fibroblasts (HFF) using xCelligence Real Time
Cell Analyzer (RTCA) (Figure 5). Fluorescence microscopy
confirmed the successful infection, indicated by expression of a
green fluorescent protein (GFP) signal in the CMV-infected cells
(Figure 5A). Direct comparison of growth curves for HFF cells
only and HFF cells plus T cells showed reduced cell indices in
presence of T cells for all three target cell conditions (Figure 5B).
PRE and all triple combinations markedly inhibited cytotoxicity as
indicated by higher cell indices. Area under the curve (AUC) values
(Supplementary Figure S9A) were normalized to the AUC values
obtained from the respective UT control (Figure 5C). While
slightly higher normalized AUC values were measured in co-
cultures treated with PRE or triple combinations, these effects
were markedly stronger in co-cultures with CMV-infected HFF
cells compared to the other two conditions.

Supernatants of these co-cultures were analyzed with respect
to secreted cytotoxic mediators (Supplementary Figure S9B).
Specific upregulation of IL-6, sFasL and IFN-γ was observed in
co-cultures with CMV-infected HFF cells and this was slightly
reduced in presence of PRE and triple combinations.

Taken together, CMV-specific T cells were unable to eliminate
CMV-infected fibroblasts under immunosuppression with PRE
or triple combinations, and this was accompanied by decreased
effector molecule production.

Summary
Spider web graphs including all assay read-outs were created for
each immunosuppressant in comparison to UT controls
(Figure 6). While all triple combinations conferred

FIGURE 4 | Cytotoxic capacity and activation of CMV-specific T cells
under immunosuppression. PBMCs were isolated from CMV+ donors and
rested overnight, followed by magnetic enrichment of CMV-specific T cells
using Cytokine Secretion Assay and CMV_pp65 stimulation. The T cells
were expanded on irradiated autologous PBMCs for 11 days and
subsequently co-cultured with CTV-labeled autologous CMV_pp65-loaded
PBMCs in different effector-to-target ratios and in presence or absence of
indicated immunosuppressants. After 4 h their cytotoxic capacity was
analyzed using flow cytometry. Unloaded PBMCs served as negative control.
(A) Bar graphs show the frequencies of dead (7-AAD+) target cells, normalized
to untreated control (UT). (B) Bar graphs show the CD69 expression (MFI)
among CD8+ T cells, normalized to untreated control (UT) (upper). Heat maps
show the CD69 expression (MFI) among CD8+ memory T-cell subsets,
normalized to untreated control (UT) (lower). (A,B) Bar graphs show median
and interquartile range Q1-Q3, each symbol represents data from one donor
(n = 4). Heat maps show data as median values (n = 5). Statistical significance
(in comparison to UT) was calculated using Friedman test followed by Dunn’s
multiple comparison. *p < 0.05, **p < 0.01, ***p < 0.001. UT untreated, SIR/S
sirolimus, EVR/E everolimus, TAC/T tacrolimus, MPA/M mycophenolic acid,
PRE/P prednisolone, TN naïve T cells (CD45RA+/CD62L+), TCM central
memory T cells (CD45RA−/CD62L+), TEM effector memory T cell (CD45RA−/
CD62L−), TEMRA effector memory T cell re-expressing CD45RA
(CD45RA+/CD62L−).
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homogenously and broadly attenuated CMV-specific memory
T cells, divergent effects of single immunosuppressants were
observed. SIR and EVR slightly inhibited T-cell proliferation
while mostly sparing activation and cytokine secretion. MPA
selectively inhibited T-cell proliferation more profoundly. In
contrast, TAC slightly inhibited different aspects of CMV-
specific T-cell functionality and PRE had broad inhibitory
effects on CMV-specific T cells.

DISCUSSION

The influence of post-transplant immunosuppressants on CMV
susceptibility and on antiviral T cells is of high importance for
choosing preventive and therapeutic measures, since T cells are
required for the final control of CMV replication [31].
Appropriate T-cell function relies on different aspects such as
proliferation, cytokine secretion and cytotoxicity [32] and these

FIGURE 5 | Cytotoxic capacity of CMV-specific T cells towards CMV-infected fibroblasts under immunosuppression. PBMCs were isolated from CMV+ donors
and rested overnight, followed by magnetic enrichment of CMV-specific T cells using Cytokine Secretion Assay and CMV_pp65 stimulation. The T cells were expanded
on irradiated autologous PBMCs for 11 days and subsequently co-culturedwith uninfected, CMV-infected or CMV_pp65-loaded Human Foreskin Fibroblasts (HFF) in an
effector-to-target ratio of 1:1 and in presence or absence of indicated immunosuppressants for 7 days using an xCELLigence RTCA S16 Real Time Cell Analyzer.
(A)Microscopic image of the different target cells prior to co-culture. (B)Realtime impedance-based growth curves of HFF cells cultured alone (HFF cells only) or together
with CMV-specific T cells in presence or absence of indicated immunosuppressants. Black arrows indicate time of T-cell addition. (C) Bar graphs display the AUC of
growth curves shown in (B), normalized to untreated control (UT). UT untreated, SIR/S sirolimus, EVR/E everolimus, TAC/T tacrolimus, MPA/Mmycophenolic acid, PRE/
P prednisolone.
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aspects are targeted via different mechanisms by post-transplant
immunosuppressants. Usually, for early prevention of allograft
rejection and perioperative lowering of maintenance
immunosuppressants following SOT, an induction therapy is
applied. In this phase, different T cell-depleting agents are
used. However, most CMV diseases following SOT typically
occur after 30–90 days [19–22]. At this point, mostly a switch
to maintenance therapy has been made by using triple
combinations [33, 34]. Of note, immunosuppressive regimens
differ regarding choice of immunosuppressants and dosages
between the transplanted organs and centers. Of note, in case
of resistant/refractory CMV disease, treatment options include
secondary antiviral drugs and individual change of
immunosuppression [35]. In case of insufficient antiviral T-cell
immunity, adoptive transfer of virus-specific T cells can restore a
long-lasting endogenous antiviral immune defense [36, 37]. In
this study, we screened commonly used immunosuppressive

drugs and combinations thereof with respect to different
aspects of T-cell functionality in vitro.

We observed that PRE and combinations containing PRE
attenuate IFN-γ secretion, which is in harmony with earlier
findings [38]. PRE, the active metabolite of prednisone, is a
glucocorticoid with broad immunomodulatory effects
including interference with different pro-inflammatory genes
and non-genomic cytosolic molecule interferences [39, 40].
IFN-γ is crucially involved in the defense against CMV and it
may foreshadow the outcome prior and post transplantation [41,
42] and determines the prognosis of critically ill patients as well
[43]. It was recently demonstrated that addition of
methylprednisolone to regimens featuring TAC and MMF
worsened the T-cell response in liver transplant recipients
[44]. We did not observe significant decreases of IFN-γ
secretion by the other tested immunosuppressive drugs, which
is in concordance especially for SIR and EVR [45]. Of note, an

FIGURE 6 | In vitro profiles of commonly used post-transplant immunosuppressants in context of antiviral T-cell immunity. Spider web graphs summarizing the
impact of the respective immunosuppressants on CMV-specific T cells as measured by the indicated assays and in comparison to untreated controls. Values used for
the diagrams are (clockwise starting from the top): IFN-γ ELISpot (spot numbers), activation status (frequencies of CD69+ CD4+ and CD8+ T cells), intracellular cytokine
staining (cumulative frequencies of IFN-γ+/TNF-α+/IL-2+ CD4+ and CD8+ T cells), multiplex cytokine profiling (concentrations of pro-inflammatory molecules),
proliferation (CD3+ T cells), cytotoxicity (4 h) (frequencies of dead target cells), activation (4 h) (CD69-MFIs of CD8+ T cells), realtime cytotoxicity (area under curve). UT
untreated, SIR/S sirolimus, EVR/E everolimus, TAC/T tacrolimus, MPA/M mycophenolic acid, PRE/P prednisolone.
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additive effect was revealed for triple combinations, exceeding the
inhibitory potential of PRE. Additionally, PRE and triple
combinations led to decreased expression of CD69, which is
regulating T-cell differentiation and metabolism [46].

SIR and EVR are mTORi and interfere with a variety of
cascades, including pathways essential for T-cell proliferation
[47–50]. Despite their chemical difference, distinct
pharmacokinetic characteristics and mTOR complex affinities
have been summarized, creating the interest of detailed side-by-
side comparisons [51]. Interestingly, clinical studies showed that
mTORi-based regimens are associated with lower CMV infection
incidences compared to MMF-based combinations [23–29, 52].

We extended the range of surveyed molecules using intracellular
cytokine staining to measure IL-2 and TNF-α production, which are
both known to play an important role in the anti-viral response [53,
54]. For the CNI TAC, which leads to a decreased activation of the
nuclear factor of activated T cells (NFAT) and a lower production of
pro-inflammatory stimuli [55–57], one of its main effects - the
depletion of IL-2 - was reflected in our study. Furthermore, we found
an inhibition pattern of TAC, PRE and triple combinations that was
focused on TEM and TEMRA, which are known for secreting high
amounts of cytokines [58].

Together with the production of pro-inflammatory molecules,
recruitment and proliferation is required for T-cell mediated organ
rejection [59] and therefore targeted by immunosuppressants. Here,
MPA, the active metabolite of MMF, stood out in our study. As a
purine synthesis inhibitor targeting the inosine-5′-monophosphate
dehydrogenase (IMDPH), it is relatively lymphocyte specific, due to
the compromised de novo pathway of guanosine nucleotides
(lymphocytes cannot use salvage pathway of purine synthesis)
and a high affinity to their IMDPH isoform. This leads to
inhibited human T- and B-cell proliferation [60]. MPA has a
high growth-arresting profile [61], which we conferred to be as
effective as from the investigated triple combinations. Other groups
described that its function extends beyond the antimetabolite
pathway inhibition [62, 63], which was partly supported by our
experiments, where it showed accompanying decreased cytokine
release. For this, PRE and triple combinations showed severe T-cell
impairment. Moreover, under triple combinations, slightly
decreased cytotoxic capacity was observed, alongside reduction of
T-cell activation.

Notably, the mTORi SIR and EVR showed a selective and
compared to MPA less profound inhibition of CMV-specific
T-cell proliferation. Our group showed earlier that SIR can
augment CMV-specific effector memory T cells while
inhibiting naive T cells [64], supporting the assumption that it
does not only have an isolated immunosuppressive effect.
Deciphering more mechanisms is a current topic, e.g., it was
recently found that for kidney transplants, mTORi prevented
CMV infection via αβ and γδ T-cell preservation [65]. Moreover,
CMV seems to utilize mTOR for its replication, e.g., in
macrophages [66]. Furthermore, for adoptive T-cell therapy,
advanced strategies are being developed to overcome
limitations due to immunosuppression, like the utilization of
gene knockouts for creating T cell drug resistance [67, 68]. This
displays an interesting approach besides providing evidence for
individual changes to more favorable drugs regimens.

