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Abstract

Short-term outcomes in kidney transplantation are marred by progressive transplant failure 

and mortality secondary to immunosuppression toxicity. Immune modulation with autologous 
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polyclonal regulatory T cell (Treg) therapy may facilitate immunosuppression reduction 

promoting better long-term clinical outcomes. In a Phase I clinical trial, 12 kidney transplant 

recipients received 1–10 × 106 Treg per kg at Day +5 posttransplantation in lieu of 

induction immunosuppression (Treg Therapy cohort). Nineteen patients received standard 

immunosuppression (Reference cohort). Primary outcomes were rejection-free and patient 

survival. Patient and transplant survival was 100%; acute rejection-free survival was 100% in 

the Treg Therapy versus 78.9% in the reference cohort at 48 months posttransplant. Treg therapy 

revealed no excess safety concerns. Four patients in the Treg Therapy cohort had mycophenolate 

mofetil withdrawn successfully and remain on tacrolimus monotherapy. Treg infusion resulted 

in a long-lasting dose-dependent increase in peripheral blood Tregs together with an increase in 

marginal zone B cell numbers. We identified a pretransplantation immune phenotype suggesting a 

high risk of unsuccessful ex-vivo Treg expansion. Autologous Treg therapy is feasible, safe, and is 

potentially associated with a lower rejection rate than standard immunosuppression. Treg therapy 

may provide an exciting opportunity to minimize immunosuppression therapy and improve long-

term outcomes.
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1 Introduction

There is increasing interest in the use of cell-based therapies as a means of modulating 

the immune response to organ and tissue transplants to potentially allow modification of 

standard immunosuppression protocols.1–4 Recipients with a functioning kidney transplant 

require life-long immunosuppressive therapy to prevent immunological rejection and graft 

loss. While initial clinical outcomes are excellent, long-term patient and transplant survival 

rates are compromised by the cumulative toxicity of immunosuppression resulting in 

increased serious infection, cardiovascular events and malignancy.5,6 New approaches are 

required to explore ways of minimizing the burden of immunosuppression and reducing 

the associated significant long-term side effects with the potential to improve kidney 

transplantation outcomes.7,8

Regulatory T cells (Tregs) are naturally occuring immune modulatory cells that are critical 

to immune homeostasis and have the capacity to reduce the inflammatory response to 

alloantigens.9 Animal models have demonstrated the ability of infused Tregs to prevent the 

development of acute rejection of skin grafts and endothelial vascular rejection of human 

arterial transplants.10,11 Mounting evidence indicates that Tregs act within tissues to directly 

control immune responses at the site of potential injury.12

Recent developments have allowed the ex vivo expansion of autologous Tregs making 

clinical trials of Treg therapy in solid organ transplantation feasible.13 Pilot studies of 

polyclonal autologous Treg therapy in kidney and liver transplantation have demonstrated 
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good short-term safety data with no significant serious adverse reactions to Treg infusions, 

no increased toxicity and no early increased risk of infection or neoplasia.2–4,14

We report the next step in the evaluation of autologous Treg therapy as a safe 

potential therapeutic adjunct in clinical kidney transplantation to allow immunosuppression 

minimization. This clinical trial was part of the ONE Study Consortium which aimed to test 

the feasibility and safety of several different immune modulating types of cell therapy using 

a single standardized immunosuppression protocol and comparator Reference cohort.14 In 

this study we compare the long-term clinical outcomes and associated immune monitoring 

of 12 living donor kidney transplant recipients who received ex vivo-expanded autologous 

Treg therapy with a reference cohort receiving standard immunosuppression.

2 Methods

The study was designed as a prospective cohort study performed in two centers in the United 

Kingdom to explore the feasibility, safety and potential efficacy of Treg therapy in living 

donor kidney transplant recipients (Figure 1). Treg-treated patients were compared with a 

standard-of-care reference cohort. The objective was to determine whether administration 

of autologous ex vivo-expanded polyclonal Tregs to recipients of living-donor kidney 

transplants is safe and able to regulate the immunological response of the recipient 

allowing avoidance of induction therapy and potential minimization of maintenance 

immunosuppression. Primary endpoints were the incidence of biopsy-confirmed acute 

rejection (Banff criteria) and transplant survival within 60 weeks of transplantation.14 The 

impact of Treg therapy on the host immune cell composition was assessed by whole blood 

flow cytometric analysis and Quantibrite analysis of HLA-DR expression.15

2.1 Patients

A prospective cohort of renal transplant recipients were recruited and received a standard 

immunosuppression protocol similar to the Symphony Trial (Reference cohort, Figure 1A, 

