










































 















































 





















































 











































































































































TABLE 1. Clinical information regarding recipient, donor, and organ procurement

IGF SGF DGF Pa AKI Pb

Recipient characteristics

n 16 27 10 37

Age, yr 60T3 58T2 56T4 0.61 57T2 0.41

Male 11 22 8 0.61 30 0.33

African American race 2 2 2 0.55 4 0.86

Diagnosis

SLE 0 1 0 0.61 1 0.51

GN 3 10 2 0.35 12 0.31

DM2 4 9 2 0.68 11 0.73

HTN 0 1 1 0.43 2 0.34

Other 9 6 5 0.06 11 0.07

BMI, kg/m2 27T1 28T1 28T2 0.75 28T1 0.47

PRA950% 2 2 2 0.55 4 0.86

Previous Tx 0 2 4 G0.01 6 0.09

HLA mismatches 3.2T0.3 3.4T0.2 3.2T0.4 0.75 3.4T0.2 0.59

Pre-Tx dialysis 13 24 10 0.26 34 0.14

Time on dialysis, yr 3.6T0.6 3.3T0.6 6.0T1.6 0.08 4.0T0.6 0.69

Pre-Tx eGFR, mL/min/1.73 m2 11T1 12T1 10T1 0.24 11T1 0.75

Immunosuppression regimen

ATG Tac, MMF, steroidc 10 17 5 0.54 22 0.28

Alemtuzumab Tac, MMFd 5 10 5 15

Daclizumab Tac, MMF, steroidc 1 0 0 0

Donor characteristics

Age, yr 36T3 56T3 54T4 G0.01 56T2 G0.01

ECD 1 16 6 G0.01 22 G0.01

DBD 16 26 9 0.43 35 0.34

DCD 0 1 1 2

Terminal eGFR, mL/min/m2 116T12 136T15 128T15 0.60 134T11 0.28

Kidney biopsy

ATN 3 4 1 0.89 5 0.67

GS 1 1 0 0.75 1 0.59

IF/TA 0 1 0 0.60 1 0.48

Procurement information

CIT, hr 11T1 16T1 20T3 G0.01 17T1 G0.01

Machine perfusion 14 24 7 0.34 31 0.73

a P value for comparisons among DGF, SGF, and IGF groups.
b P value for comparisons between AKI and IGF groups.
c Maintenance immunosuppression starting on day 1 with tacrolimus (trough levels 4Y8 ng/mL), MMF, and corticosteroid tapering protocol.
d Maintenance immunosuppression starting on day 1 with tacrolimus (trough levels 4Y8 ng/mL) and MMF.
AKI, acute kidney injury; ATG, antithymocyte globulin; ATN, acute tubular necrosis; CIT, cold ischemic time; DBD, donation after brain death; DCD,

donation after cardiac death; DGF, delayed graft function; DM2, diabetes mellitus type 2; ECD, expanded criteria donor; eGFR, estimated glomerular fil-
tration rate; F, female; GN, glomerulonephritis; GS, glomerulosclerosis; HTN, hypertension; IGF, immediate graft function; IF, interstitial fibrosis; TA, tubular
atrophy; M, male; MMF, mycophenolate mofetil; PCKD, polycystic kidney disease; PRA, panel reactive antibody; SGF, slow graft function; SLE, systemic lupus
erythematosus; Tac, tacrolimus; Tx, transplant; BMI, body mass index; HLA, human leukocyte antigen.



TABLE 2. Multinomial logistic regression analysis to predict DGF or SGF with IGF as reference group

Variables

Univariate analysis Multivariate analysis

OR 95% CI P Adjusted OR 95% CI P

Treg function, %

DGF 0.77 0.64Y0.93 G0.01 0.79 0.65Y0.97 0.03

SGF 0.90 0.83Y0.98 0.01 0.90 0.80Y1.00 0.06

IGF 1.00 1.00

CIT, hr

DGF 1.30 1.09Y1.54 G0.01 1.08 0.79Y1.50 0.62

SGF 1.21 1.04Y1.40 0.01 0.97 0.72Y1.30 0.84

IGF 1.00 1.00

Donor age, yr

DGF 1.08 1.02Y1.15 0.01 1.05 0.96Y1.15 0.30

SGF 1.10 1.04Y1.15 G0.01 1.08 1.01Y1.17 0.03

IGF 1.00 1.00

ECD

DGF 22.50 2.07Y244.84 0.01

SGF 21.82 2.50Y190.12 G0.01

IGF 1.00

CI, confidence interval; CIT, cold ischemic time; DGF, delayed graft function; ECD, expanded criteria donor; IGF, immediate graft function; OR, odds
ratio; SGF, slow graft function; Treg, regulatory T cell.



TABLE 3. Logistic regression analysis to predict AKI

Variables

Univariate analysis Multivariate analysis

OR 95% CI P Adjusted OR 95% CI P

Treg functionG13% 24.00 2.54Y227.24 G0.01 21.86 1.25Y381.89 0.04

CIT 1.23 1.06Y1.42 G0.01 0.98 0.74Y1.31 0.91

Donor age 1.09 1.04Y1.15 G0.01 1.07 1.01Y1.15 0.04

ECD 22.00 2.62Y184.75 G0.01

AKI, acute kidney injury; CI, confidence interval; CIT, cold ischemic time; ECD, expanded criteria donor; OR, odds ratio; Treg, regulatory T cell.











TABLE S1. Additional clinical information regarding recipient 

 IGF SGF DGF p* AKI p# 

Recipient characteristics       

Pre-tx Vit D hx 5 3 2 0.34 5 0.21 

Pre-tx statin therapy 11 17 5 0.93 22 0.41 

Blood transfusion hx 4 6 4 0.37 10 0.65 

PRA class I (%) 
7.4 ± 

4.5 

8.1 ± 

3.9 

9.1 ± 

8.3 
0.92 

8.4 ± 

3.6 
0.69 

PRA class II (%) 
3.5 ± 

2.8 

7.6 ± 

4.5 

8.8 ± 

8.4 
0.74 

7.9 ± 

3.9 
0.44 

Pre-tx dialysis 13 24 10 0.26 34 0.14 

Hemodialysis 9 21 9 
0.30 

30 
0.12 

Peritoneal dialysis 4 3 1 4 

Recipient outcomes       

eGFR at day 1 

(mL/min/1.73m2) 
15 ± 2 12 ± 1 9 ± 1 0.02 11 ± 1  0.04 

eGFR at day 7 

(mL/min/1.73m2) 
52 ± 6 30 ± 2 11 ± 1 <0.01 24 ± 2 <0.01 

eGFR at day 14 

(mL/min/1.73m2) 
62 ± 4 39 ± 3 18 ± 3 <0.01 33 ± 3 <0.01 

eGFR at day 30 

(mL/min/1.73m2) 
58 ± 5 41 ± 2 32 ± 5 <0.01 38 ± 2 <0.01 



eGFR at day 90 

(mL/min/1.73m2) 
65 ± 3 44 ± 2 40 ± 8 <0.01 43 ± 3 <0.01 

eGFR at day 180 

(mL/min/1.73m2) 
66 ± 5 44 ± 3 46 ± 9 <0.01 44 ± 3 <0.01 

AR within 180 days 1 2 4 0.02 6 0.33 

*: p value for comparisons between DGF, SGF, and IGF groups. 

#: p value for comparisons between AKI and IGF groups. 

AKI, acute kidney injury; AR, acute rejection; DGF, delayed graft function; eGFR, 

estimated glomerular filtration rate; IGF, immediate graft function; hx, history; 

PRA, panel reactive antibody; SGF, slow graft function; tx, transplant; Vit, 

vitamin. 