To evaluate functional effects of CMV-specific T cells in
context of CMV infection, we established a real-time
cytotoxicity model using CMV-infected human fibroblasts in
which pp65 protein expression was reported as early as 1 h
and up to 24 h post infection [69]. Here, we observed that
PRE and triple combinations inhibited T cell-mediated
elimination of CMV-infected fibroblasts, confirming our
previous results. In a study by Jackson et al., CD8+ T cells
recognizing peptides derived from different CMV proteins
(pp65, IE-1) were effective in an in vitro virus dissemination
assay independent of their peptide specificity [70], therefore
indicating that the assay developed here can be utilized to
investigate T-cell responses against different viral antigens.
Such assays are of broad interest, e.g., for the investigation of
chimeric antigen receptor (CAR) T cells [71] and may be
beneficial for future projects studying virus-specific T cells as well.

Therapeutic drug monitoring is routinely applied for CNI/
mTORi and occasionally for MMF/MPA to prevent rejection and
toxicities. Hence, drug concentrations investigated in this study were
derived from known plasma levels to mimic a clinical situation
[72–75]. Immunosuppressive protocols vary between different
institutions and patients, desired ranges of combinatory
sustaining therapies may lie between 5–8 ng/mL of TAC, 3–8 ng/
mL EVR and 1–3.5 μg/mL MPA, for example, following liver
transplantation, which was represented in our study. In a recent
publication, 7.5–20mg/d administered PRE led to a median peak
plasma concentration of 0.271–0.921 μg/mL [76]. While the
concentration of PRE investigated in our study was above those
concentrations applied during maintenance therapy, it rather
correlates to early post-transplant oral dosage. Titration studies
should be conducted in the future to allow for further
conclusions on dose-dependent effects. However, the results of
our screening study may be useful for these further studies,
including clinical trials. Further experiments comparing
alloreactivity and antiviral responses side-by-side may be helpful
as well. In addition, a more detailed investigation of drug
interferences is of great interest, since both, TAC and SIR/EVR,
bind to the FK506 binding protein at first and thus may inhibit each
other [77]. Moreover, only recall responses of memory T cells but
not the activation of naïve T cells was analyzed, hence future studies
are needed to investigate the dose-dependent effects onmemory and
naïve T cells. In this study, we aimed at systematic analysis of the
impact of different immunosuppressive drugs on different aspects of
antiviral T-cell functionality. The impact of different
immunosuppressive treatment regimens in patients with different
transplantation history needs to be addressed in future studies.
Especially for SOT recipients at high risk, studies on the impact
of immunosuppressive drugs on the initiation of an anti-CMV
immune response via activation of naïve T cells are of great interest.

To conclude, we showed that immunosuppressants administered
after SOT or HSCT differentially affect CMV-specific T-cell
functionality. CMV-specific T-cell responses were strongly
impaired by triple combinations, while SIR, EVR and MPA
selectively affected T-cell proliferation. TAC slightly inhibited
activation and cytokine production. Further, PRE strongly
impaired CMV-specific memory T cells, which was also reflected
in the investigated triple combinations. While the focus of this study
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was on the impact of immunosuppressive treatment on CMV-
specific T-cell immunity, our data suggest that T-cell responses
towards other clinically relevant viruses such as EBV and SARS-
CoV-2 might be similarly–and in case of SARS-CoV-2 even more
profoundly–affected by post-transplant immunosuppressive
treatment. Based on our results on double combinations (T+S/E/
M/P), it can be assumed that the discontinuation of PRE in patients
receiving combinatory regimens such as T+S/E/M+P would be
beneficial to restore antiviral T-cell immunity. Taken together,
our data suggest potential beneficial effects of treatment with
mTORi whilst, if possible, TAC, MPA, PRE and triple
combinations should be used cautiously for patients at high risk
or suffering from CMV disease.
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Intensive Care to facilitate Organ Donation (ICOD) consists of the initiation or continuation
of intensive care measures in patients with a devastating brain injury (DBI) in whom curative
treatment is deemed futile and death by neurological criteria (DNC) is foreseen, to
incorporate organ donation into their end-of-life plans. In this study we evaluate the
outcomes of patients subject to ICOD and identify radiological and clinical factors
associated with progression to DNC. In this first prospective multicenter study we
tested by multivariate regression the association of clinical and radiological severity
features with progression to DNC. Of the 194 patients, 144 (74.2%) patients fulfilled
DNC after a median of 25 h (95% IQR: 17–44) from ICOD onset. Two patients (1%) shifted
from ICOD to curative treatment, both were alive at discharge. Factors associated with
progression to DNC included: age below 70 years, clinical score consistent with severe
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brain injury, instability, intracranial hemorrhage, midline shift ≥5mm and certain types of
brain herniation. Overall 151 (77.8%) patients progressed to organ donation. Based on
these results, we conclude that ICOD is a beneficial and efficient practice that can
contribute to the pool of deceased donors.

Keywords: transplantation, deceased organ donation, death by neurologic criteria, devastating brain injury,
intensive care to facilitate organ donation

INTRODUCTION

Intensive Care to facilitate Organ Donation (ICOD) is the
initiation or continuation of intensive care measures in
patients with a devastating brain injury (DBI) in whom
curative treatment is deemed futile, and death by neurological
criteria (DNC) is foreseen, with the aim of incorporating the
option of organ donation into their end-of-life care plans.

ICOD is an established practice in Spain, with specific,
published guidelines [1]. DBI is defined as a neurologic
condition, assessed as an immediate threat to life or
incompatible with good functional recovery, and where
withholding or withdrawal of life-sustaining treatments
(WLST) is being considered [2]. When a multidisciplinary
treating team consensually decides to pursue end-of-life care,
the patient is referred to the donor coordinator to evaluate
donation opportunities and provide detailed information about
ICOD to surrogate decision-makers (SDM). Having reflected
upon the nuances of this donation process, the SDM may
authorize ICOD to preserve the option of organ donation
while awaiting DNC. Donor coordinators will inform the

SDM that, if the patient does not meet DNC within the first
72 h or they revoke authorization, WLST will proceed.

ICOD in Spain contributes to 24%–33% of deceased donation
activities, with a mean of 2.3 organs transplanted per donor [3–5].
Other countries—e.g. Australia [6], Canada [7], France [8], the
Netherlands [9], the United Kingdom [10] and the United States
[11]—have implemented similar policies, based on delaying
WLST, to preserve the option of progressing to DNC.
However, Spanish legislation and the ICOD national protocol
permit the initiation of intensive measures, whilst several other
national systems only accept their continuation [12–14].

Accurate prognosis of DBI early after the injury is difficult
even for experienced clinicians, and a small percentage of patients
with a DBI may be discharged alive with acceptable outcomes [10,
11, 15]. Additionally, ICOD requires the investment of expensive
resources, with uncertainties about its effectiveness, and the
possibility of unintended negative consequence on the patient,
family and staff [3, 9, 10].

The aim of this study is to evaluate prospectively the outcomes
of patients with a DBI admitted to the intensive care unit (ICU)
for ICOD, and to identify clinical and radiological signs
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associated with progression to DNC. With an understanding of
the most reliable signs, clinicians may identify and refer in a
timely manner those patients most likely to become organ donors
after DNC. A secondary objective is to measure the impact of
ICOD on donation and transplantation metrics. The preliminary
results of this research were published as an abstract in 2021 [16].

MATERIALS AND METHODS

This is a prospective observational study conducted by the
Organización Nacional de Trasplantes (ONT) and the Spanish
Society of Intensive Care (SEMICYUC), performed in 26 Spanish
hospitals (20 with neurosurgical units and 6 without) out of
46 hospitals invited to participate (Figure 1).

From July 2018 to July 2020, patients aged over 18 years,
diagnosed with a DBI who had been admitted to the ICU for
ICOD, were consecutively enrolled in the study.

Informationwas collected on patient demographics, location, and
clinical and brain computed tomography (CT) scan data at the time
of assessment for ICOD. Radiologists at participating centers
completed a standardized form (Supplementary Material).

Information was also recorded on patients’ outcomes and
transition to actual donors, where applicable.

For this study, severe brain damage (SBD) was defined based
on values of validated scores for each etiology of the DBI: ICH
score ≥3 for intracerebral hemorrhage score [17], HUNT-HESS ≥
IV for aneurysmal subarachnoid hemorrhage [18],
NIHSS ≥25 for ischemic stroke [19] and GCS ≤5 for
traumatic brain injury [20, 21]. An unstable patient was
defined by the risk of imminent respiratory arrest [1].

Qualitative data is presented as absolute numbers and
percentages. Quantitative data is displayed as mean and
standard deviation or median and interquartile range (IQR),
depending on the dispersion of the sample. Data derived from
the clinical examination and brain CT at the time of assessment
for ICOD, were evaluated for their potential association with
progression to DNC [21–25].

Univariate effects were analyzed using Hazard Ratios (HR)
and their 95% confidence intervals (95% CI). The analysis
strategy is not only based on statistical criteria. Statistically
significant variables (p < 0.05) identified on the univariate
analysis, plus likely confounding variables, were included in
the multivariate Cox model. Variance inflaction factor was
used to study the collinearity between some explicative
variables resulting after the univariate analysis. In case of
collinearity, the variable with highest effect (HR) was
considered the most appropriate to be included in the
multivariate model. The assumption of proportionality of the
models was evaluated. Discriminative ability was calculated by
Harrell’s C index. Two-sided tests were used and a p-value <
0.05 was considered significant. Statistical analyses were
performed using Stata version 17.0.

The study was approved by the Institutional Review Boards of
each participating hospital. The Ethics Committee of ONT
produced a written informed consent for SDMs enrolling in
the study, which was endorsed by participating centers
(Supplementary Material). All procedures were in accordance
with the Declaration of Helsinki.

RESULTS

In total, 201 patients with DBI were included in the study
(Figure 2). Seven cases were excluded from analysis because
patients had received medical treatment with curative intent
within 24 h of the DBI. Data from the remaining 194 patients
was analyzed.

Baseline characteristics of patients, location, results of the
clinical examination and brain CT features at the time of
ICOD assessment are shown in Table 1. The main cause of
the DBI was an intracranial hemorrhage (n = 126, 88.1%).
Assessment of the eligibility for ICOD was most frequently
performed within the emergency department (n = 144, 74.2%).
Most patients (n = 127, or 65.5%) were intubated and ventilated
before the decision to apply ICOD. Brain CT showed 144 (74.2%)

FIGURE 1 | Hospital selection process to participate in the study. Footnote: DBD, Donation after Brain Death; DCD, Donation after Circulatory Death; DC, donor
coordinator.
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patients had a midline shift ≥5 mm, 150 (77.3%) had basal cistern
effacement and 155 (79.9%) had some form of brain herniation.

Clinical Outcomes of Patients Subject
to ICOD
Outcomes of patients subject to ICOD are displayed in Figure 2.

Of the 194 cases, 144 (74.2%) fulfilled the criteria for DNC
after a median time of 25 h (95% IQR: 17–44) from ICOD onset,
with most patients (n = 134, 69.1%) fulfilling DNCwithin the first
72 h from ICOD onset.