EuDra CT No 2011-004301-24).16 This Reference cohort generated baseline clinical and 

immunological outcome data to act as comparator to the Treg Therapy cohort. A second 

cohort of patients was recruited who underwent transplantation with Treg therapy in lieu of 

induction immunosuppression and subsequent reduction of maintenance immunosuppression 

(Treg Therapy cohort). Individual patient follow-up in both cohorts was scheduled for 60 

weeks posttransplantation, as almost all treatment failures defined by the primary endpoint 

would be expected to occur within this period of time. Additional follow-up for patient and 

graft outcomes was continued until 48 months posttransplantation in both cohorts. Living 

donor kidney transplant recipients and donors were recruited according to the same inclusion 

and exclusion criteria in both the Reference and Treg Therapy cohorts (Table 1). Each 

enrolled patient had 11 trial study visits scheduled relative to the day of transplantation 

(Day 0). Patient demographics are shown in Table 2. In the cell therapy cohort 50% of 

transplanted kidneys were from live related living donors and 50% from live unrelated 

donors; all were first kidney transplant recipients and two recipients had minor sensitization 

with a PRA of 2 and 4% the remainder had no HLA antibodies at transplantation. Twenty-

five percent of patients were CMV negative recipients receiving a CMV positive transplant. 
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No recipients developed CMV infection posttransplantation over the 48 months follow-up 

period.

2.2 Manufacture of Treg

Three hundred and eighty milliliter of whole blood was obtained from each potential living 

donor kidney transplant recipient in the Treg Therapy cohort and transported to a central 

GMP manufacturing unit in London. Polyclonal Tregs were extracted and expanded in cell 

culture using a previously validated protocol and the final cell product was cryopreserved 

in vapor phase liquid nitrogen.13 Release criteria included purity, sterility, and suppressive 

function.

Treg therapy was administered on day 5 posttransplant by central venous infusion. The 

trial adopted a traditional 3 + 3 dose-escalation design with three patients at each dose 

receiving 1 × 106, 3 × 106, 6 × 106, or 10 × 106 cells per kg body weight. A minimum 

period of 2 weeks was observed before escalation to the next higher dose to ensure there 

were no adverse reactions or toxicity resulting from infusion. The Treg product was thawed 

at the bedside and delivered by syringe into 150–200 ml 4.5% sterile isotonic human 

serum albumin contained in a glass bottle. The final dispersed cell product was then 

infused intravenously at a rate of 2 ml/min. On the day of Treg infusion, patients also 

commenced treatment for 48 h or until discharge with unfractionated heparin (5000 units) 

given subcutaneously twice daily to reduce the risk of pulmonary embolus. In addition, a 

prophylactic dose of paracetamol 1 g orally and an anti-histamine was given to mitigate 

against potential allergic febrile reactions. Monitoring including ECG, pulse rate, respiratory 

rate, blood pressure, oxygen saturations, and body temperature were recorded at 15 min 

intervals during the infusion and for 12 h following completion of the infusion.

2.3 Immunosuppression

Immunosuppression in the Reference cohort followed a standard protocol in the United 

Kingdom comprising induction with basiliximab and triple therapy with tacrolimus, 

mycophenolate mofetil, and a reducing dose of prednisolone (Figure 1A).16 Basiliximab was 

not included in the Treg Therapy cohort because of the potential for inhibition of infused 

Tregs.17 Patients in this cohort received no induction immunosuppression but otherwise 

the same initial triple therapy immunosuppression regimen was followed (Figure 1B). The 

investigators had the option to taper MMF to cessation over a 12-week period in the Treg 

Therapy cohort if the protocol biopsy revealed no evidence of rejection or inflammation 

(Figure 1B). All clinical trial data including any adverse events up until the first 60 

weeks posttransplant were recorded in a bespoke electronic clinical trial database (Koehler 

eClinical).