  



TABLE S2. Linear regression to predict pre-transplant Teff proliferation from 

recipient characteristics 

Recipient characteristics 
Univariate analysis 

B 95% CI p 

Age -0.38 -0.78 – 0.03 0.07 

Sex 2.27 -10.84 – 15.38 0.73 

Autoimmune dx -14.98 -46.27 – 16.32 0.34 

BMI 0.79 -0.12 – 1.70 0.09 

Pre-tx Vit D hx -2.63 -16.06 – 10.80 0.69 

Pre-tx statin therapy -5.25 -15.56 – 5.07 0.31 

Blood transfusion hx -2.55 -14.15 – 9.05 0.66 

PRA class I (%) -0.08 -0.30 – 0.15 0.50 

PRA class II (%) -0.06 -0.27 – 0.16 0.58 

Previous tx -3.27 -18.27 – 11.73 0.66 

Pre-tx dialysis -1.19 -23.93 – 21.55 0.92 

Hemodialysis 5.80 -13.21 – 24.82 0.54 

Time on dialysis -0.65 -2.04 – 0.75 0.36 

Pre-tx eGFR -0.16 -1.52 – 1.20 0.81 

 

BMI, body mass index; CI, confidence interval; dx, diagnosis; eGFR, estimated 

glomerular filtration rate; hx, history; PRA, panel reactive antibody; tx, transplant; 

Vit, vitamin.  



TABLE S3. Linear regression to predict pre-transplant Treg suppressive function 

from recipient characteristics 

Recipient characteristics 
Univariate analysis 

B 95% CI p 

Age 0.27 -0.09 – 0.63 0.14 

Sex -0.56 -11.94 – 10.82 0.92 

Autoimmune dx 2.55 - 6.93 – 12.03 0.59 

BMI -0.32 -1.14 – 0.49 0.43 

Pre-tx Vit D hx 1.77 -9.92 – 13.46 0.76 

Pre-tx statin therapy 5.76 -3.10 – 14.63 0.20 

Blood transfusion hx -3.46 -13.50 – 6.59 0.49 

PRA class I (%) 0.10 -0.09 – 0.29 0.30 

PRA class II (%) 0.07 -0.12 – 0.25 0.48 

Previous tx -4.89 -17.82 – 8.05 0.45 

Pre-tx dialysis 2.14 -17.56 – 21.84 0.83 

Hemodialysis -6.41 -22.97 – 10.15 0.44 

Time on dialysis 0.50 -0.72 – 1.71 0.41 

Pre-tx eGFR 0.76 -0.39 – 1.91 0.19 

 

BMI, body mass index; CI, confidence interval; dx, diagnosis; eGFR, estimated 

glomerular filtration rate; hx, history; PRA, panel reactive antibody; tx, transplant; 

Vit, vitamin.  



TABLE S4. Linear regression analysis to predict eGFR 

Variables Univariate analysis Multivariate analysis 

 B 95% CI p B 95% CI p 

eGFR 7       

Treg function 0.53 
0.05 – 

1.01 
0.03 0.35 

-0.21 – 

0.90 
0.21 

CIT -1.06 
-1.84 – -

0.27 
<0.01 -0.46 

-1.58 – 

0.66 
0.41 

Donor age -0.45 
-0.77 – -

0.14 
<0.01 -0.23 

-0.64 – 

0.18 
0.27 

ECD -15.11 
-25.63 – -

4.58 
<0.01    

eGFR 14       

Treg function 0.82 
0.34 – 

1.30 
<0.01 0.59 

0.05 – 

1.12 
0.03 

CIT -1.18 
-2.01 – -

0.35 
<0.01 -0.51 

-1.63 – 

0.60 
0.36 

Donor age -0.54 
-0.87 – -

0.20 
<0.01 -0.32 

-0.73 – 

0.10 
0.13 

ECD -17.18 
-28.15 – -

6.20 
<0.01    

eGFR 30       



Treg function 0.71 
0.22 – 

1.19 
0.01 0.43 

-0.11 – 

0.97 
0.12 

CIT -1.11 
-1.81 – -

0.41 
<0.01 -0.65 

-1.65 – 

0.35 
0.20 

Donor age -0.51 
-0.79 – -

0.22 
<0.01 -0.29 

-0.65 – 

0.07 
0.11 

ECD -16.38 
-25.76 – -

6.99 
<0.01    

eGFR 90       

Treg function 0.64 
0.11 – 

1.18 
0.02 0.19 

-0.32 – 

0.71 
0.45 

CIT -1.20 
-1.89 – -

0.51 
<0.01 -1.05 

-2.02 – -

0.09 
0.03 

Donor age -0.61 
-0.89 – -

0.33 
<0.01 -0.53 

-0.89 – -

0.16 
0.01 

ECD -17.27 
-26.78 – -

7.76 
<0.01    

eGFR 180       

Treg function 0.81 
0.20 – 

1.42 
0.01 0.21 

-0.33 – 

0.76 
0.43 

CIT -1.62 
-2.40 – -

0.84 
<0.01 -1.31 

-2.33 – -

0.30 
0.01 

Donor age -0.69 -1.02 – - <0.01 -0.67 -1.05 – - <0.01 



0.35 0.29 

ECD -18.35 
-29.74 – -

6.96 
<0.01    

 

CI, confidence interval; CIT, cold ischemic time; ECD, expanded criteria donor; 

eGFR, estimated glomerular filtration rate; Treg, regulatory T cell. 
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TABLE 1.

Recipient, donor, and organ procurement characteristics

Non-DGF (IGF + SGF) DGF Pa IGF AKI (SGF + DGF) Pb

Recipient
n 58 18 24 52
Age, y 57 ± 2 57 ± 3 0.85 57 ± 3 57 ± 2 0.95
Male 42 15 0.35 15 42 0.09
African American race 6 4 0.19 3 7 0.91
Diagnosis
SLE 1 0 0.73 0 1 0.77
GN 14 7 5 16
DM2 16 4 6 14
HTN 2 1 1 2
Other 25 6 12 19

BMI, kg/m2 28 ± 1 29 ± 1 0.54 27 ± 1 28 ± 1 0.27
PRA > 50% 8 2 0.66 5 5 0.14
PRA class I, % 13 ± 3 5 ± 5 0.24 16 ± 5 9 ± 3 0.22
PRA class II, % 8 ± 3 5 ± 5 0.61 10 ± 6 6 ± 3 0.54
Previous transplant 3 5 <0.01 1 7 0.22
Blood transfusion history 15 4 0.82 5 14 0.40
HLA mismatches 3.5 ± 0.1 3.9 ± 0.3 0.27 3.6 ± 0.3 3.6 ± 0.2 0.86
Pretransplant vitamin D 19 6 0.83 10 15 0.42
Pretransplant statin 29 8 0.68 13 24 0.52
Pretransplant dialysis
None 5 1 0.34 4 2 <0.01
PD 11 1 7 5
HD 40 15 12 43

Time on dialysis, y 3.8 ± 0.4 5.0 ± 1.0 0.19 4 ± 1 4 ± 1 0.81
Pretransplant eGFR, mL/min per 1.73 m2 11 ± 1 9 ± 1 0.11 10 ± 1 11 ± 1 0.63
Immunosuppression regimen
ATG Tac, MMF, steroidc 27 5 0.29 10 22 0.33
Alemtuzumab Tac, MMFd 30 13 13 30
Daclizumab Tac, MMF, steroidc 1 0 1 0

Posttransplant outcomes
Day 1 eGFR, mL/min per 1.73 m2 13 ± 1 9 ± 1 0.01 14 ± 1 11 ± 1 0.09
Day 7 eGFR, mL/min per 1.73 m2 37 ± 3 14 ± 2 <0.01 51 ± 5 23 ± 2 <0.01
Day 14 eGFR, mL/min per 1.73 m2 47 ± 2 23 ± 3 <0.01 58 ± 3 32 ± 2 <0.01
Day 30 eGFR, mL/min per 1.73 m2 48 ± 2 31 ± 3 <0.01 58 ± 4 37 ± 2 <0.01
Day 90 eGFR, mL/min per 1.73 m2 52 ± 2 38 ± 5 <0.01 63 ± 3 41 ± 2 <0.01
Day 180 eGFR, mL/min per 1.73 m2 53 ± 3 41 ± 6 0.04 65 ± 4 44 ± 3 <0.01
AR within 180 d 7 6 0.04 3 9 0.59