Forty-six patients (23.7%) died following the decision to
WLST after a median time of 49 h (95% IQR: 24–84) from
ICOD onset. The median time to death by circulatory criteria
was 51 h (95% IQR: 25–84) after the initiation of ICOD. Two
of the 46 patients were discharged alive from the ICU and
transferred to the ward for palliative care, where they died
(Table 2). In 21 patients, WLST took place within the first
48 h (11 due to medical contraindications and 10 because
family revoked consent for ICOD). In the remaining
25 patients, WLST occurred after 48 h, in most cases
because the timeframe agreed with SDM for DNC
was surpassed.

Two patients (1.0%) admitted to the ICU for ICOD were
later reassessed and received curative treatment. One of these
patients had been diagnosed with an aneurysmal subarachnoid
hemorrhage. The severity of the brain injury had been assessed

close to the hemorrhage onset and SDM had refused any
invasive therapeutic intervention. However, after being
reassessed in the ICU, their neurological condition showed
improvement, and the decision was made to apply curative
treatment. After 26 days, the patient did not show any
neurological improvement and was transferred to internal
medicine. The second patient had been diagnosed with a
traumatic brain injury and transferred from another
hospital for ICOD. Clinicians reassessed the neurological
status and recommended shift to curative treatment, despite
the severity of the brain injury. After 15 days their neurological
condition did not improve and they were discharged to a social
institution.

Factors Associated With Progression
to DNC
Univariate and multivariate analyses of factors associated with
progression to DNC in ICOD patients is shown in Table 3. The
variables Glasgow Coma Score and intubated patient were not
included in the final multivariable model due to their collinearity
with severe brain damage and unstable respectively. On the final
multivariate Cox model, multiple factors were significantly
associated with progression to DNC including: age under
70 years, severe brain damage, instability at the time of
assessment for ICOD, intracranial hemorrhage in the temporal
region, midline shift ≥5 mm and certain types of brain herniation

FIGURE 2 | Evolution of patients subject to intensive care to facilitate organ donation and effectiveness on donation and transplantation. Footnote: DNC, Death by
Neurologic Criteria; DBI, Devastating Brain Injury; WLST, Withdrawal of life sustaining treatment; CA, cardiac arrest; DBD, Donation after Brain Death; DCD, Donation
after Circulatory Death; Age, mean (SD); ORPD, organ recovered per donor; OTPD, organ transplanted per donor.
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(cerebellar tonsillar herniation combined with transtentorial and/
or subfalcine herniation).

Impact of ICOD on Organ Donation and
Transplantation
Overall, 151 (77.8%) patients transitioned to actual organ donors,
132 after DNC and 19 after the circulatory determination of death
(41.3% of the 46 patients who died after the WLST). In

total, 2.8 organs were recovered and 2.2 organs were
transplanted per actual donor (1.8 for donors
aged ≥70 years) (Figure 2).

The reasons why patients with DNC did not transition to
actual donation were: medical contraindications (n = 6), SDM
refused consent (n = 4), no suitable recipient (n = 1) and
unexpected cardiac arrest after DNC (n = 1). Corresponding
reasons why patients who died after the WLST did not transition
to actual donation were: medical contraindications (n = 13), age

TABLE 1 | Characteristics of patients subject to intensive care to facilitate organ donation.

Demographic characteristics

Sex male, n (%) 97 (50.0%)
Age (years), mean (SD) 72 (12)
Cause of DBI, n (%)
Intracranial hemorrhage 126 (64.9%)
Traumatic brain injury 38 (19.6%)
Ischemic stroke/hypoxic brain injury 21 (10.8%)
Aneurysmal SAH 9 (4.6%)

Time and location where ICOD was assessed

Time from DBI diagnosis to assessment for ICOD (hours), median (IQR) 1 (1–2)
Location of assessment for ICOD, n (%)
Emergency room 144 (74.2%)
Intensive care unit 19 (9.8%)
Stroke unit 15 (7.7%)
Neurology ward 8 (4.1%)
Post-anesthesia care unit 4 (2.1%)
Othera 4 (2.1%)

Clinical data at the time of assessment for ICOD

Intubated patient at the time of assessment for ICOD, n (%) 127 (65.5%)
Unstable (risk of imminent respiratory arrest), n (%) 17 (8.8%)
Glasgow Coma Score, n (%)
3–5 155 (79.9%)
6–7 28 (14.4%)
≥8 11 (5.7%)

Severe brain damageb, n (%) 162 (83.5%)
ICH (intracranial hemorrhage no-SAH, n = 126) ≥ 3 111 (88.1%)
NIHSS (ischemic CVA, n = 21) ≥ 25 10 (47.6%)
HUNT-HESS (aneurysmal SAH, n = 9) ≥IV 8 (88.9%)
Glasgow Coma Scale (GCS) (TBI, n = 38) ≤ 5 33 (86.8%)

Radiological data at the time of assessment for ICOD

Intracranial hemorrhage in temporal region, n (%) 51 (42.9%)
Midline shift (mm), median (IQR) 12 (4–16)
Midline shift ≥ 5 mm, n (%) 144 (74.2%)
ONSDc 3 mm behind the globe (mm) (n = 104), mean (SD) 5.9 (1.3)
ONSDc 10 mm behind the globe (mm) (n = 104), mean (SD) 5.1 (1.7)
Hydrocephalus, n (%) 104 (53.6%)
Basal cistern effacement, n (%) 150 (77.3%)
Herniation, n (%) 155 (79.9%)
Types of brain herniation, n (%)
No herniation 39 (20.1%)
Transtentorial alone 54 (27.8%)
Subfalcine alone 50 (25.8%)
Cerebellar tonsil alone 7 (3.6%)
Transtentorial + Subfalcine 33 (17.0%)
Cerebellar tonsil + Transtentorial and/or Subfalcine 11 (5.7%)

aInternal Medicine, Neurosurgery department, transfer from another hospital.
bSevere Brain Damage is considered positive when any of the following occur: ICH≥ 3 for intracranial spontaneous hemorrhage; NIHSS ≥25 for ischemic stroke; HUNT-HESS ≥ IV, for
aSAH; Glasgow ≤5 for TBI.
cONSD: optic nerve sheath diameter.
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unsuitable for donation after the circulatory determination of
death (DCD) (n = 12) and death not expected within a timeframe
suitable for organ donation (n = 2).

DISCUSSION

Even for experts in neurocritical care, prognostication in DBI within
a short timeframe from injury is challenging. With this study, we
wanted to evaluate the practice of ICOD and provide detailed patient

outcomes. To the best of our knowledge, this is the first multicenter
study that prospectively evaluates the impact of clinical and
radiological data from patients with DBI and upon the likelihood
of progression to DNC in patients admitted in ICU for ICOD.

Factors Associated With Progression
to DNC
Most patients subject to ICOD in our series did progress to DNC
(74.2%), consistent with reports from retrospective multicenter

TABLE 3 |Analysis of the factors associated with death by neurological criteria in patients subject to intensive care to facilitate organ donation. Univariate andmultivariate Cox
model.

Variables Univariate Multivariatea

Hazard ratio [CI 95% HR] p Hazard ratio [CI 95% HR] p

Sex male 1.06 [0.76–1.47] 0.737
Age <70 yearsb 1.74 [1.24–2.45] 0.002 1.78 [1.24–2.56] 0.002
Cause of death 0.301
Aneurysmal subarachnoid haemorrhage Ref.
Hemorrhagic Stroke 1.59 [0.70–3.64] 0.270
Ischemic Stroke/Hypoxic brain injury 1.00 [0.39–2.62] 0.994
Traumatic brain injury 1.36 [0.56–3.32] 0.497
Glasgow Come Score 0.058
3–5 3.31 [1.22–8.98] 0.019
6–7 2.88 [0.98–8.49] 0.055
≥8 Ref.

Severe Brain Damagec 1.87 [1.11–3.14] 0.019 2.06 [1.19–3.58] 0.010
Time from DBI diagnosis to ICOD evaluation 0.95 [0.88–1.02] 0.131
Intubated patient 1.57 [1.10–2.25] 0.014
Unstable (risk of imminent respiratory arrest) 1.73 [0.98–3.07] 0.059 3.29 [1.71–6.33] <0.001
Intracranial hemorrhage 1.37 [0.96–1.95] 0.079
Intracranial hemorrhage in temporal region 1.70 [1.21–2.39] 0.002 1.47 [1.03–2.10] 0.034
Midline shift ≥5 mm 1.68 [1.13–2.51] 0.010 1.77 [1.14–2.74] 0.011
ONSDd 3 mm behind the globe 0.91 [0.76–1.08] 0.265
Hydrocephalus 0.92 [0.67–1.28] 0.639
Basal cistern effacement 1.36 [0.90–2.05] 0.146
Type of brain herniation 0.003 Ref
No herniation Ref.
Transtentorial 1.98 [1.18–3.32] 0.009
Subfalcine 1.41 [0.83–2.40] 0.204
Cerebellar tonsil 2.55 [1.03–6.34] 0.043
Transtentorial + Subfalcine 1.63 [0.92–2.89] 0.097
Cerebellar tonsil + Transt. And/or Subfalcine 4.73 [2.15–10.40] <0.001 1.45 [0.99–2.12] 0.054

aDiscriminate analysis: Harrell Index, C 0.66.
bCut-off stablished through ROC, curve.
cSevere Brain Damage, defined by an ICH ≥ 3 for intracranial spontaneous hemorrhage, an NIHSS ≥25 for ischemic stroke, a HUNT-HESS ≥ IV, for aneurysmal subarachnoid
haemorrhage and a Glasgow Coma Score ≤5 for traumatic brain injury.
dONSD: Optic Nerve Sheath Diameter.
Bold means statistically significant, defined as p equal to or less than 0.05.

TABLE 2 | Characteristics of the four patients discharged alive from the intensive care unit.

Age Etiology GCS/Hunt-Hess WLST (h) Outcome

69 ICH 5 13 Palliative care, died in the ward
87 ICH 8 22 Palliative care, died in the ward
83 TBI 7 Discharged Alive; GOS 3
83 aSAH >IV Discharged Alive; GOS 3

aSAH, aneurysmal subarachnoid hemorrhage; ICH, intracranial hemorrhage; TBI, traumatic brain injury; GOS, 3: conscious, need help for daily tasks. WLST, withdrawal of life sustaining
treatment in ICU.
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and single-center studies performed in Spain [3–5]. This
progression to DNC was higher than that reported by both
Melville et al. (65%) and Humbertjean et al. (23%) [6, 25].
Differences may be due to variation between patient cohorts
and also improving ability to prognosticate over time.

Clinical factors independently associated with the progression
to DNC were: age under 70 years, achieving SBD criteria
(diagnosis specific), and risk of imminent respiratory arrest.
Relevant radiographic factors consisted of intracranial
hemorrhage in the temporal region, midline shift ≥5 mm and
a combination of tonsil with transtentorial and/or subfalcine
herniation.