3 Results

Recruitment for the Reference cohort was undertaken between 2011 and 2013 and the 

Treg Therapy cohort between 2014 and 2016. Twenty-two patients were recruited into 

the Reference cohort. One patient was withdrawn at day 8 posttransplant due to renal 

vein thrombosis and early graft lost secondary to surgical technical issues. One further 
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patient did not progress to transplantation and a third patient withdrew consent (Figure 2). 

Nineteen patients underwent transplantation, completed follow-up and were included for 

analysis. Fifteen patients were recruited to the Treg Therapy cohort. Three patients had 

to be withdrawn due to failure to sufficiently expand the Treg cell numbers required (n = 

2) and bacterial contamination during manufacture (n = 1). In a further participant, T cell 

expansion in culture was rapid and cells died prematurely due to lack of nutritional support. 

This participant agreed to delay transplantation and provided a second unit of blood for 

cell isolation which was successfully expanded with a reduction in the stimulation phases. 

Twelve patients were treated with Tregs, all completed follow-up and were included for 

analysis.

3.1 Clinical outcomes

Transplant recipients were well matched in both Reference and Treg Therapy cohorts for 

age, ethnicity, cause of kidney failure and degree of HLA match (Table 2), but there were 

more male and fewer dialysis-dependent individuals in the Treg Therapy cohort. There were 

no hemodynamic or inflammatory reactions to the infusion of the Treg product and overall 

fewer adverse events and serious adverse events in the Treg Therapy cohort compared to 

the Reference cohort over the initial 60-week follow-up period (Figure 3C,D). In both the 

Reference and Treg Therapy cohorts there was 100% transplant survival at 48 months. 

Median (IQR) serum creatinine levels of 1.5 (1.2-1.9) vs. 1.4 (1.2-1.7) mg/dl, CKD-EPI 

eGFR of 53 (41.5-65.5) vs. 54.5 (48.5-72.3) and tacrolimus levels of 5.4 (5.3-6.2) vs. 

5.8 (5.0-7.4) ng/ml were similar in reference and Treg Therapy cohorts respectively at 

48 months posttransplant. There was a trend approaching significance suggesting a lower 

rate of acute rejection in Treg-treated patients compared with the Reference cohort (0% 

vs. 21.1%), despite there being a lower immunosuppression load and no induction therapy 

(Figure 3A). In protocol biopsies histological findings of focal inflammatory infiltrates in 

the setting of stable transplant function were detected in the first five recipients that were 

not typical of acute allograft rejection (Figure 4). The presence of these infiltrates led 

to caution in tapering of immunosuppression in the initial five patients who remained on 

dual immunosuppressive therapy. Despite these changes transplant function remained very 

stable until 60 weeks transplant in the first five patients. Immunohistochemistry revealed 

that 5%–10% of cells within the observed infiltrates were FOXP3+. We subsequently 

proceeded to minimization of immunosuppression to tacrolimus monotherapy at 8 months 

posttransplantation in four recipients despite similar biopsy appearances with 100% success 

and no adverse outcomes. Immunosuppression was not tapered in two patients who refused 

a protocol biopsy at 8 months posttransplantation due to the stability of their transplant 

function and a further patient in whom the biopsy sample was insufficient. Donor-specific 

antibody screening remained negative in 90% of recipients receiving cell therapy at 60 

weeks posttransplant (10% not tested). A lower incidence of composite opportunistic 

infection with polyoma virus or cytomegalovirus in individuals who received Treg cell 

therapy was observed (Figure 3B). One patient developed polyoma virus nephropathy 

confirmed on a for cause transplant biopsy at 4 months posttransplant. There was a good 

response to reduction of immunosuppression resulting in resolution of polyoma virus-related 

inflammation on the 8 months protocol biopsy and stable transplant function at 48 months 

posttransplant.
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3.2 Immunological outcomes

In the patients for whom Treg expansion failed or did not reach the required numbers 

for therapy, there was a suggestion of a reduced frequency of lymphocytes and a higher 

proportion of naïve Tregs compared to patients in whom expansion was successful (Figure 

5A).