Donor
Age, y 49 ± 2 58 ± 3 0.01 38 ± 4 57 ± 2 <0.01
ECD 23 11 0.11 4 30 <0.01
DBD 57 17 0.38 24 50 0.33
DCD 1 1 0 2
Terminal eGFR, mL/min per 1.73 m2 121 ± 8 117 ± 11 0.79 118 ± 10 120 ± 9 0.86

Procurement
CIT, h 15 ± 1 20 ± 2 <0.01 14 ± 1 17 ± 1 0.05
Machine perfusion 49 14 0.61 21 42 0.67

a P value for comparisons between DGF and non-DGF groups.
b P value for comparisons between AKI and IGF groups.
c Maintenance immunosuppression starting on day 1 with tacrolimus (through levels, 4-8 ng/mL), MMF, and corticosteroid tapering protocol.
d Maintenance immunosuppression starting on day 1 with tacrolimus (through levels, 4-8 ng/mL) and MMF.
AR, acute rejection; ATG, antithymocyte globulin; BMI, body mass index; DBD, donor after brain death; DCD, donor after cardiac death; DM2, type 2 diabetes mellitus; eGFR, estimated GFR; GN, glomerulo-
nephritis; HD, hemodialysis; HTN, hypertension; MMF, mycophenolate mofetil; PD, peritoneal dialysis; PRA, panel-reactive antibody; SLE, systemic lupus erythomatosus; Tac, tacrolimus.



TABLE 2.

Logistic regression analysis to predict DGF

Univariate Analysis

Variables OR 95% CI P

CD4+CD127lo/−TNFR2+ Treg, % 0.70 0.52-0.95 0.02
CD4+CD127lo/−TNFR2+ Treg, 106/L 0.98 0.96-0.99 0.03
CIT, h 1.15 1.04-1.26 <0.01
Donor age, y 1.04 0.99-1.08 0.06
Previous transplant 7.05 1.49-33.35 0.01

Multivariate analysis with CD4+CD127lo/−TNFR2+, %

Variables OR 95% CI P

CD4+CD127lo/−TNFR2+ Treg, % 0.73 0.51-1.05 0.09
CIT, h 1.14 1.03-1.27 0.02
Donor age, y 1.01 0.97-1.05 0.58
Previous transplant 8.40 1.20-58.88 0.03

Multivariate analysis with CD4+CD127lo/−TNFR2+, 106/L

Variables OR 95% CI P

CD4+CD127lo/−TNFR2+ Treg (106/L) 0.98 0.96-1.01 0.10
CIT, h 1.16 1.04-1.29 <0.01
Donor age, y 1.01 0.97-1.06 0.60
Previous transplant 7.16 1.11-46.25 0.04

95% CI, 95% confidence interval; OR, odds ratio.



TABLE 3.

Sensitivity, specificity, and predictive value for predicting DGF or AKI using CD4+CD127lo/−TNFR2+ Treg

Cutoff Value Sens, % Spec, % PPV, % NPV, %

Prediction of DGF
CD4+CD127lo/−TNFR2+ Treg, % 1.49 27.8 96.5 71.4 80.9

3.32a 77.8 71.9 46.7 91.1
6.19 94.4 24.6 28.3 93.3

CD4+CD127lo/−TNFR2+, 106/L 19.26 33.3 96.5 75.0 82.1
37.13a 77.8 78.9 53.8 91.8
72.65 94.4 33.3 30.9 95.0

Prediction of AKI
CD4+CD127lo/−TNFR2+ Treg, % 2.76 36.5 95.7 95.2 40.7

4.27a 71.2 69.6 84.1 51.6
6.79 94.2 39.1 77.8 75.0

CD4+CD127lo/−TNFR2+, 106/L 31.67a 38.5 95.7 95.2 40.7
43.26 55.8 78.3 85.3 43.9
110.35 94.2 26.1 74.2 66.7

a Optimal cutoff value based on the best sums of sensitivity and specificity.
NPV, negative predictive value; Sens, sensitivity; Spec, specificity.



TABLE 4.

Logistic regression analysis to predict AKI

Univariate Analysis

Variables OR 95% CI P

CD4+CD127lo/−TNFR2+ Treg, % 0.69 0.55-0.86 <0.01
CD4+CD127lo/−TNFR2+ Treg, 106/L 0.98 0.97-0.99 <0.01
CIT, h 1.09 1.01-1.18 0.05
Donor age, y 1.08 1.04-1.12 <0.01
ECD 6.82 2.04-22.78 <0.01
Previous transplant 3.58 0.42-30.86 0.25
Pretransplant dialysis
None 1.00
PD 1.43 0.18-11.09 0.73
HD 7.17 1.17-43.97 0.03

Multivariate analysis with CD4+CD127lo/−TNFR2+ (%)

Variables OR 95% CI P

CD4+CD127lo/−TNFR2+ Treg (%) 0.72 0.55-0.94 0.02
CIT, h 1.08 0.94-1.23 0.27
Donor age, y 1.09 1.04-1.15 <0.01
Previous transplant 2.67 0.14-49.48 0.51
Pretransplant dialysis
None 1.00
PD 2.16 0.15-31.19 0.57
HD 22.54 1.67-303.43 0.02

Multivariate analysis with CD4+CD127lo/−TNFR2+, 106/L

Variables

CD4+CD127lo/−TNFR2+ Treg, 106/L 0.98 0.97-0.99 0.02
CIT, h 1.09 0.95-1.23 0.22
Donor age, y 1.10 1.04-1.17 <0.01
Previous transplant 1.80 0.09-36.24 0.70
Pretransplant dialysis
None 1.00
PD 1.69 0.12-23.98 0.70
HD 20.14 1.40-289.36 0.03



TABLE 5.

Sensitivity, specificity, and predictive value for predicting AKI using logistic regression models

Models AUC (95% CI), P Optimal Cutoff Value Sens Spec PPV NPV

Donor age + pretransplant dialysis modality 0.88 (0.79-0.98), <0.01 0.74 80.0 82.6 90.9 65.5
CD4+CD127lo/−TNFR2+ Treg (%) +
donor age + pretransplant dialysis modality

0.90 (0.81-0.99), <0.01 0.76 78.0 95.7 97.5 66.7
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Pretransplantation Recipient Regulatory T cell
Suppressive Function Predicts Delayed and Slow Graft

Function after Kidney Transplantation

Minh-Tri J.P. Nguyen,1,2 Elise Fryml,1,2 Sossy K. Sahakian,1,2 Shuqing Liu,1,2 Rene P. Michel,3

Mark L. Lipman,1,4 Istvan Mucsi,1,5 Marcelo Cantarovich,1,5 Jean I. Tchervenkov,1,2

and Steven Paraskevas1,2,6

Background. Delayed graft function (DGF) and slow graft function (SGF) are a continuous spectrum of ischemia-
reperfusionYrelated acute kidney injury (AKI) that increases the risk for acute rejection and graft loss after kidney
transplantation. Regulatory T cells (Tregs) are critical in transplant tolerance and attenuate murine AKI. In this
prospective observational cohort study, we evaluated whether pretransplantation peripheral blood recipient Treg
frequency and suppressive function are predictors of DGF and SGF after kidney transplantation.
Methods. Deceased donor kidney transplant recipients (n=53) were divided into AKI (n=37; DGF, n=10; SGF, n=27)
and immediate graft function (n=16) groups. Pretransplantation peripheral blood CD4+CD25hiFoxP3+ Treg fre-
quency was quantified by flow cytometry. Regulatory T-cell suppressive function was measured by suppression of
autologous effector T-cell proliferation by Treg in co-culture.
Results. Pretransplantation Treg suppressive function, but not frequency, was decreased in AKI recipients (PG0.01).
In univariate and multivariate analyses accounting for the effects of cold ischemic time and donor age, Treg sup-
pressive function discriminated DGF from immediate graft function recipients in multinomial logistic regression
(odds ratio, 0.77; PG0.01), accurately predicted AKI in receiver operating characteristic curve (area under the curve,
0.82; PG0.01), and predicted 14-day estimated glomerular filtration rate in linear regression (PG0.01).
Conclusion. Our results indicate that recipient peripheral blood Treg suppressive function is a potential independent
pretransplantation predictor of DGF and SGF.