Being older than 70 has been well described as a factor
reducing the likelihood of progression to DNC [3–5, 25, 26].
This finding should not prevent clinicians considering ICOD in
older patients, as our study included 100 donors aged ≥70,
resulting in 1.8 organs transplanted per donor (Figure 2).

Although some have reported a cut-off value in GCS (e.g.,
GCS≤6) to be associated with progression to DNC [21], others do
not identify a firm cut-off value [10, 15]. Aware of this limitation,
we identified positive indicators for defining Severe Brain
Damage (SBD) depending on the brain injury pathology
(ICH≥ 3 for intracranial spontaneous hemorrhage,
NIHSS ≥25 for ischemic stroke, HUNT-HESS ≥ IV for
aneurysmal subarachnoid hemorrhage and a Glasgow Coma
Scale ≤5 for traumatic brain injury). Our results show that
meeting criteria for SBD is associated with progression to
DNC in this selected cohort of ICOD patients
(OR 2.06 [1.19–3.58]).

We evaluated the findings of the brain CT scan performed
when ICOD was considered, to assess their association with
progression to DNC. This approach is different from that of Ray
A et al. who analyzed signs in the CT scan taken before DNC
occurred [27]. We like others found herniation is associated
with DNC [21, 25]. The combination of tonsillar plus
transtentorial and/or subfalcine herniation was the
combination most strongly associated with progression to
DNC in patients subject to ICOD. This contrasts with Ray
et al, who did not observe any association between herniation
and DNC [27]. This may be due to the different timing of the
brain CT to DNC and the highly selective cohort of patients in
our study [21, 25, 27].

Clinical Outcomes of Patients Subject
to ICOD
ICU admission for ICOD allows stabilizing hemodynamic and
respiratory parameters, reassessing the neurological condition,
and studying thoroughly the patient’s medical history to establish
eligibility for organ donation. The neurological reassessment of
patients with DBI is performed daily to evaluate clinical
improvement or deterioration and, when needed, a brain CT-
scan is repeated.

The median time to meet DNC in our study (25 h) was
relatively short compared to the average of 43 h from ICU
admission (IQR 24–87) observed in all DBI patients who
ultimately progressed to DNC. This latter cohort includes

2,393 patients admitted to ICU (26 centres) with DBI for
either treatment with curative intent or ICOD from 2018 to
2020. The implemented ICOD practice in Spain shows that donor
coordinators are highly restrictive and only consider admittance
in ICU for ICOD a patient with DBI that will otherwise be
admitted for terminal sedation, which explains the advanced age
of our sample.

Two patients (1%) in our cohort were discharged alive (both
aged 83), similar to 0.9% reported by Melville et al [6]. In both
cases, the treating team decided to shift from ICOD to full
treatment after observing an improvement in the
neurological exam.

The main reason for not transitioning to DNC was WLST
(n = 46). Reasons for the WLST in the first 48 h from ICOD
onset were medical contraindications (N = 11) and SDM
revoking consent for ICOD before the end of the agreed-
upon timeframe (N = 10). After 48 h, WLST occurred in
most cases because the timeframe agreed with SDM for DNC
was surpassed (N = 23) or SDM revoked consent before
surpassing it (N = 2).

The majority of the 11 medical contraindications arose as a
result of serological and radiographic tests after ICU admission.
We must reinforce the importance of learning from the relatives
about the donor’s habits, in order to perform tests before
admission to ICU for ICOD.

Impact of ICOD on Organ Donation and
Transplantation
ICOD requires investment of human and financial resources.
Our study helps to confirm it is an efficient policy, considering
78% of patients subject to ICOD transitioned to actual donors,
with a rate of 2.2 organs transplanted per donor. The
percentage of ICOD patients transitioning to actual
donation is lower in the series published by Melville et al.
(52%) and Witjes et al (42%) [6, 9]. However, we included all
cases with consent for ICOD, while theirs additionally
recorded cases with declined consent for admission to the
ICU to enable organ donation.

Several authors gauge the financial savings in hemodialysis,
as well as the recipients’ quality-adjusted life-years gained, and
compare these figures to a relatively short stay in the ICU of
patients admitted for ICOD. They also conclude that
implementing an ICOD protocol or a ‘DBI pathway’ is
highly efficient from the transplantation perspective
[10, 26–28].

Some have questioned the additional stress placed on families
agreeing to ICOD [29, 30]. Conversely, others found that long
admissions of older patients with cerebrovascular injuries help
their relatives grasp the reality of their loss, with a positive
correlation with organ donation [31]. Many emphasized the
crucial role of a positive environment around donation in the
ICU, highlighting fluent communication between clinicians and
donor coordinators as a means to support families’ decision
making [32, 33].

Twelve families expressed fatigue around the ICU admission,
requesting WLST before the end of the agreed-upon timeframe.
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However, there were no refusals of DCD donation in the WLST
group, so the SDMs’ initial decision to authorize organ donation
persisted, but prolongation of waiting in ICU for DNC was not
felt to be tolerable to the SDM.

ICOD Protocols Throughout the World
The efficacy of the Spanish ICOD protocol may be explained by
its differences from those in other countries. First, while in
Netherlands emergency care physicians approach families in
the emergency department to propose ICU admission to
preserve organ donation, in Spain, the donor coordinator leads
the process, informing SDM about ICOD once the decision has
been made not to proceed with a therapeutic purpose [9]. The
special training of donor coordinators in approaching families
has shown to improve the likelihood of consent to
organ donation [3].

Second, though most patients in our study had been
diagnosed with a DBI in the emergency room, cases were
also identified in other hospital units, producing 26% of the
candidates for ICOD.

A third important difference lies in the advanced age of
patients subject to ICOD in our study, compared with other
published articles [6, 8–11]. The mean age of ICOD patients
in our study (72 years), contrasts with the Australian mean
age of patients included in the “potential organ donation
pathway” (55 years) [6] and with the mean age of patients
admitted to the ICU for organ donation in Netherlands
(59 years) [9] or in France (66 years) [25]. The advanced
age of patients subject to ICOD in our series is in accordance
with previous studies [3–5] and the established national
policy on utilizing organs obtained from expanded-
criteria donors [28].

Strengths and Limitations of This Study
This is the first prospective study in the field that may shed light
on the impact of a nationwide ICOD policy on patient outcomes,
and donation and transplantation metrics.

Limitations are related to sample size, resources and availability of
specialized clinicians between hospitals with and without
neurosurgical departments. Indeed, premature neurological
assessment of the patient with the aim of transporting them to a
neurosurgical center may be misleading.

The interobserver variability inherent in a multicenter study
affects the interpretation of both the clinical and
radiological results.

Another limitation is associated with the early performance of the
brain CT. Some radiographic signs of intracranial hypertension may
not be visible at the time of this exam, impeding the radiologists’
ability to clearly observe the signs of impending progression toDNC.
Yet, inmedical practice, evaluation of a patient withDBI as an ICOD
candidate is based on the results of the radiology performed during
diagnosis of DBI.

Conclusion
Clinical and radiographic factors identified in our study may help
clinicians identify patients potentially progressing to DNC,

permitting efficient utilization of ICU resources and an
effective approach to families.

ICOD should be offered to SDM by experienced donor
coordinators, as it enables more patients to fulfill their will to
donate while increasing the probability of enlisted patients
receiving a transplant.

Our findings reinforce the importance of providing
information to SDM about all the uncertainties involved in
this complex process, so they can envision the potential
obstacles for their loved ones to become a donor after DNC,
and make a fully-informed decisions around consent. Intensivists
and donor coordinators should have a plan to proceed with
WLST in cases of medical contraindication, at the request of
family, or if the patient does not progress to DNC by a pre-
agreed timeframe.

Future large prospective studies are required to further
validate and build upon these important results that
may ultimately increase the number of organs available
for donation.
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Patients of Asian and black ethnicity face disadvantage on the renal transplant waiting list in
the UK, because of lack of human leucocyte antigen and blood group matched donors
from an overwhelmingly white deceased donor pool. This study evaluates outcomes of
renal allografts from Asian and black donors. The UK Transplant Registry was analysed for
adult deceased donor kidney only transplants performed between 2001 and 2015. Asian
and black ethnicity patients constituted 12.4% and 6.7% of all deceased donor recipients
but only 1.6% and 1.2% of all deceased donors, respectively. Unadjusted survival analysis
demonstrated significantly inferior long-term allograft outcomes associated with Asian and
black donors, compared to white donors. On Cox-regression analysis, Asian donor and
black recipient ethnicities were associated with poorer outcomes than white counterparts,
and on ethnicity matching, compared with the white donor–white recipient baseline group
and adjusting for other donor and recipient factors, 5-year graft outcomes were
significantly poorer for black donor-black recipient, Asian donor-white recipient, and
white donor-black recipient combinations in decreasing order of worse unadjusted 5-
year graft survival. Increased deceased donation among ethnic minorities could benefit the
recipient pool by increasing available organs. However, it may require a refined approach
to enhance outcomes.

Keywords: kidney transplant, deceased donor, Asian, black, ethnicity

*Correspondence
Abdul Rahman Hakeem,
abdul.hakeem1@nhs.net

Received: 23 December 2023
Accepted: 09 April 2024
Published: 22 April 2024

Citation:
Hakeem AR, Asthana S, Johnson R,

Brown C and Ahmad N (2024) Impact
of Asian and Black Donor and

Recipient Ethnicity on the Outcomes
After Deceased Donor Kidney

Transplantation in the United Kingdom.
Transpl Int 37:12605.

doi: 10.3389/ti.2024.12605

Abbreviations: ACORN, A Classification of Residential Neighbourhood; CI, Confidence Interval; CIT, Cold Ischaemia Time;
CMV, Cytomegalovirus; DBD, Donation after Brain Death; DCD, Donation after Circulatory Death; ECD, Extended Criteria
Donors; HLA, Human Leucocyte Antigen; HR, Hazard Ratio; MM, Mismatch; NHS, National Health Service; NHSBT, NHS
Blood and Transplant; NS, Not significant; PRA, Panel-reactive antibodies; SAS, Statistical Analysis Software; SCD, Standard
Criteria Donors; UK, United Kingdom; UKRR, United Kingdom Renal Registry; UKTR, United Kingdom Transplant Registry;
US, United States.