Early expression of HLA-DR on monocytes was assessed as a measure of immune 

activation in response to Treg infusion. Reassuringly, infusion at all doses did not result 

in any significant increase in HLA-DR expression up to 7 days post-infusion (Figure 6A), 

while overall CD14highCD16+ pro-inflammatory monocyte numbers were reduced over 

time in Treg-treated patients (Figure 6B). Importantly, infusion of Tregs resulted in a dose-

dependent increase in absolute numbers of peripheral blood CD4+CD25highCD127low cells 

2 weeks after transplantation, suggesting survival of the infused cell product (Figure 5B). A 

trend for a dose-dependent increase in peripheral Treg numbers was maintained up to the 

end of the observation period (60 weeks, Figure 5C). Distinct Treg clustering could also be 

observed by mass cytometry (Figure 5D), which also revealed an increase in Treg CCR7 

expression (Figure 5E), a known marker of Treg function.18,8 Interestingly, marginal zone 

B (MZB) cells, which have been shown to have a regulatory role through the production of 

IL-10,19,9 were increased in patients receiving Treg therapy (Figure 6B). This increase was 

dose dependent and maintained until the end of the observation period (Figure 6D,E).

4 Discussion

This study confirms the feasibility of expansion and cryopreservation of autologous 

polyclonal Treg isolated from peripheral blood for therapeutic administration in kidney 

transplant recipients. We identified a useful lymphocyte phenotype which could identify 

patients pretransplantation at high risk of unsuccessful ex vivo Treg expansion. The cell 

product was successfully transported to two clinical sites using a dry cold storage shipper 

making a future multicenter trial of efficacy feasible. Infusion of the cell product was 

uncomplicated with no adverse reactions making outpatient day case infusion of Treg 

cell products a practical possibility in the future. Similar immediate safety observations 

were observed in a pilot Phase I study (TRACT Trial) involving a dose escalation of ex 

vivo-expanded polyclonal Tregs (0.5, 1, and 5 × 109 cells per recipient) administered 2 

months posttransplantation in nine living donor kidney transplant recipients.2 In that study, 

cell infusion was associated with a 9–20-fold increase in circulating Treg cell concentration. 

Autologous Tregs have also been shown to be successfully expanded posttransplantation, 

allowing treatment of three kidney transplant recipients who had sub-clinical inflammation 

on a 6-month protocol surveillance biopsy.4 Recently we reported nine liver transplant 

recipients who received autologous polyclonal Tregs (three recipients received 1 × 106/kg 

Tregs 4 months posttransplant; six recipients received 4.5 × 106/kg Tregs 333-505 days 

posttransplant).3 No adverse events were observed in the cohort infused with 1 × 106/kg 

Tregs, only one of the six patients infused with 4.5 × 106/ kg Tregs developed a 

transient fever, neutropenia, lymphopenia, and raised cytokines without hemodynamic 

instability which resolved completely by day 7. In the study reported here, we have the 

additional benefit of a reference cohort of living donor kidney recipients as a comparator 
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which has demonstrated comparable clinical outcomes of safety and efficacy of Treg 

therapy in the absence of induction immunosuppression with 48 months of follow-up. 

The stability of transplant function in the Treg Therapy cohort permitted minimization of 

immunosuppression in all patients in whom it was attempted. Immune monitoring revealed 

evidence for Treg survival together with changes associated with immune regulation and 

a significant reduction of inflammatory cell populations. The combination of observed 

feasibility, safety, and ability to minimize immunosuppression with Treg therapy is very 

promising and requires further exploration in a randomized controlled trial.
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Abbreviations

APKD adult polycystic kidney disease

CMV cytomegalovirus

ECG electrocardiogram

GMP good manufacturing practice

HD hemodialysis

HLA human leucocyte antigen

IL interleukin

IQR interquartile range

MMF mycophenolate Mofetil
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MZB marginal zone B cells

PD peritoneal dialysis

PRA panel reactive antibody

RRT renal replacement therapy

Treg regulatory T cell
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Figure 1. 
ONE Study immunosuppression protocol for Reference and Treg Therapy kidney 

transplant recipients. MMF, mycophenolate mofetil; nTreg, naturally occurring Treg; Tx, 

transplantation; BW, body weight [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 2. Trial cohorts
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Figure 3. Clinical outcomes.
(A) Rejection-free graft survival at 4 years posttransplant. (B) CMV- and BK-free survival 

over 4 years posttransplant. BK and CMV infection defined by blood PCR titers meeting 

criteria for immunosuppression adjustment or evidence of tissue invasive disease. (C) 