Keywords: Delayed graft function, Treg, Acute kidney injury, Kidney transplantation.

(Transplantation 2014;98: 745Y753)

Acute kidney injury (AKI) related to ischemia-reperfusion
is inevitable after kidney transplantation (1, 2). It is

severe enough in 20% of recipients to cause delayed graft

function (DGF), which manifests as the need for dialysis
within the first week after transplantation (1Y3). A substan-
tial number of recipients also experience a milder form of AKI
without dialysis requirement and are described as having slow
graft function (SGF) (4Y6). Both DGF and SGF independently
increase the risk for long-term graft loss and acute rejection,
whereas DGF also increases the risk for chronic allograft
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dysfunction (6Y11). Diagnosis relies on posttransplantation
diuresis, serum creatinine, and need for dialysis and is made
after damage already occurred to the graft (3). Immunologic
measures of risk for DGF and SGF have not yet been identified
and could assist in preventing these important complications.

Regulatory T cells (Tregs) are CD4+ T lymphocytes
most commonly identified by their expression of the surface
molecule CD25 and their up-regulation of the transcription
factor forkhead box P3 (FoxP3) (12). These cells are essen-
tial in maintaining immune homeostasis by suppressing
excessive immune responses by means of cell-cell contact
mechanisms and release of soluble mediators. A deficiency
in the frequency or a dysfunction in the suppressive function
of Tregs is sufficient to break self-tolerance in healthy sub-
jects (13). In the context of murine AKI, kidney-infiltrating
Tregs were shown to be protective by modulating neutro-
phils, macrophages, and proinflammatory cytokine pro-
duction by effector T cells (Teffs) (14Y16). The role of Tregs
in AKI after kidney transplantation is, however, unknown.
We conducted a prospective observational cohort study of
deceased donor kidney transplant recipients to investi-
gate whether pretransplantation recipient peripheral blood
Treg frequency and suppressive function predicted AKI
(DGF and SGF) and subsequent short-term outcomes after
kidney transplantation.

RESULTS

Patient Characteristics
Consecutive consenting adult deceased donor kidney

transplant recipients (n=53) were enrolled into the study. Re-
cipients were prospectively divided into the following: (1) DGF
group (n=10), defined as recipients requiring dialysis within
7 days of transplantation; (2) SGF group (n=27), defined as
recipients with a decrease in 24-hr serum creatinine by less
than 20% and without requiring dialysis within 7 days of
transplantation; and (3) immediate graft function (IGF) group
(n=16), defined as recipients with a decrease in 24-hr serum
creatinine by 20% or greater (7). Because SGF and DGF are a
continuous spectrum of ischemia-reperfusion injury, these two
groups were also combined to form an AKI group (n=37) (4, 9).
The decision to initiate posttransplantation dialysis was made
independently by the treating physicians. Recipient, donor,
and organ procurement information were collected prospec-
tively (Table 1, Table S1, SDC, http://links.lww.com/TP/A992).
None of the recipients, including those with an autoimmune
disease or a previous transplantation, were on immunosup-
pressive therapy for at least 180 days before transplantation.
The AKI and IGF recipients received similar immunosuppres-
sive regimen (detailed in Table 1). Significant differences in
cold ischemic time (CIT), donor age, and the use of expanded
criteria donors (ECDs) were observed between AKI and
IGF recipients. Histologic allograft quality was similar be-
tween the AKI and IGF recipients. Acute rejection episodes
were more frequent in the recipients with DGF.

Similar Pretransplantation Teff and Treg
Frequencies Between AKI (DGF and SGF) and
IGF Recipients

There were no significant differences in pretrans-
plantation CD4+CD25j Teff frequencies, CD4+CD25hiFoxP3+

Treg frequencies, FoxP3 expression on CD4+CD25hi Tregs, and
Treg-to-Teff ratio among DGF, SGF, and IGF recipients
(P90.05, Fig. 1AYD). Similar results to the ones reported
earlier were found when comparing AKI and IGF recipients
(P90.05, Fig. 1AYD).

Lower Pretransplantation Treg Suppressive
Function in AKI (DGF and SGF) Recipients

We verified that interrecipient variability in purities
of enriched CD4+CD25j Teffs and CD4+CD25+ Tregs did
not correlate with proliferation (r=0.11, P=0.54; Figure S1A,
SDC, http://links.lww.com/TP/A992) or suppressive function (r=
j0.06,P=0.73; Figure S1B, SDC, http://links.lww.com/TP/A992),
respectively. Variability in percentage of FoxP3 expression
in CD4+CD25+ Tregs enriched from different recipients also
did not correlate with suppressive function (r=0.26, P=0.13;
Figure S1C, SDC, http://links.lww.com/TP/A992). None of
the recipient baseline characteristics with immunomodulatory
potential, including age (17, 18), sex (19), body mass index
(20, 21), autoimmune disease diagnosis (22Y25), vitamin D
supplementation (26), statin therapy (27), previous blood
transfusion (28), sensitization (29), and dialysis modality or
duration (30) were predictive of pretransplantation Teff pro-
liferation (Table S2, SDC, http://links.lww.com/TP/A992) or
Treg function (Table S3, SDC, http://links.lww.com/TP/A992)
in linear regression analysis.

No significant differences were found in pretrans-
plantation Teff proliferation among DGF, SGF, and IGF
recipients (P=0.15) or between AKI and IGF recipients
(P=0.06, Fig. 1E and F). Pretransplantation Treg suppres-
sive function, however, was significantly lower in DGF
(3.86%T1.86%) and SGF (11.71T2.11%) in comparison with
IGF (27.33%T5.00%) recipients (PG0.01). Treg function was
also significantly lower in AKI in comparison with IGF re-
cipients (PG0.01, Fig. 1G and H).

Pretransplantation Treg Suppressive Function
Independently Distinguishes DGF From
IGF Recipients

Because pretransplantation Treg function was de-
creased in DGF and SGF recipients, we examined whether
it can distinguish recipients who will have DGF or SGF
rather than IGF after transplantation. With the use of the
IGF recipients as reference group, each percentage increase
in pretransplantation Treg function decreased the odds of
being in the DGF or SGF group by 23% and 10%, respec-
tively, in univariate multinomial logistic regression analysis.
Cold ischemic time, donor age, and ECD category were
the other significant variables in the univariate analysis.
In a multivariate analysis accounting for CIT and donor
age, Treg function remained a significant variable distin-
guishing DGF from IGF recipients (Table 2). We excluded
ECD category and retained donor age in this multivariate
analysis as well as all further ones later because a strong
correlation existed between the two variables (Figure S2A,
SDC, http://links.lww.com/TP/A992) and donor age is the
main determinant of ECD categorization (31). No or weak
correlations existed among the other significant variables
in the univariate analysis, including Treg function (Figure
S2BYF, SDC, http://links.lww.com/TP/A992).
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Pretransplantation Treg Suppressive Function
Independently Predicts AKI

Because DGF and SGF represent a continuum of injury
(4, 9), we investigated whether pretransplantation Treg func-
tion also predicts AKI (combined DGF and SGF groups)
after kidney transplantation. Receiver operating characteristic
(ROC) curve analysis showed that pretransplantation Treg
function was accurate at predicting AKI with an area under
the curve (AUC) of 0.82 (95% confidence interval, 0.65Y1.00;

PG0.01; Fig. 2A). The optimal cutoff point for Treg function
as a marker of AKI was determined by the largest sums of
sensitivity and specificity. A pretransplantation Treg function
less than 13% was thus chosen as the optimal cutoff point to
predict AKI (sensitivity, 75.0%; specificity, 88.9%; positive
predictive value, 95.5%; negative predictive value, 53.3%).
Other variables that were significant predictors of AKI in ROC
curve analysis were CIT greater than 9.5 hr (Fig. 2B), donor age
greater than 47 years (Fig. 2C), and ECD category (Fig. 2D).