Transplant International | Published by Frontiers April 2024 | Volume 37 | Article 126051

ORIGINAL RESEARCH
published: 22 April 2024

doi: 10.3389/ti.2024.12605

144

http://crossmark.crossref.org/dialog/?doi=10.3389/ti.2024.12605&domain=pdf&date_stamp=2024-04-22
http://creativecommons.org/licenses/by/4.0/
mailto:abdul.hakeem1@nhs.net
mailto:abdul.hakeem1@nhs.net
https://doi.org/10.3389/ti.2024.12605
https://doi.org/10.3389/ti.2024.12605


GRAPHICAL ABSTRACT |

INTRODUCTION

United Kingdom (UK) residents of Asian and black ethnicity
constitute 14% of the general population (based on
2011 Census estimate), but constitute 20.7% of the total
dialysis population, and 32% of the patients on the renal
transplant waiting list [1–3]. Poor access to and utilisation
of transplant services by ethnic minority population has been
well documented in the UK and elsewhere [4, 5]. There is a
substantial lack of non-white deceased organ donors in the UK
donor pool. Whilst organ donation from Asian and black
ethnic minorities has significantly increased in the last
decade, this increase is offset by the increase in the waiting
list patients from these ethnicities. Currently, Asian and black
ethnicity contribute 5% of all deceased donation in the
United Kingdom [3]. Deceased donor kidney allocation
within the UK is based on ABO-compatibility and
incorporates human leukocyte antigen (HLA) matching
between donor and recipient. This puts Asian and black
ethnicity recipients at a disadvantage due to the relative
scarcity of blood group “B” donors, as well as by challenges
in optimal HLA matching with white donors [6–8], although
kidney allocation changes made in 2019 sought to minimise
disadvantages arising from HLA matching [9]. Significant
prevalence of homozygosity of HLA alleles in these
populations acts as an additional confounder [10]. In 2019/
20 financial year in the United Kingdom, 10% of deceased
organ donors were blood group B, compared with 19% on the

renal transplant waiting list [3]. Despite efforts to improve
education about transplant and organ donation among ethnic
minorities, awareness remains low [11, 12].

Whilst an increase in deceased organ donation fromAsian and
black ethnicities is desirable to improve access by improving
blood group and HLA matching for these recipients, the impact
of using organs from minority donors has not been studied, in
part, because of relative scarcity of such transplants. International
experience with the use of non-white donors for non-white
recipients, has suggested that long-term outcomes are
consistently inferior to allografts obtained from white donors
[13, 14]. There are multiple factors that may contribute to inferior
outcome in these settings, in particular higher prevalence of
hypertension, diabetes, coronary artery disease and renal
disease in these populations [15, 16]. The current registry
analysis was conducted to compare outcomes of deceased
donor allografts derived from Asian, black and white donors
in recipients of different ethnicities.

MATERIALS AND METHODS

All adult patients who had undergone first or regraft deceased
donor kidney-only transplantation in the UK between 1 January
2001 and 31 December 2015 were eligible for analysis as part of
this study (21,206 transplants). For the purposes of this study,
“Asian” ethnicity was defined as people of Indian, Pakistani,
Bangladeshi or Sri Lankan origin as recorded in the
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United Kingdom Transplant Registry (UKTR). “Black” ethnicity
was defined as people of black, African, Caribbean and black
British origin. Patients who received grafts from living donors,
paediatric recipients and multiorgan recipients were excluded
from the analysis. Also excluded were the transplants where
either the donor or recipient ethnicity was not white, Asian or
black, or where the recipient gender or HLA mismatch were
unknown. There is a legal requirement for all transplant centres
in the UK to report all kidney transplants undertaken to the UK
Transplant Registry (UKTR) maintained by NHS Blood and
Transplant (NHSBT), on specific donor and recipient variables
in addition to graft outcomes. The study approval was provided
by the NHSBT to obtain this retrospective data and no formal
ethical approval was necessary.

Donor variables studied were donor ethnicity, age, gender,
blood group, and cause of death. Donors were also categorised as
extended or standard criteria donors (ECD or SCD). ECDs were
those more than 60 years of age, or those aged 50–60 years with at
least two of the following risk factors: death due to a
cerebrovascular accident, history of hypertension or serum
creatinine >1.5 g/dL. Both donors after brain death (DBD) and
donors after circulatory death (DCD) were categorised in this
way, as there was no evidence of poorer outcomes associated with
DCD donors in the UK during this time period [17]. Recipient
variables analysed were recipient age, gender, blood group,
waiting time to transplant and ethnicity (defined as white,
Asian and black ethnicities). Additional data studied included
diabetic nephropathy, year of transplant, dialysis status at
registration, graft number, cold ischaemia time (CIT) and

HLA mismatch (MM) of the transplant (according to the four
levels defined for kidney allocation in the UK): Level 1: 000 HLA-
A, B, DR MM; Level 2: [0 DR+0/1 BMM]; Level 3:
[0 DR+2 BMM] or [1 DR+0/1 BMM]; level 4: [2 B+1DR
MM] or [2 DR MM] [18]. We did not include data on
recipient panel-reactive antibodies (PRA) against HLA
antigens before transplantation, as this data was not available
over the study period. In addition, to study the impact of the level
of deprivation and ethnicity, recipients were categorised into six
different groups based on “A Classification of Residential
Neighbourhood” (ACORN) geo-demographic segmentation,
which gives us the demographic levels within the UK based on
postcodes [19].

Statistical Analysis
Demographic and other factors were analysed for donors as well
as for all recipients. White, Asian and black donor characteristics
were compared using Chi-squared tests for categorical data and
two-tailed t-tests for continuous variables. Data are presented as
percentages, or as mean ± standard error, unless
otherwise specified.

Graft survival was the primary outcome measure. Graft
survival time was death-censored and defined as time from
transplant to graft failure. Kaplan–Meier survival curves were
used to illustrate differences in graft outcomes. Associated
p-values were derived from the univariate log-rank test.
Variables were further analysed using Cox proportional
hazards regression to determine risk factors for graft failure.
The interaction of donor-recipient ethnicity was tested, to assess

TABLE 1 | Demographic characteristics of white, Asian and black deceased donors in the UK during 2001–2015 (N = 12,162).

Donor characteristic White donors (N =
11,827)

Asian donors
(N = 195)

Black donors
(N = 140)

Overall p-value

n/Mean %/SE n/Mean %/SE n/Mean %/SE

Donor age 47.7 0.1 45.8 1.2 40.5 1.4 <0.001
Donor gender Male 6,266 53.0 112 57.4 71 50.7 0.40

Female 5,561 47.0 83 42.6 69 49.3
Donor height (cm) 170 0.1 165 0.9 166 1.1 <0.001
Blood group O 5,558 47.0 79 40.5 72 51.4 <0.001

A 4,808 40.7 42 21.5 33 23.6
B 1,070 9.1 60 30.8 30 21.4
AB 391 3.3 14 7.2 5 3.6

Donor type DBD 8,392 71.0 143 73.3 113 80.7 0.032
DCD 3,435 29.0 52 26.7 27 19.3

SCD/ECD donors SCD 7,996 67.6 138 70.8 112 80.0 0.005
ECD 3,831 32.4 57 29.2 28 20.0

Cause of death CVA 7,415 62.7 126 64.6 101 72.1 0.18
Miscellaneous 3,056 25.8 50 25.6 32 22.9
Other trauma 540 4.6 9 4.6 4 2.9
RTA 816 6.9 10 5.1 3 2.1

Donor creatinine >130 μmol/L No 10,732 90.7 172 88.2 119 85.0 0.034
Yes 1,095 9.3 23 11.8 21 15.0

Donor past hypertension historya No 9,060 76.6 129 66.2 100 71.4 0.001
Yes 2,767 23.4 66 33.9 40 28.6

Donor eGFR (µmol/L) 98.8 0.6 101.3 4.2 157.4 29.2 <0.001

CVA, cerebrovascular accident; DBD, donation after brain death; DCD, donation after circulatory death; ECD, extended criteria donors; RTA, road traffic accident; SCD, standard criteria
donors.
Data presented as frequencies (percentages) or mean ± standard error.
aA small number of donors with unknown past hypertension history have been assumed to have no history of hypertension.
Bold values indicate the P value <0.05.
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the effect of different donor-recipient combinations on graft
outcome. Results of the Cox regression analysis are presented
as estimated hazard ratios (HRs) of groups of individuals
compared with that of a baseline group. An HR of greater or
less than 1.0 indicates, respectively, a higher or lower risk of
failure than in the baseline group. Ninety-five percent confidence
intervals (CIs) were calculated for each HR. Log cumulative
hazard plots showed no evidence of non-proportionality
of hazards.

A 5% level of significance was used, and all analyses were
performed using the SAS software package (Version 9.1.3).

RESULTS

Of the 21,206 transplants from white, Asian or black donor or
recipient ethnicity, we excluded 869 (4.1%) transplants that did
not have recipient gender or HLA mismatch recorded. This gave

20,337 transplants for final analysis. A further 33 (0.2%)
transplants were excluded from the Cox regression analysis
due to missing data for recipient waiting time or graft survival
time. The analysis cohort of 20,304 transplants from
12,162 donors thus represents 95.7% of all deceased donor
kidney only transplants performed in adults in the UK over
the study period. Asian (N = 195) and black (N = 140) donors
constituted 1.6% and 1.2%, respectively, of the donor cohort, and
the remaining 97.2% were white (N = 11,827) donors.

Comparison of white, Asian and black donors (Table 1)
showed that black donors were significantly younger (40.5 ±
1.4 years) when compared with the white (47.7 ± 0.1 years) and
Asian (45.8 ± 1.2 years) donors (p < 0.0001). The Asian and black
donors had a significantly different blood group distribution, with
higher proportions of blood group “B” (30.8% and 21.4%,
respectively) and “AB” (7.2% and 3.6%, respectively) when
compared with white donors (9.1% and 3.3%) (p < 0.0001).
There were significantly more ECDs among the white donors

TABLE 2 | Demographic characteristics of recipients of kidneys from white, Asian and black donors in the UK during 2001–2015 (N = 20,337).

Recipient demographic All recipients of
transplants from
white donors (N =

19,803)

All recipients of
transplants from
Asian donors

(N = 317)

All recipients of
transplants from
black donors
(N = 217)

Overall
p-value

n/
Mean

%/SE n/
Mean

%/SE n/
Mean

%/SE

Recipient age 49.7 0.1 49.1 0.7 47.0 0.9 0.010
Recipient gender Male 12,412 62.7 198 62.5 138 63.6 0.96

Female 7,391 37.3 119 37.5 79 36.4
Blood group O 8526 43.1 112 35.3 105 48.4 <0.001

A 7,941 40.1 70 22.1 47 21.7
B 2,362 11.9 110 34.7 53 24.4
AB 974 4.9 25 7.9 12 5.5

Ethnicity White 16,191 81.8 164 51.7 101 46.5 <0.001
Asian 2,356 11.9 116 36.6 49 22.6
Black 1,256 6.3 37 11.7 67 30.9

Diabetes as primary renal disease No 18,274 92.3 292 92.1 200 92.2 0.99
Yes 1,529 7.7 25 7.9 17 7.8

HLA mismatch level 1 2,938 14.8 32 10.1 16 7.4 <0.001
2 7,124 36.0 94 29.7 77 35.5
3 8,311 42.0 154 48.6 105 48.4
4 1,430 7.2 37 11.7 19 8.8

Graft First 16,822 85.0 283 89.3 191 88.0 0.047
Regraft 2,981 15.0 34 10.7 26 12.0

Median waiting time (years) and IQ range 2.2 (0.9–3.9) 2.7 (1.0–4.6) 2.8 (1.4–4.3) <0.001
Median cold ischaemia time (hours) and IQ
range

16.0 (13.0–19.7) 15.3 (12.6–19.0) 15.8 (12.2–21.0) 0.14

Recipient Dialysis status at registration Haemodialysis 7,742 39.1 120 37.9 110 50.7 0.03
Peritoneal dialysis 3,856 19.5 60 18.9 33 15.2
Not on dialysis 5,066 25.6 96 30.3 52 24.0
Unknown 3,139 15.9 41 12.9 22 10.1

Recipient ACORN category Affluent Achievers 3,658 18.5 46 14.5 33 15.2 <0.001
Rising Prosperity 1,195 6.0 33 10.4 29 13.4
Comfortable
Communities

5,202 26.3 74 23.3 48 22.1

Financially Stretched 5,029 25.4 63 19.9 43 19.8
Urban Adversity 3,793 19.2 85 26.8 56 25.8
Not Reported 926 4.7 16 5.1 8 3.7

HLA, human leukocyte antigen.
Data presented as percentages or mean ± standard error unless stated otherwise.
Bold values indicate the P value <0.05.
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(32.4%), when compared to Asian (29.2%) and black (20.0%)
donors (p = 0.0052) and also significantly more DCD donation
(29.0% vs. 26.7% vs. 19.3%, respectively; p = 0.032). Gender
distribution and the incidence of non-traumatic intracranial
event as the cause of death were similar in all three groups.