Adverse events per 100 patient study years over first 60 weeks posttransplant (censored 

for events occurring at >20 per 100 PSY). (D) Serious adverse events per 100 patient study 

years over first 60 weeks posttransplant. CMV, cytomegalovirus; BKV, BK virus
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Figure 4. 
Representative H&E section from a renal transplant biopsy in cell therapy-treated patients at 

8 months posttransplant. Focal infiltrates as demonstrated, that were not typical of rejection, 

were seen in the first five patients treated with regulatory T cells with otherwise stable graft 

function [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 5. 
(A) Pre-expansion phenotype predicts feasibility of successful Treg expansion. (B–E) Treg 

detection post-infusion. (A) Patients for whom Treg expansion failed (red triangles) or was 

difficult (yellow triangle) showed reduced frequencies of lymphocytes, HLA-DR+ or CD57+ 

activated CD4+ T cells as well as higher proportions of naïve conventional and regulatory 

T cells prior to transplantation as compared to patients with successful expansion (n = 11). 

(B) Dose-dependent increase in absolute numbers of CD4+CD25highCD127low regulatory 

T cells upon Treg infusion 2 weeks after transplantation determined by whole blood flow 

cytometry in samples collected from patients receiving either 1 × 106, 3 × 106, 6 × 106, or 10 
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× 106 Tregs/kg (n = 3 per dose) prior to transplantation (V01), at 2 (V03), 4 (V04), 8 (V05), 

12 (V06), 24 (V07), 36 (V08), 48 (V09), and 60 (V10) weeks posttransplant. Statistical 

analysis by mixed-effects analysis and Tukey's multiple comparison test.*p < .05. (C) Trend 

toward dose-dependent increase in absolute numbers of CD4+CD25highCD127low regulatory 

T cells at the end of the observation period (60 weeks posttransplant). Statistical analysis 

by linear regression. (D) Cytometry time of flight (CyTOF) example tSNE plots from one 

patient pretransplantation (V01), and at 2 (V03) and 60 (V10) weeks posttransplantation, 

highlighting distinct Treg clusters. (E) CCR7 expression on peripheral Tregs pretransplant 

(V01) and at 60 weeks posttransplant (V10) in 6 Treg-treated patients by CyTOF. Paired t 
test, **p < .01 [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 6. Effect of Treg therapy on immune cell composition.
(A) Treg infusion of either 1 × 106, 3 × 106, 6 × 106, and 10 × 106 cells/kg. (n = 3 

patients/dose) did not lead to a significant increase in HLA-DR expression on CD14+ 

monocytes 1 day (F02) or 7 days later (F03). (B,C) Differences in posttransplant changes 

in CD14highCD16+ monocytes and marginal zone-like B cells. Scatter plots of absolute 

numbers in whole blood samples collected pretransplant (V01) and at the end of the 

observation period (60 weeks posttransplant, V10) from reference (n = 19) and cell therapy 

trial patients (n = 12). Statistical analysis by Wilcoxon matched-pairs signed rank and 
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Dunn's multiple comparison test. *p < .05. (D) Trend toward dose-dependent increase 

in absolute numbers of marginal zone-like B cells upon Treg infusion 2 weeks after 

transplantation determined by whole blood flow cytometry in samples collected from 

patients receiving either 1 × 106, 3 × 106, 6 × 106, or 10 × 106 cells/kg. (n = 3 patients 

per dose) prior to transplantation (V01), at 2 (V03), 4 (V04), 8 (V05), 12 (V06), 24 (V07), 

36 (V08), 48 (V09), and 60 (V10) weeks posttransplant. (E) Trend toward dose-dependent 

increase in absolute numbers of marginal zone-like B cells at the end of the observation 

period (60 weeks posttransplant, V10). Statistical analysis by linear regression [Color figure 

can be viewed at wileyonlinelibrary.com]
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Table 1
Inclusion and exclusion criteria