TABLE 1. Clinical information regarding recipient, donor, and organ procurement

IGF SGF DGF Pa AKI Pb

Recipient characteristics

n 16 27 10 37

Age, yr 60T3 58T2 56T4 0.61 57T2 0.41

Male 11 22 8 0.61 30 0.33

African American race 2 2 2 0.55 4 0.86

Diagnosis

SLE 0 1 0 0.61 1 0.51

GN 3 10 2 0.35 12 0.31

DM2 4 9 2 0.68 11 0.73

HTN 0 1 1 0.43 2 0.34

Other 9 6 5 0.06 11 0.07

BMI, kg/m2 27T1 28T1 28T2 0.75 28T1 0.47

PRA950% 2 2 2 0.55 4 0.86

Previous Tx 0 2 4 G0.01 6 0.09

HLA mismatches 3.2T0.3 3.4T0.2 3.2T0.4 0.75 3.4T0.2 0.59

Pre-Tx dialysis 13 24 10 0.26 34 0.14

Time on dialysis, yr 3.6T0.6 3.3T0.6 6.0T1.6 0.08 4.0T0.6 0.69

Pre-Tx eGFR, mL/min/1.73 m2 11T1 12T1 10T1 0.24 11T1 0.75

Immunosuppression regimen

ATG Tac, MMF, steroidc 10 17 5 0.54 22 0.28

Alemtuzumab Tac, MMFd 5 10 5 15

Daclizumab Tac, MMF, steroidc 1 0 0 0

Donor characteristics

Age, yr 36T3 56T3 54T4 G0.01 56T2 G0.01

ECD 1 16 6 G0.01 22 G0.01

DBD 16 26 9 0.43 35 0.34

DCD 0 1 1 2

Terminal eGFR, mL/min/m2 116T12 136T15 128T15 0.60 134T11 0.28

Kidney biopsy

ATN 3 4 1 0.89 5 0.67

GS 1 1 0 0.75 1 0.59

IF/TA 0 1 0 0.60 1 0.48

Procurement information

CIT, hr 11T1 16T1 20T3 G0.01 17T1 G0.01

Machine perfusion 14 24 7 0.34 31 0.73

a P value for comparisons among DGF, SGF, and IGF groups.
b P value for comparisons between AKI and IGF groups.
c Maintenance immunosuppression starting on day 1 with tacrolimus (trough levels 4Y8 ng/mL), MMF, and corticosteroid tapering protocol.
d Maintenance immunosuppression starting on day 1 with tacrolimus (trough levels 4Y8 ng/mL) and MMF.
AKI, acute kidney injury; ATG, antithymocyte globulin; ATN, acute tubular necrosis; CIT, cold ischemic time; DBD, donation after brain death; DCD,

donation after cardiac death; DGF, delayed graft function; DM2, diabetes mellitus type 2; ECD, expanded criteria donor; eGFR, estimated glomerular fil-
tration rate; F, female; GN, glomerulonephritis; GS, glomerulosclerosis; HTN, hypertension; IGF, immediate graft function; IF, interstitial fibrosis; TA, tubular
atrophy; M, male; MMF, mycophenolate mofetil; PCKD, polycystic kidney disease; PRA, panel reactive antibody; SGF, slow graft function; SLE, systemic lupus
erythematosus; Tac, tacrolimus; Tx, transplant; BMI, body mass index; HLA, human leukocyte antigen.
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Multivariate binary logistic regression accounting for CIT and
donor age showed that a pretransplantation Treg function less
than 13% remained a significant predictor of AKI, with an
adjusted odds ratio of 21.86 (Table 3).

Pretransplantation Treg Suppressive Function
Independently Predicts 14-Day Graft Function

We then sought to determine if pretransplantation
Treg function predicted better short-term graft function

FIGURE 1. Pretransplantation Treg suppressive function, but not Teff frequency, Treg frequency, %FoxP3 expression in
Treg, Treg-to-Teff ratio, or Teff proliferation, was significantly lower in DGF, SGF, and AKI recipients in comparison with IGF
recipients. Comparisons of pretransplantation (A) CD4+CD25j Teff frequency, (B) CD4+CD25hiFoxP3+ Treg frequency, (C)
%FoxP3 expression in CD4+CD25hi Treg, and (D) CD4+CD25hiFoxP3+ TregYtoYCD4+CD25j Teff ratio were performed
among DGF, SGF, and IGF recipients or AKI and IGF recipients. Comparison of pretransplantation (E) CD4+CD25j Teff
proliferation was performed among DGF, SGF, and IGF recipients or AKI and IGF recipients with (F) representative
pretransplantation Teff proliferation assays in an IGF, SGF, and DGF recipients. Comparison of pretransplantation (G) CD4+

CD25+ Treg suppressive function was performed among DGF, SGF, and IGF recipients (*one-way ANOVA, PG0.01, followed
by Tukey’s HSD post hoc analysis, PG0.01 vs. IGF group) or AKI and IGF recipients (#Student’s t test, PG0.01 vs. IGF group)
with (H) representative pretransplantation Treg suppression function assays in an IGF, SGF, and DGF recipient. Teff, effector
T cell; FoxP3, forkhead box P3; Treg, regulatory T cell; DGF, delayed graft function; SGF, slow graft function; AKI, acute
kidney injury; IGF, immediate graft function; ANOVA, analysis of variance; HSD, honestly significant difference.

748 www.transplantjournal.com Transplantation & Volume 98, Number 7, October 15, 2014

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



regardless of AKI (DGF and SGF) or IGF grouping. Uni-
variate linear regression analysis showed that each percent-
age increase in pretransplantation Treg function improved
estimated glomerular filtration rate (eGFR) (32) by 0.53 to
0.82 mL/min per 1.73 m2 up to 180 days after transplanta-
tion. Cold ischemic time, donor age, and ECD category were
the only other variables that also predicted eGFRup to 180 days
after transplantation in the univariate analysis. In a multivar-
iate analysis accounting for CIT and donor age, Treg function
remained a significant predictor of eGFR only at 14 days after
transplantation, whereas both donor age and CIT remained
significant predictors at 90 and 180 days after transplantation
(Table S4, SDC, http://links.lww.com/TP/A992).

DISCUSSION
We are reporting a novel association between pre-

transplantation peripheral blood recipient Treg function and
AKI (DGF and SGF) in deceased donor kidney transplant
recipients. Although previous studies suggest that pretrans-
plantation proinflammatory cytokines are associated with
acute tubular necrosis after kidney transplantation (33), we
did not find an increase in pretransplantation Teff responses
in recipients with AKI. Instead, we found that recipients
with AKI showed a lower pretransplantation Treg func-
tion, and this was not related to recipient characteristics
with immunomodulatory capacity. In addition, our findings
suggest that Treg function is a potential independent novel
recipient-based peripheral blood immune marker for AKI
(DGF and SGF) when measured before transplantation.