Recipient demographics for the 20,337 transplants are
presented according to ethnicity of the donor (Table 2). The
recipients of kidneys from black donors (47.0 ± 0.9 years) were
younger when compared to white (49.7 ± 0.1 years) or Asian
(49.1 ± 0.7 years) donors (p = 0.010). There were no differences in
the proportion of patients with diabetes as the primary diagnosis
between the three cohorts. The median waiting time was
significantly longer for the recipients who received black
(2.8 years) and Asian (2.7 years) donor kidneys, when
compared to white (2.2 years) donor kidneys (p < 0.0001).
Unsurprisingly, kidneys from Asian and black donors were
more likely to be transplanted in blood group “B” and “AB”
recipients and non-white recipients. The recipients of Asian and
black donor kidneys were less likely to be re-graft patients and
were less well matched than recipients of white donor
organs (Table 2).

Overall, HLA mismatch levels were superior for grafts from
white donors than from Asian and black donors (p < 0.0001)
(Table 2). 15% of all white donor kidneys were transplanted with
000 HLA-A, B, DR mismatch, compared to only 10% and 7% of
Asian and black donor kidneys, respectively. Better HLAmatches
were achieved when the donor-recipient pair were of the same
ethnicity for all three groups, with 000 HLA-A, B, DR mismatch
of 17%, 14% and 13% for white, Asian and black ethnicities,
respectively (Figure 1). The mismatch level was poorest (level 4)
when white recipients received kidneys from Asian (15%) and

black (14%) donors. For each recipient ethnic group, HLA match
differed significantly according to donor ethnicity (p < 0.01).

Unadjusted survival analysis demonstrated significantly
inferior long-term allograft outcome for Asian and black
donor kidney transplants compared to white donors (7-year
graft survival 71.9%, 74.0% and 80.5%; log-rank p = 0.0007,
respectively) (Figure 2). Interestingly, further analysis revealed
that survival outcomes were worse for black recipients who
received grafts from black donors, as compared to kidneys
from white donor or Asian donor (7-year graft survival black
donor-black recipient 69.2%, compared to white donor-black
recipient 74.0%, and Asian donor-black recipient 77.3%,
respectively) (Figure 3). The graft survival rates across donor-
recipient ethnicity combinations differed significantly at 3-year
(p = 0.002), 5-year and 7-year follow-up (p < 0.0001), with black
donor-black recipient grafts faring worse than all other donor-
recipient combinations (Figure 3).

Multivariable analysis was performed using the Cox
proportional hazards regression model (Table 3). Donor
factors associated with 5-year graft failure were age (HR
1.02 for each additional year), male gender (HR 1.0 vs. female
0.86), donor height (HR 0.99 for every cm increase in height),
donor ethnicity (HR 1.37 for Asian donors vs. white donors as
baseline), type of donor (HR 1.11 for DCD donors), donor
creatinine (HR 1.26 for Cr > 130 μmol/L), donor history of
hypertension (HR 1.16) and CVA as cause of death (HR 1.12).
Recipient factors found to significantly predict graft failure were
age (HR 0.78 for each additional year over 60 years), ethnicity
(HR 1.21 for black recipients vs. white recipient as baseline),
dialysis status at transplant (HR 0.88 for peritoneal dialysis and
0.73 for not being on dialysis vs. on haemodialysis as baseline)

FIGURE 1 |HLA mismatch levels for white, Asian and black donor and recipient combinations (Level 1: 000 HLA-A, B, DR MM; Level 2: [0 DR+0/1 B MM]; Level 3:
[0 DR+2 B MM] or [1 DR+0/1 B MM]; Level 4: [2 B+1DR MM] or [2 DR MM]).
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and waiting time (HR 1.03 for each year of waiting time). Repeat
graft (HR 1.37), HLA mismatch (increasing HR for higher levels
of HLAmismatch), transplant year (HR 0.96) and cold ischaemia
time (HR 1.01 for each minute increase) were also statistically
significant (Table 3). The recipient ACORN categories including
comfortable communities (HR 1.10), rising prosperity (1.11),
financially stretched (HR 1.30) and urban adversity (1.32)
showed increasing HR for graft loss, compared with affluent
achievers as baseline.

Further modelling investigated the donor-recipient
ethnicity interaction adjusted for all other significant factors
(excluding main effects for donor and recipient ethnicity)
(Table 4). This showed significantly poorer outcomes
compared with the baseline group (white donor-white
recipient) for a white donor-black recipient combination
[HR 1.22 (1.05–1.42), p = 0.011], for Asian donor-white

recipient combination [HR 1.56 (1.09–2.24), p = 0.016] and
for black donor-black recipient combination [HR 1.92
(1.11–3.32), p = 0.02]. On comparison of graft survival for
donor-recipient pairs of the same ethnicities, the white donor-
white recipient pair did significantly better than the Asian-
Asian and black-black donor and recipient pairs at 7-year
follow-up (81.0% vs. 70.6% and 69.2%, p = 0.017). This
disparity was not significant over the first 3 years post-
transplant, after which time the survival curves started to
diverge until the end of the study period (7 years) (Figure 4).

DISCUSSION

This registry analysis, conducted to examine the impact of donor-
recipient ethnicity on the outcomes of deceased donor adult renal

FIGURE 2 | Unadjusted graft survival by donor ethnicity (7 years).
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transplantation in the United Kingdom, demonstrated
significantly worse graft outcomes associated with Asian
donors and black recipients. When compared with white
donor-white recipient combination, significantly poorer graft
outcomes were observed for black donor-black recipient, Asian
donor-white recipient and white donor-black recipient pairs, in
decreasing order of worse 5-year graft survival. Asian and black
origin patients constituted 12.4% and 6.7% of all deceased donor
recipients over the study period; however only 1.6% of donors
were of Asian origin and only 1.2% of donors were of black origin.
Organ donation rates from Asian and black ethnicity populations
have increased in recent years following sustained campaigns, yet
significant disparity persists due to the increasing number of
patients on the transplant waiting list from these ethnicities [3].
Black donors were significantly younger and more likely to be
DBD donors and of standard criteria. The Asian and black donors
had higher proportions of blood group “B” and “AB” individuals
as compared to white deceased donors in the study population.

The levels of HLA mismatch for organs from Asian and black
donors were significantly higher for the entire recipient pool
compared to mismatch for transplants from white donors, but
Asian and black recipients had more favourable HLA mismatch

for organs from those ethnicities, compared to organs from white
donors. Asian donor ethnicity and black recipient ethnicity were
predictive of graft loss on multivariable analysis, after accounting
for all identified significant factors. Further analysis suggested
that black recipients of black donor organs had the poorest graft
survival of all combinations (5-year and 7-year graft survival
black donor-black recipient 72.9% and 69.2%, in comparison to
all other pairs where the graft survival ranged from 77.3% to
87.0% and 70.6%–83.2%, respectively) (Figure 1).

Despite efforts to improve education about transplant and
organ donation among ethnic minority groups, awareness and
donation rates remain low, when compared to the white
population [7, 8, 20]. Targeted community interventions have
not improved deceased donation rates [12, 21, 22]. A recent study
showed improved access to vulnerable population with multilevel
interventions including dialysis center patient and staff
education, embedding telehealth services, partnering with
community providers to facilitate testing and procedures, and
increased use of high-risk donors [23]. Ethnic minority patients
face significant disadvantages in access to the renal transplant
waitlist in the UK and may wait twice as long as white recipients
for a deceased donor renal transplant [24, 25]. Barriers to

FIGURE 3 | Effect of donor-recipient ethnicity combinations upon graft survival.
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TABLE 3 | Cox regression analysis of the donor and recipient factors influencing 5-year graft survival (N = 20,304).

Factor Level N HR (95% CI) p-value Overall p-value for factor

Donor
Donor age (years) 20,304 1.02 (1.02–1.02) <0.0001 <0.001
Donor gender Male 10,783 1 <0.001

Female 9,521 0.86 (0.78–0.94) 0.0008
Donor height (cm) 20,304 0.99 (0.98–0.99) <0.0001 <0.001
Donor ethnicity White 19,772 1 0.04

Asian 314 1.37 (1.04–1.79) 0.023
Black 218 1.28 (0.91–1.80) 0.16

Donor type DBD 14,338 1 0.04
DCD 5,966 1.11 (1.01–1.23) 0.039

Donor creatinine >130 μmol/L No 18,380 1 0.001
Yes 1,924 1.26 (1.10–1.44) 0.0008

Donor past hypertension history No 15,423 1 <0.001
Yes 4,881 1.16 (1.06–1.27) 0.0008

Donor CVA as cause of death No 7,378 1 0.01
Yes 12,926 1.12 (1.02–1.22) 0.013

Donor eGFR (10 μmol/L) 20,304 0.99 (0.98–1.00) 0.1 0.07
Recipient
Recipient age (years) 18–39 4,837 1 <0.001

40–59 10,141 0.72 (0.65–0.79) <0.0001
60+ 5,326 0.78 (0.70–0.88) <0.0001

Recipient ethnicity White 16,430 1 0.03
Asian 2,517 0.98 (0.87–1.11) 0.76
Black 1,357 1.21 (1.05–1.41) 0.0097

Recipient ACORN category Affluent Achievers 3,726 1 <0.001
Rising Prosperity 1,264 1.11 (0.93–1.34) 0.25
Comfortable Communities 5,298 1.10 (0.97–1.24) 0.15
Financially Stretched 5,102 1.30 (1.15–1.47) <0.0001
Urban Adversity 3,949 1.32 (1.16–1.50) <0.0001
Other/Not Reported 965 1.03 (0.84–1.26) 0.75

Recipient Dialysis status at registration Haemodialysis 7,959 1 <0.001
Peritoneal dialysis 3,943 0.88 (0.80–0.98) 0.019
Not on dialysis 5,206 0.73 (0.65–0.81) <0.0001
Unknown 3,196 0.89 (0.79–1.01) 0.067

Waiting time (years) 20,304 1.03 (1.01–1.05) 0.0008 0.001
Graft number First transplant 17,269 1 <0.001

Re-transplant 3,035 1.37 (1.24–1.52) <0.0001
HLA mismatch level 1 2,995 1 0.01

2 7,320 1.11 (0.98–1.25) 0.097
3 8,531 1.20 (1.05–1.36) 0.0055
4 1,458 1.31 (1.10–1.56) 0.0029

Transplant year 20,304 0.96 (0.95–0.98) <0.0001 <0.001
Cold ischaemia time (hrs) 20,304 1.01 (1.00–1.02) 0.0012 0.001

ACORN, association of community organisations for reform now; CI, confidence interval; CVA, cerebrovascular accident; DBD, donation after brain death; DCD, donation after circulatory
death; eGFR, estimated glomerular filtration rate; HLA, human leukocyte antigen; HR, hazard ratio.
Bold values indicate the P value <0.05.