Inclusion criteria

• Chronic renal insufficiency necessitating kidney transplantation and approved to receive a primary kidney allograft from a living 
donor

• Aged at least 18 years

• An ABO blood type compatible with the organ donor

• Willing and able to provide blood samples for immune monitoring

• Willing to provide personal and medical/biological data for the trial analysis

• Signed and dated written informed consent

• Non-HLA identical (Cell Therapy Group)

Exclusion criteria

• Previously received any tissue or organ transplant

• Known contraindication to the protocol-specified treatments/ medications

• Genetically identical to the prospective organ donor at the HLA loci (0-0-0 mismatch)

• PRA grade >40% within 6 months prior to enrolment

• Previous treatment with any desensitization procedure (with or without IVIg)

• Concomitant malignancy or history of malignancy within 5 years prior to planned study entry (excluding successfully treated 
nonmetastatic basal/squamous cell carcinoma of the skin)

• Evidence of significant local or systemic infection

• EBV-negative; serologically positive for anti-HIV1,2; HBsAg; Anti-HBc; Anti-HCV-ab; Anti-HTLV-1,2 or syphilis (Treponema 
palladium)

• Significant liver disease, defined as persistently elevated AST and/or ALT levels >2 × ULN (Upper Limit of Normal range)

• Malignant or pre-malignant hematological conditions

• Any uncontrolled medical condition or concurrent disease that could interfere with the study objectives

• Any condition which, in the judgement of the Investigator, would place the subject at undue risk

• Ongoing treatment with systemic immunosuppressive drugs at study entry

• Participation in another clinical trial during the study or within 28 days prior to planned study entry

• Female patients of child-bearing potential with a positive pregnancy test at enrolment

• Female patients who are breast-feeding

• All female patients of child-bearing potential unless

a. The patient is willing to maintain a highly effective method of birth control for the duration of the study

b. The career, lifestyle, or sexual orientation of the patient ensures that there is no risk of pregnancy for the duration of 
the study (at the discretion of the Investigator)

• Psychological, familial, sociological, or geographical factors potentially hampering compliance with the study protocol and 
follow-up visit schedule

• Any form of substance abuse, psychiatric disorder, or other condition that, in the opinion of the Investigator, may invalidate 
communication with the Investigator and/or designated study personnel

• Patients unable to freely give their informed consent (e.g., individuals under legal guardianship)
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Table 2
Demographics of study participants

Reference
Cell
therapy

Recipient age

    Mean 48 47

    Median (range) 46 (31–67) 44 (28–69)

Sex (n)

    Male (%) 14 (74) 10 (83)

    Female (%) 5 (26) 2 (17)

Ethnicity (n)

    White (%) 15 (79) 10 (83)

    Asian (%) 4 (21) 1 (8)

    Black (%) 0 1 (8)

Primary renal disease (n)

    APKD (%) 5 (26) 3 (25)

    Glomerulonephritis (%) 7 (37) 4 (33)

    Urological (%) 3 (16) 1 (8)

    Other (%) 4 (21) 4 (33)

RRT (n)

    HD (%) 5 (26) 3 (25)

    PD (%) 5 (26) 0

    Pre-emptive (%) 9 (47) 9 (75)

Donor age

    Mean 56 45

    Median (range) 59 (32–68) 45 (28–71)

Donor relationship (n)

    Living related (%) 15 (79) 6 (50)

    Living unrelated (%) 4 (21) 6 (50)

Mismatches (n)

    1–2 (%) 9 (47) 5 (42)

    3–4 (%) 8 (42) 6 (50)

    5–6 (%) 2 (11) 1 (8)

PRA baseline (n)

    0 (%) 16 (84) 10 (83)

    <10 (%) 2 (11) 2 (16)

    10–30 (%) 1 (5) 0 (0)

CMV status (n)

    Donor – recipient – (%) 2 (11) 3 (25)

    Donor – recipient + (%) 4 (21) 5 (42)

    Donor + recipient + (%) 10 (53) 1 (8)

    Donor + recipient – (%) 3 (16) 3 (25)
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Abbreviations: APKD, adult polycystic kidney disease; CMV, cytomegalovirus; HD, hemodialysis; PD, peritoneal dialysis; PRA, panel reactive 
antibody; RRT, renal replacement therapy.
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