Previous candidate markers for AKI (DGF and SGF)
have been previously studied in donor urine (34), machine
perfusion fluid (35), and early posttransplantation recipient
urine samples (36Y38). Measurement of pretransplantation

recipient peripheral blood Treg function, however, has the
following advantages. As opposed to donor and machine
perfusion fluid markers, it allows guidance in the donor
allocation process. In comparison with early posttrans-
plantation recipient markers, it allows timely prediction of
AKI before kidney transplantation and onset of graft dam-
age and the identification of recipient candidates at risk for
AKI. In contrast to urine markers, measuring a peripheral
blood-based marker is not limited by oliguria in the context
of renal failure.

Although CIT significantly distinguished DGF from
IGF recipients in univariate multinomial logistic regression
and predicted AKI in univariate logistic regression, this
variable was no longer significant in our multivariate anal-
yses including Treg function. A possible explanation is that
nearly all of our deceased donor grafts are preserved with
machine perfusion, which has been shown to diminish the
association between long CIT and the development of AKI
(39). Furthermore, although both donor age and Treg func-
tion were significant variables in predicting AKI in univariate
and multivariate analyses, our results suggest that Treg func-
tion might be more important than donor age in predicting
recipients who will develop the most severe form of ischemia-
reperfusionYrelated graft injury. As a matter of fact, only Treg
function significantly distinguished DGF from IGF recipients
in multivariate multinomial logistic regression.

Previous mechanistic studies in murine ischemic AKI
models support our finding that pretransplantation Treg
function is crucial in determining immediate graft outcome
regardless of donor and organ procurement variables. Acute
kidney injury after kidney transplantation is at first an in-
flammatory and antigen-independent event (40). Peripheral
Tregs are known to home to areas of inflammation and, in
the context of murine ischemic AKI, were shown to traffic to

TABLE 2. Multinomial logistic regression analysis to predict DGF or SGF with IGF as reference group

Variables

Univariate analysis Multivariate analysis

OR 95% CI P Adjusted OR 95% CI P

Treg function, %

DGF 0.77 0.64Y0.93 G0.01 0.79 0.65Y0.97 0.03

SGF 0.90 0.83Y0.98 0.01 0.90 0.80Y1.00 0.06

IGF 1.00 1.00

CIT, hr

DGF 1.30 1.09Y1.54 G0.01 1.08 0.79Y1.50 0.62

SGF 1.21 1.04Y1.40 0.01 0.97 0.72Y1.30 0.84

IGF 1.00 1.00

Donor age, yr

DGF 1.08 1.02Y1.15 0.01 1.05 0.96Y1.15 0.30

SGF 1.10 1.04Y1.15 G0.01 1.08 1.01Y1.17 0.03

IGF 1.00 1.00

ECD

DGF 22.50 2.07Y244.84 0.01

SGF 21.82 2.50Y190.12 G0.01

IGF 1.00

CI, confidence interval; CIT, cold ischemic time; DGF, delayed graft function; ECD, expanded criteria donor; IGF, immediate graft function; OR, odds
ratio; SGF, slow graft function; Treg, regulatory T cell.
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the kidney, decrease infiltration of innate immune cells, in-
hibit production of proinflammatory cytokines by Teffs, and
promote healing (14, 15, 41). Removal of the suppressive
functional mechanisms of these trafficking peripheral Tregs
before ischemia-reperfusion reversed their protective effect.
In fact, Tregs depleted of their ability to suppress effector
immune responses by means of CTLA-4 or by means of the
secretion of soluble factors (adenosine, interleukin-10) were

unable to protect from murine ischemic AKI in vivo (14, 42, 43).
It is therefore plausible that kidney transplant recipients
with less potently suppressive peripheral Tregs before trans-
plantation are more susceptible to AKI after transplantation
and that targeted therapies to enhance recipient Treg function
could reduce the risk for AKI. Although still in the experi-
mental phase, promising therapies currently exist, including
transfusion of ex vivo expanded highly suppressive Tregs and

FIGURE 2. Significant predictors of AKI in ROC curve analysis. A, pretransplantation recipient peripheral blood Treg
suppressive function (AUC, 0.82; 95% CI, 0.65Y1.00; PG0.01; optimal cutoff point, 13%; sensitivity, 75.0%; specificity, 88.9%;
PPV, 95.5%; NPV, 53.3%), (B) CIT (AUC, 0.75; 95% CI, 0.61Y0.88; PG0.01; optimal cutoff point, 9.5 hr; sensitivity, 91.9%;
specificity, 37.5%; PPV, 77.3%; NPV, 66.7%), (C) donor age (AUC, 0.85; 95% CI, 0.74Y0.96; PG0.01; optimal cutoff point,
47 years; sensitivity, 83.8%; specificity, 81.2%; PPV, 82.5%; NPV, 69.2%), and (D) use of expanded criteria donor (AUC,
0.77; 95% CI, 0.64Y0.90; PG0.01) accurately predict AKI in ROC curve analysis. AKI, acute lung injury; ROC, receiver op-
erating characteristic; Treg, regulatory T cell; AUC, area under the curve; CI, confidence interval; PPV, positive predictive
value; NPV, negative predictive value.

TABLE 3. Logistic regression analysis to predict AKI

Variables

Univariate analysis Multivariate analysis

OR 95% CI P Adjusted OR 95% CI P

Treg functionG13% 24.00 2.54Y227.24 G0.01 21.86 1.25Y381.89 0.04

CIT 1.23 1.06Y1.42 G0.01 0.98 0.74Y1.31 0.91

Donor age 1.09 1.04Y1.15 G0.01 1.07 1.01Y1.15 0.04

ECD 22.00 2.62Y184.75 G0.01

AKI, acute kidney injury; CI, confidence interval; CIT, cold ischemic time; ECD, expanded criteria donor; OR, odds ratio; Treg, regulatory T cell.
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pharmacologic modulation of in vivo Treg function with
protein kinase C-theta, glycogen synthase kinase-3A, or his-
tone deacetylase inhibitors (44Y47).

We also found that pretransplantation Treg function
predicted 14-day eGFR, whereas donor age and CIT were
more important predictors of 90-day and 180-day eGFR.
Although donor age and CIT have traditionally been asso-
ciated with worse long-term graft outcomes after kidney
transplantation, this notion has been recently disputed. A
large retrospective study of deceased donor kidney trans-
plant recipients in fact showed that using older donor
age grafts did not worsen 5-year graft survival (48). In ad-
dition, a Scientific Registry of Transplant Recipients data-
base analysis demonstrated that a longer CIT in paired
donor recipients did not influence 8-year graft survival (49).
Further studies of pretransplantation Treg function with
longer follow-up would be required to demonstrate a role
for regulatory mechanisms in promoting long-term graft
survival, potentially by dampening the profibrotic effect of
initial ischemia-reperfusion injury (1, 50, 51).