TABLE 4 | Cox regression analysis of donor-recipient ethnicity influencing 5-year graft survival, adjusted for all factors shown in Table 3 except donor and recipient ethnicity
(N = 20,304).

Donor-recipient ethnicity N Number of events HR (95% CI) p-value

White donor, White recipient 16,166 2,129 1
White donor, Asian recipient 2,354 299 0.99 (0.874–1.12) 0.86
White donor, Black recipient 1,253 200 1.22 (1.05–1.42) 0.011
Asian donor, White recipient 163 30 1.56 (1.09–2.24) 0.016
Asian donor, Asian recipient 114 18 1.28 (0.80–2.04) 0.30
Asian donor, Black recipient 37 7 1.19 (0.56–2.50) 0.65
Black donor, White recipient 101 15 1.17 (0.70–1.95) 0.55
Black donor, Asian recipient 49 6 1.07 (0.48–2.39) 0.87
Black donor, Black recipient 67 13 1.92 (1.11–3.32) 0.02

Bold values indicate the P value <0.05.
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transplantation include socioeconomic factors, lack of blood
group “B” donors and difficulties in achieving HLA matched
organs from the predominantly white donor pool [26]. Increased
deceased donation among ethnic minority communities would
benefit the entire recipient pool by increasing the numbers of
available organs and may specifically benefit the Asian and black
recipients by increasing the numbers of blood group and HLA-
compatible grafts for allocation. Indeed, descriptive comparison
of white and Asian donors revealed a threefold higher proportion
of B blood group donors among Asian donors; organs from Asian
and black donors also had a significantly better HLA mismatch
among recipients of the same ethnic background.

We included only donors of white, Asian and black origin,
excluding deceased donor renal grafts derived from donors of
other ethnicities during the study period. These ethnicities
represented 95% of all ethnic minorities on the transplant
waiting list in the United Kingdom. Given the significant
difference in renal risk factors between disparate populations,
donor outcomes are also likely to differ significantly, particularly
between Chinese and mixed populations—these transplants were
excluded to remove the confounding effect of these
heterogeneous groups on outcome analysis [27].
Socioeconomic status is well known to affect the outcome of
patients of many different diseases, including transplant patients.
Our study shows that patients in the less affluent ACORN
categories do have higher graft loss compared to the affluent
achievers, which is an indirect assessment of access to transplant

services, compliance to immunosuppression medications and
regular consultations, which all could impact on long-term
graft outcomes. These differences are important public health
concerns and demand further study and focused interventions in
these high-risk groups as well as awareness among the transplant
healthcare professionals taking care of these patients [28–30].

Kidney grafts from Asian and black donors were associated
with significantly worse survival than those from white donors.
Further analysis revealed that the white recipients fared better
with grafts from white donors, when compared to grafts from
Asian donors. Conversely, the Asian recipients had poorer
outcomes from grafts of their own ethnicity, when compared
to white or black donors (not statistically significant). Overall,
the black recipients had the worst graft outcomes, with poorest
outcomes for transplants from black donors, when compared
to white or Asian donors. While the rates of early graft failure
were comparable for the three ethnicity matched groups
initially, the difference in outcomes becomes evident and
persists from the third year onwards.

Poor outcomes for Asian and black donor-recipient
combinations are likely related to a combination of donor and
recipient factors. First and the foremost factor is the longer time
on dialysis and longer wait for transplant. The inequity in access
to transplantation in the ethnic minorities is well documented,
with Access to Transplantation and Transplant Outcome
Measures (ATTOM) study showing reduced access to
preemptive listing for Asian and black patients and higher

FIGURE 4 | Graft survival from donors of same ethnicity (black-black and Asian-Asian donor and recipient combination were associated with inferior graft survival
at 7 year).
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likelihood of being listed after starting dialysis [31, 32]
Significantly higher prevalence rates of diabetes, hypertension,
coronary artery disease and death from CVA (which is one of the
independent risk factors for graft loss) have been reported in
these ethnic minorities [33–35]. Racial disparities in medical
conditions and access to healthcare services may also exist
among kidney donors [35, 36]. Ethnic minority recipients may
have higher cardiac co-morbidity, or infectious complications
such as cytomegalovirus (CMV) or BK virus nephropathy, but
racial differences in such post-transplant events have not been
well studied [36].

Sensitisation levels are usually higher in ethnic minority
recipients, and failure may also be related to antibodies to
HLA or unrecognised non-HLA antigens [37]. Worse
outcomes have also been reported for African American DBD
donor-recipient combinations as compared to white donor-
African American recipient groups in US registry data [38,
39]. Minor HLA differences could play a key role in affecting
long term transplant outcomes in ethnic minorities and there
may be need for more comprehensive typing techniques to bring
out these differences [40]. The differences in immunosuppression
drug metabolism could also affect long-term outcomes, as black
and mixed-race patients demonstrate very high rates of
CYP3A5 expression, with a significant impact on tacrolimus
pharmacokinetics and hence need for higher dosing
algorithms [41].

Deceased donors from ethnic minority populations were less
likely to be considered as extended criteria (29.23% of Asian and
20.0% of black donors vs. 32.39% of white donors), probably due to
the younger age of death of this cohort compared to white donors.
Black ethnicity increases risk of graft failure in donor-risk models
and inferior graft outcomes for organs from black donors have been
well documented in US-based registry data. Asian populations, like
black populations, have higher rates of diabetes, hypertension and
renal disease than comparable white population cohorts in the
United Kingdom [42, 43]. An increased prevalence of renal
diseases and co-morbidities affecting kidney function in ethnic
minority populations is likely to confer added donor risk from
these groups. This study supports such a hypothesis.

This study included patients who had undergone a renal
transplant in the UK before 2005. Organ allocation policy for
DBD donors in the UK changed in 2006, with an emphasis on
equity of access, in addition to HLA matching [9]. This policy
appears to have improved access to renal transplantation among
ethnic minorities; however, advantages have been offset by an
increase in the number of patients on the transplant waiting list
[3]. Organs from DCD donors continued to be allocated according
to local policy, until September 2014. In 2019 a fully integrated DBD
and DCD kidney allocation scheme was introduced in the
United Kingdom, simulations of which predict improvements in
the equity of access to transplant across ethnic and
blood groups [44].

This study has several limitations inherent to a large registry-
based retrospective analysis. We lacked data on PRA,
immunosuppression protocols across centres, and acute/chronic
rejection outcomes, which could impact graft outcomes. Yet,
center and period variation in this cohort study, along with small

numbers in minority ethnicity groups, would preclude any
meaningful comparison. We have adjusted for first versus regraft,
so it is unlikely that inclusion of PRA data would change the
outcome of this study. Ethnicity was self-reported, and this
analysis offers no information on graft outcome in mixed-race
recipients. Data on ethnic minority donors consisted of 2.8% of
the entire study cohort, although it represents all such available data
from the UK over more than a decade.

In conclusion, expanding the organ donor pool by increasing
donation rates among ethnic minority groups remains a worthy
goal and will improve overall access to transplantation and reduce
time spent on waiting list, in particular within the ethnic minority
communities. When looking at ethnicity matching between
donor and recipient and compared with white-white, graft
outcomes were worse for white-black, Asian-white and black-
black renal transplants. Despite advantages of blood-group
compatibility and improved HLA matching, black recipients of
black donor grafts appear to have the poorest outcomes, and this
difference cannot be explained by donor factors alone. An
increase in deceased organ donation from ethnic minorities
may improve access to transplantation for these groups, but
may not improve allograft outcomes.
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Belatacept in Pancreas
Transplantation: Promising Insights
From a Cohort Series
Christophe Masset1,2, Claire Garandeau1, Simon Ville1,2, Magali Giral 1,2, Aurélie Houzet1,
Julien Branchereau1,2, Ismaël Chelghaf1, Benoit Mesnard1,2, Gilles Blancho1,2,
Jacques Dantal 1,2 and Diego Cantarovich1*

1Institut de Transplantation-Urologie-Néphrologie (ITUN), Nantes University Hospital, Nantes, France, 2Nantes Université,
INSERM, Center for Research in Transplantation and Translational Immunology, Unité Mixte de Recherche (UMR),
Nantes, France

Keywords: pancreas transplantation, belatacept conversion, calcineurin inhibitor toxicity, pancreas allograft
function, rejection

Dear Editors,
Belatacept has proven its efficacy as maintenance therapy in kidney transplant recipients (KTR),
allowing a reduction in calcineurin inhibitor (CNI) allograft injuries. Despite being of interest for
pancreas transplant recipients due to the β-cell toxicity of the CNI, data on the subject are scarce and
suggest a high risk of pancreas rejection when used de novo [1].

We report our experience with 8 pancreas transplant recipients converted to belatacept (5 mg/kg
day 1, 15, 28, and then monthly) during their follow-up, because of pancreas dysfunction
(i.e., hyperglycemia not requiring insulin, n = 2) or kidney dysfunction (n = 6). The median
time to conversion was 31 months Table 1. Of note, no systematic pancreatic biopsies were
performed before conversion to rule out rejection episode. Nevertheless, among the 6 patients
treated because of kidney dysfunction, 4 underwent a kidney allograft biopsy before belatacept in
order to assess the etiology of dysfunction and rule out rejection.

Two patients were converted to belatacept in order to preserve β-cell function (Patient 1 and
Patient 2). For Patient 1, Belatacept was interrupted 3 months later due to the patient’s
convenience (refusal of injections). Patient 2 had a marginal β-cell function 2 years after
transplantation related to the donor’s characteristics, persisting despite a switch from
tacrolimus to CsA and addition of oral antidiabetics (metformin + GLP agonists). At
belatacept conversion, CsA was withdrawn and replaced with low dose mTOR inhibitors in
addition to low dose Mycophenolate Acid (MPA, 360 mg twice daily). At 2 years’ follow-up, we
observed a significant improvement in fasting glycemia in addition to improvement in the kidney
allograft function. HbA1c level decreased from 7.7% to 6% 2 years after conversion to belatacept,
without any other medication modifications (and notably no change in his oral
antidiabetic drugs).

Among the six patients converted for nephroprotection, there were 2 Pancreas Transplant Alone
(PTA) and 4 Simultaneous Pancreas Kidney (SPK). Two SPK patients were on dialysis when
initiating belatacept, (Patient 5 and Patient 8). Belatacept was interrupted after a few months in
Patient 5 due to a poor renal prognosis andmassive glomerulosclerosis and fibrosis on kidney biopsy.
Causes of kidney impairment in other patients were CNI toxicity added to previous diabetic
nephropathy in the PTA patients (Patient 3 and Patient 6), thrombotic microangiopathy related to
CNI (Patient 4), sequelae of kidney allograft rejection (Patient 7) and kidney infarction in the
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immediate post-transplantation period (Patient 8). Associated
immunosuppression was low tacrolimus (trough level between
3 and 5 ng/mL) plus lowMPA (360 mg twice daily) in 4/6 patients
and low everolimus (trough level between 3 and 5 ng/mL) plus
low MPA in one patient. No steroids were used except for one
patient who received neither CNI nor mTOR inhibitors.

Apart from Patient 5 who presented severe chronic injuries,
belatacept conversion improved kidney allograft function in all
patients. Notably, interruption of dialysis was allowed for
Patient 8 who presented a primary non function following
SPK transplantation due to ischemic complication. One year
after conversion, the average improvement of estimated
glomerular function (eGFR) was 20 mL/min (median =
+13 mL/min), Supplementary Figure S1. All HbA1c levels
remained excellent with optimal β cell function after
conversion.

Importantly, during the complete follow-up (at least 18-
month), we did not observe any suspicion of pancreas and/or
kidney rejection nor appearance of donor specific antibodies
(DSA). In our institution, patients are usually followed-up
monthly following conversion, and pancreas rejection is
suspected when unexplained significant elevation in lipasemia
associated with glycemic imbalance. DSA were monitored
yearly. Additionally, no serious infections were observed
(notably no CMV/BKV), despite the use of low tacrolimus/
mTor inhibitor in addition to belatacept.

Impairment of kidney function is not unusual in pancreas
transplantation and might require CNI reduction. Even though
mTOR inhibitors have been validated in a clinical trial
conducted by our group, their use is associated with a wide
range of side effects often leading to treatment interruption [2].
Moreover, the association of belatacept with a low dose of
mTOR inhibitors, allows a significant improvement in
pancreatic function and HbA1c in one patient with
pancreatic dysfunction. Similar observations were made in
recipients of islets transplant [3] or in diabetic KTR [4].

Importantly, no rejection episodes were observed among
our patients. Even if we assume that the low number prevents
any definitive conclusion, late conversion to belatacept may
carry a lower risk of rejection compared to the de novo
strategy. Moreover, the associated immunosuppression
(mostly low-dose tacrolimus), probably participated in the
prevention of rejection. A recent series of at-risk kidney
transplant recipients converted to belatacept reported an
eGFR improvement despite continuation of low-dose CNI
[5]. Finally, no serious infectious complications were
observed in our patients, suggesting that our strategy was
quite efficient and safe.

In conclusion, our series highlights the feasibility of
belatacept in pancreas transplant recipients. Whilst a larger
dataset is obviously required, belatacept does allow CNI
reduction (and even withdrawal), thus leading to
improvement in kidney and pancreatic allograft functions.
Importantly, we did not observe any pancreas/kidney
rejection nor infectious complications, providing promising
insights regarding its use in pancreatic and potentially islets
transplantation.T
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Belatacept Rescue Therapy in the
Early Period After Simultaneous
Kidney-Pancreas Transplantation
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Keywords: belatacept, kidney transplantation, pancreas transplantation, gastroparesis, delayed graft function

Dear Editors,
Belatacept has been used as a rescue therapy in kidney-transplant patients and in a heart-liver-kidney
transplant patient with prolonged delayed graft function (DGF) [1, 2]. Although, encouraging results
were observed in kidney-transplant patients with preexisting diabetes [3], very few simultaneous
kidney-pancreas-transplant (SKPT) patients were given belatacept [4, 5]. Gastroparesis, a common
complication in diabetic patients, is a syndrome defined by symptoms and delayed gastric emptying
in the absence of mechanical obstruction [6]. Typical symptoms include nausea, vomiting,
abdominal pain, and early satiety [6]. Gastroparesis can be responsible at impaired drug
absorption, including immunosuppressants [6].

Herein, we report the use of belatacept as rescue therapy in four SKPT because of severe
gastroparesis responsible for large tacrolimus trough levels variability (n = 3) and/or prolonged
delayed graft function (n = 2) (Table 1).

At transplantation, all patients had been given polyclonal antibodies (Thymoglobulins®, Sanofi;
3.75 mg/kg total dose), tacrolimus (Prograf®, Astellas Pharma) andmycophenolic acid. Steroids were
scheduled to be stopped within the first 10 days after transplantation. Only one patient was
maintained on prednisone (5 mg/d) for 3 months.

Since in the BENEFIT phase III trials, an increased risk of acute rejection was observed in
belatacept-treated patients compared to those given cyclosporine A-based therapy [7, 8], when
belatacept was initiated in our patients, it was given with low-dose tacrolimus, and MPA (500 mg
b.i.d that remained unchanged). Belatacept was administrated at the dose of 6 mg/kg at days 0 and
15 and then every 4 weeks. All patients were Epstein Barr Virus IgG positive.

Patient 1 started belatacept at day 15 post-transplantation because of severe gastroparesis,
vomiting, tacrolimus malabsorption and large variations of tacrolimus trough levels (Tac C0)
that ranged between 3.8 and 52 ng/mL (median = 12) using tacrolimus at 7–10 mg/d. At belatacept
initiation, it was at 12.8 ng/mL.When associated to belatacept, Tac C0 wasmaintained between 4 and
5 ng/mL. Belatacept was stopped 1.5 months later (after 3 doses) when gastrointestinal symptoms
had disappeared. After belatacept stop, Tac C0 ranged between 7 and 8 ng/mL using tacrolimus
6 mg/d. Serum creatinine level decreased from 174 μmol/L at belatacept initiation to 116 μmol/L
when it was stopped.

Patient 2 had gastroparesis symptoms and prolonged DGF. Belatacept was started at day 23 while
she had still had gastrointestinal symptoms and was still requiring dialysis. A kidney allograft biopsy
revealed the presence of isolated acute tubular necrosis (ATN). Tac C0 ranged between 4.4 and 12 ng/
mL while Tac dose was unchanged (12 mg/d), and was at 11 ng/mL at belatacept initiation. When
associated to belatacept, Tac C0 was maintained between 4 and 5 ng/mL. After the initiation of
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belatacept, gastrointestinal symptoms improved and kidney
function recovered. At last follow-up, i.e. 3 months after
transplantation, she is still given belatacept-based therapy and
her serum creatinine level is at 150 μmol/L.

Patient 3 experienced several complications after transplantation,
namely, infections of peripancreatic fluid collections requiring
antibiotics and antifungal therapies. She had a prolonged DGF.
At day 81, she was still requiring hemodialysis. A kidney allograft
biopsy showed isolated severe ATN. Hence, belatacept was started.
Tac C0 was at 8 ng/mL. When associated to belatacept, Tac C0 was
at 4 ng/mL. Kidney function recovered rapidly and belatacept was
stopped after 3 administrations, i.e. 1.5 months after its initiation.
After belatacept stop, Tac C0 ranged between 7 and 8 ng/mL. Serum
creatinine level had decreased to 123 μmol/L.

Finally, patient 4 presented several episodes of gastrointestinal
symptoms attributed to gastroparesis after transplantation. This was
associated each time with an impairment of kidney function. At
5 months post-transplantation he was admitted for a severe
gastroparesis episodes associated with large Tac C0 variations and
acute kidney injury. A kidney allograft biopsy revealed the presence
of isolated ATN belatacept was initiated and is still pursued until last
follow-up, i.e.,7 months after transplantation. Tac C0 ranged
between 5.6 and 18 ng/mL while tacrolimus dose was unchanged
(8mg/d), and was at 11 ng/mL at belatacept initiation. When
associated to belatacept, Tac C0 was maintained at 5 ng/mL.
Serum creatinine level decreased from 269 at the initiation of
belatacept to 122 at last follow-up.

At the initiation of belatacept, only one patient (patient 2) who
was receiving parenteral nutrition was still given insulin while all
other three patients were insulin-free. At last follow-up, none of
the patient was given insulin and c-peptide level was at 3.75
(3.3–4.7) ng/mL. No acute rejection, de novo DSA or infection
occurred after the initiation of belatacept. BK virus DNAemia was
negative in all patients In the 2 patients in whom belatacept was
stopped and tacrolimus doses re-increased, no episode of
gastrointestinal symptoms occurred after belatacept stop. In
the two other patients, it was decided to pursue belatacept and
to stop tacrolimus at one-year posttransplant.

In a phase II prospective study, de novo SKPT patients were
randomized to receive a tacrolimus based immunosuppressive
regimen or belatacept and low-dose tacrolimus [5]. At Week 40,
in the absence of an history of acute rejection and in patients having
stable grafts’ functions, tacrolimus was withdrawn. The biopsy
proven acute rejection rates of the pancreas and the kidney were

low and similar in both arms before tacrolimus withdrawal in the
belatacept arm [5]. However, an increased risk of pancreas rejection
was observed during and after tacrolimus withdrawal [5]. The
authors concluded that belatacept did not provide sufficient
immunosuppression to reliably prevent pancreas rejection in
SKPT patients undergoing calcineurin inhibitors withdrawal.
Conversely, late conversion to belatacept in SKPT patients was
found to be safe [4]. In our report, since the initiation of
belatacept was done within the first months after transplantation,
we have chosen to maintain a low-dose of tacrolimus in addition to
belatacept. This strategy was safe.

Our short case series suggests that in selected SKPT patients
with severe gastroparesis responsible for immunosuppressants
malabsorption and/or in those presenting a prolonged DGF, a
transient or prolonged course of belatacept associated with low-
dose tacrolimus can be considered. Further studies including a
larger number of patients are required to confirm theses
preliminary data.
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TABLE 1 | Patients’ characteristics and outcome.

Age at
transplantation

(years)

Gender Anti-HLA
antibodies/
Preformed

donor
specific

antibodies

Time between
transplantation
and belatacept
initiations (days)

Serum
creatinine
level at the
initiation of
belatacept
(µmol/L)

Duration of
belatacept
(months)

Serum
creatinine
level at

belatacept
stop

(µmol/L)

Time between
transplantation
and last follow-
up (months)

Serum
creatinine
level at

last-follow-
up (µmol/L)

Patient 1 38 Male No/No 15 174 1.5 116 110 96
Patient 2 55 Female Yes/No 23 Dialysis Ongoing - 3 150
Patient 3 40 Female No/No 81 Dialysis 1.5 123 8 100
Patient 4 32 Male Yes/No 170 269 Ongoing 122 7 122
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