We acknowledge that the results of our study are
limited by a small sample size. Nevertheless, it was sufficient
to identify similar risk factors (CIT, donor age, ECD cate-
gory) for AKI (DGF and SGF) as larger database studies
(5, 8). The Treg suppressive function assay in its current
state also has its own limitations for clinical applicability
in deceased donor kidney transplantation because it is time
consuming, is labor intensive, requires a large amount of
recipient blood to isolate a scarce population of Tregs
(G10% of total CD4+ T lymphocytes in healthy individuals)
(52), and is not standardized among research groups with
regard to Treg and Teff purification techniques (magnetic
bead-based vs. flow sorting), Teff stimulation techniques
(plate bound vs. bead-coated anti-CD3/CD28), and Teff
proliferation detection (H3-thymidine incorporation vs.
carboxyfluorescein succinimidyl ester [CFSE] dilution) (53).
Because of concerns of anemia before surgery, the maximum
amount of blood we were permitted to draw by our insti-
tutional ethics board yielded insufficient peripheral blood
mononuclear cells (PBMCs) for flow-sorting enrichment of
Teffs and Tregs. Flow sorting is also a technology that is not
currently widely available in the emergency setting of
transplantation. We therefore chose to enrich Tregs and Teffs
solely by magnetic bead-based technique, which yielded a
lower FoxP3 purity (37%) in the enriched CD4+CD25+

Tregs than expected with flow sorting. We recognize that
this could negatively affect the percentage suppression of
Teff proliferation by Treg in the assay and, consequently,
the optimal cufoff point for Treg function as a predictor of
AKI. Nevertheless, this has minimal impact on our find-
ings because the assay was performed identically in all re-
cipients. Lastly, we did not assess the stability of Treg function
in the pretransplantation period by serial measures, although
we acknowledge that this would be an important goal of
a separate study. We could also not follow early posttrans-
plantation Treg function because all but one recipient received
lymphodepleting induction immunosuppressive therapy. Al-
though our findings are limited by the previously mentioned
conditions, the fundamental observation that Treg function
is an important donor-independent pretransplantation re-
cipient variable in the prediction of posttransplantation graft

injury is a novel concept in recipient risk stratification. Stan-
dardization, improvement, and external validation of this mea-
sure could ultimately be useful in redefining organ allocation
schemes, guiding peritransplantation clinical decisions, as
well as developing pretransplantation immunotherapy to specific
measures of Treg function.

In conclusion, we found that pretransplantation re-
cipient Treg function predicted AKI (DGF and SGF) after
kidney transplantation. Measurement of recipient pretrans-
plantation immune regulatory capacity, without previous
knowledge of donor and organ procurement characteristics,
could potentially indicate recipients at risk for AKI and graft
damage before transplantation, guide peritransplantation
clinical decisions, and identify recipients in whom devel-
opment of novel immunotherapeutic strategies against AKI
could be tested.

MATERIALS AND METHODS
The study was approved by the McGill University Health Centre Re-

search Ethics Board, registered on ClinicalTrials.gov (NCT01232816), and

conducted in adherence with the declarations of Helsinki and Istanbul.

Blood Sample Collection and Mononuclear
Cell Isolation

Peripheral blood (40 mL) was collected in heparin-coated tubes before

induction immunosuppression and skin incision. Peripheral blood mono-

nuclear cells were isolated by Ficoll-Paque Plus density gradient centrifu-

gation (GE Healthcare, Piscataway, NJ).

Treg and Teff Frequencies
Peripheral blood mononuclear cells were surface stained with anti-

human CD4 FITC and CD25 PE antibodies, fixed and permeabilized with

the FoxP3 staining buffer set as per the manufacturer’s protocol, and stained

intracellularly with anti-human FoxP3 PerCP-Cy5.5 antibody (all purchased

from eBioscience, San Diego, CA). Flow cytometry acquisition was per-

formed on the FACScan (BD Biosciences, San Jose, CA), and data were

analyzed using FlowJo software (Tree Star Inc., Ashland, OR). Lymphocytes

were gated on based on forward and side scatters. Treg and Teff fre-

quencies were determined by the percentage of CD4+CD25hiFoxP3+ and

CD4+CD25j cells in the lymphocyte gate, respectively (Figure S3, SDC,

http://links.lww.com/TP/A992).

Teff Proliferation and Treg Suppressive
Function Assays

CD4+CD25+ Tregs and CD4+CD25j Teffs were enriched from PBMCs

by magnetic bead isolation using the EasySep Human CD4+CD25+T Cell

Isolation Kit as per the manufacturer’s protocol (StemCell Technologies,

Vancouver, Canada). Sufficient enriched cells were obtained in seven DGF,

21 SGF, and nine IGF recipients to perform Teff proliferation and Treg

suppressive function assays. Purities of enriched CD4+CD25+ Tregs and

CD4+CD25j Teffs were, respectively, 86%T1% (37%T2% FoxP3+) and

85%T2% (3%T1% FoxP3+). Teffs were labeled with 5-Km/mL CSFE

(Life Technologies, Burlington, Canada) at 37-C for 5 minutes, then washed

with ice-cold 10% fetal bovine serum in phosphate-buffered saline (53). In

all assays, 4�104 CFSE-labeled Teffs were co-cultured with Tregs at a 1:0 or

1:1 ratio for 5 days in 200 KL of X-VIVO 15 media (Lonza, Basel, Switzerland)

supplemented with 10% human AB serum (Sigma-Aldrich, Oakville, Canada)

in the presence of anti-CD3/CD28-coated beads (1 bead/cell, Life Tech-

nologies). With the use of flow cytometry analysis, the unlabeled CFSE-

negative Tregs were excluded. Teff proliferation (1:0 ratio) was determined

by CFSE dilution (% divided function in FlowJo software). Treg suppressive

function was calculated as follows: 100j(((% divided 1:1 Teff-to-Treg ratio)/

(%divided 1:0 Teff-to-Treg ratio))�100). Titration of Teff-to-Treg ratio (1:1,

1:0.5, 1:0.125) in a subset of 32 kidney transplant recipients confirmed that
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the enriched CD4+CD25+ Tregs suppressed CD4+CD25j Teff proliferation in

a dose-dependent manner (Figure S4, SDC, http://links.lww.com/TP/A992).

Statistical Analysis
Data are expressed as meanTSEM. Analyses were performed using SPSS

20 (IBM, Armonk, NY) and considered significant at a 0.05 level. Cate-

gorical data comparisons between DGF, SGF, and IGF groups or AKI

and IGF groups were made using chi-square test. Continuous data com-

parisons between three groups were made using one-way analysis of vari-

ance followed by Tukey’s honestly significant difference post hoc analysis,

whereas comparisons between two groups were made using Student’s

t test. Correlations were performed with Pearson’s correlation coefficient.

Multinomial logistic regression was performed to assess predictors of DGF

or SGF from IGF. Receiver operating characteristic curve analysis and bi-

nary logistic regression were performed to assess the predictive accuracy of

recipient, donor, and organ procurement characteristic variables for AKI.

Receiver operating characteristic curve analysis was also performed to de-

termine the optimal cutoff point of each significant variable as a marker for

AKI based on the largest sums of sensitivity and specificity. Linear regres-

sion was performed to assess recipient, donor, and organ procurement

characteristic variables as predictors of posttransplantation eGFR and to

assess baseline recipient characteristics as predictors of pretransplantation

Teff proliferation and Treg function. All significant variables in univariate

analyses were considered for the multivariate analyses. We excluded ECD

category from all multivariate analyses because this variable was strongly

collinear with donor age (Figure S2A, SDC, http://links.lww.com/TP/A992)

and donor age is the main determinant of ECD categorization (31).
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Pretransplant Recipient Circulating
CD4+CD127lo/− Tumor Necrosis Factor
Receptor 2+ Regulatory T Cells: A Surrogate
of Regulatory T Cell–Suppressive Function
and Predictor of Delayed and Slow Graft
Function After Kidney Transplantation
Minh-Tri J. P. Nguyen, MD,1,2 Elise Fryml, BSc,1,2 Sossy K. Sahakian, BSc,1,2 Shuqing Liu, MD, MSc,1,2

Marcelo Cantarovich, MD,1,3 Mark Lipman, MD,1,4 Jean I. Tchervenkov, MD,1,2

and Steven Paraskevas, MD, PhD1,2

Background.Delayed graft function (DGF) and slow graft function (SGF) are ischemia-reperfusion–associated acute kidney in-
juries (AKI) that decrease long-term graft survival after kidney transplantation. Regulatory T (Treg) cells are protective in murine AKI,
and their suppressive function predictive of AKI in kidney transplantation. The conventional Treg cell function coculture assay is
however time-consuming and labor intensive. We sought a simpler alternative to measure Treg cell function and predict AKI.
Methods. In this prospective observational cohort study, pretransplant recipient circulating CD4+CD25+CD127lo/− and
CD4+CD127lo/− tumor necrosis factor receptor 2 (TNFR2)+ Treg cells were measured by flow cytometry in 76 deceased donor
kidney transplant recipients (DGF, n = 18; SGF, n = 34; immediate graft function [IGF], n = 24). In a subset of 37 recipients,
pretransplant circulating Treg cell–suppressive function was also quantified by measuring the suppression of autologous effector
T-cell proliferation by Treg cell in coculture. Results. The TNFR2+ expression on CD4+CD127lo/− T cells correlated with Treg
cell–suppressive function (r = 0.63, P < 0.01). In receiver operating characteristic curves, percentage and absolute number of
CD4+CD127lo/−TNFR2+ Treg cell predicted DGF from non-DGF (IGF + SGF) with area under the curves of 0.75 and 0.77,
respectively, and also AKI (DGF + SGF) from IGF with area under the curves of 0.76 and 0.72, respectively (P < 0.01). Predic-
tion of AKI (DGF + SGF) from IGF remained significant in multivariate logistic regression accounting for cold ischemic time,
donor age, previous transplant, and pretransplant dialysis modality. Conclusions. Pretransplant recipient circulating
CD4+CD127lo/−TNFR2+ Treg cell is potentially a simpler alternative to Treg cell function as a pretransplant recipient immune
marker for AKI (DGF + SGF), independent from donor and organ procurement characteristics.

(Transplantation 2016;100: 314–324)

Delayed graft function (DGF) and slow graft function
(SGF) are a continuous spectrum of ischemia-reperfusion

related acute kidney injuries (AKI) that occur in more
than 20% of kidney transplant recipients.1-3 Delayed graft

function, the most severe form of AKI, is highly detrimental
to kidney transplant recipients as it increases the risk for both
acute and chronic rejection as well as long-term graft loss.4-6

Although SGF is a milder form of AKI, it behaves similarly
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to DGF, and also increases the risk for acute rejection and
long-term graft loss.6,7

Regulatory T (Treg) cells are essential in maintaining im-
mune homeostasis in healthy individuals. A defect in their
frequency or function has been implicated in autoimmune
diseases, transplant rejection, and more recently AKI.8

Murine studies demonstrated that decreasing Treg cell
frequency or suppressive function before renal ischemia-
reperfusion injury increased the severity of AKI.9-11 We
subsequently showed that a lower pretransplant recipient
circulating Treg cell–suppressive function, measured by an in
vitro assay of enriched recipient Treg cells cocultured with
stimulated autologous effector T (Teff ) cells, was predictive
of AKI (DGF + SGF) in deceased donor kidney transplant
recipients.12 The clinical applicability of this in vitro assay
as a pretransplant immune marker to predict AKI in kid-
ney transplant recipients is however limited by the fact that
it is labor-intensive, time-consuming, costly, and nonstan-
dardized.13 A solution to transform Treg cell–suppressive
function into a clinically applicable immune marker would
be to identify and quantify the most potently suppressive
subset of Treg cells with phenotypic surface markers.

The Treg cells are CD4+ T cells most commonly identified
by their expression of the transcription factor forkhead box
P3 and the surface markers CD25 and CD127.8 The use of
these markers in the clinical setting is however problematic.
Because forkhead box P3 is an intracellular protein, the fixa-
tion and permeabilization step required before its staining
lengthens the Treg cell quantification process by flow cytome-
try and does not allow its use for Treg cell isolation and poten-
tial cellular therapy.14,15 Although CD25 is a surface marker,
only the CD4+ T cells with the highest CD25 expression are
suppressive Treg cells in humans, and the flow cytometry gat-
ing strategy to identify these CD4+CD25hi cells is variable.15,16

Similarly, the downregulation of CD127 on CD4+ T cells was
shown to be an equivalent surfacemarker alternative to CD25hi

for the identification of suppressive Treg cells, but cannot
exclude recently activated Teff cells.8,15

In the context of an inflammatory environment, such as
AKI after kidney transplantation, tumor necrosis factor re-
ceptor 2 (TNFR2) is another recently discovered surface
marker that is particularly interesting for the identification
of the most potently suppressive subset of Treg cells. The
TNFR2 is a cytokine receptor mostly restricted to lympho-
cytes and endothelial cells.17 It is preferentially expressed on
Treg cells as compared to Teff cells and mediates many of
the biological functions of TNF-α.18 TNF-α blockade has in-
deed been shown to both dampen and exacerbate autoim-
mune diseases.17 Although TNF-α is traditionally thought
to be upregulated and proinflammatory in AKI, it could also
have an immunoregulatory role via its interaction with
kidney-infiltrating Treg cells.19 Recent murine and human
studies showed that TNF-α signaling through TNFR2+
Treg cells increased their survival, proliferation, and sup-
pressive function.18

Based on previous literature, we therefore hypothesized
that TNFR2 expression on circulating Treg cells could serve
as a surrogate phenotypic surface marker of pretransplant
Treg cell–suppressive function in patients awaiting a kid-
ney transplantation. Moreover, based on our previous find-
ing that pretransplant recipient Treg cell–suppressive function
predicted AKI (DGF + SGF) after kidney transplantation,

we hypothesized that pretransplant recipient TNFR2+ Treg
cells could predict thosewhowill suffer fromAKI (DGF+ SGF).

MATERIALS AND METHODS
Our prospective observational cohort study was ap-

proved by the McGill University Health Centre Research
Ethics Board, registered on ClinicalTrials.gov (NCT01232816),
and conducted in adherence with the declarations of Helsinki
and Istanbul.

Pretransplant Recipient Circulating
CD4+CD127lo/−TNFR2+ and
CD4+CD25+CD127lo/− Treg Cell Frequencies

Peripheral blood was drawn in heparin-coated tubes in the
operating theater, before induction immunosuppression and
skin incision. Peripheral blood mononuclear cells (PBMCs)
were isolated by Ficoll-Paque Plus density gradient centri-
fugation (GE Healthcare, Piscataway, NJ). The PBMCs
were surfacestainedwithantihumanCD4fluorescein isothiocy-
anate (clone OKT4; eBioscience, San Diego, CA), CD127
PE-Cy5 (clone eBioRDR5; eBioscience), and CD25 PE (clone
BC96; eBioscience) orTNFR2PE (clone TR75-89; BDBiosci-
ences) for 30 minutes in the dark at 4°C, then washed with
phosphate-buffered saline (Wisent, St-Bruno, Canada). Flow
cytometry acquisition was performed on the FACScan (BD
Biosciences), and data analyzed using FlowJo software (Tree
Star Inc., Ashland, OR). Forward and side scatters were used
to gate on lymphocytes. The Treg cell frequency was deter-
mined by the percentage of CD4+CD25+CD127lo/− or
CD4+CD127lo/−TNFR2+ cells in the lymphocyte gate.Gat-
ing strategies for CD4, CD127, CD25, and TNFR2 were
basedon single-color compensation.Using the sameperiph-
eral blood sample, lymphocyte count was obtained from
our clinical hematology laboratory and absolute Treg cell
counts were calculated using the following formula: % cells
in lymphocyte gate� lymphocyte count.

Pretransplant Recipient Treg Cell–Suppressive
Function Assay

In a subset of 37 kidney transplant recipients, pretrans-
plant Treg cell–suppressive function was quantified as prev-
iously described.12 Briefly, CD4+CD25+ Treg cells and
CD4+CD25−Teff cells were enriched from PBMCs by mag-
netic bead isolation (EasySep Human CD4+CD25+ T Cell
IsolationKit; StemCell Technologies, Vancouver, Canada). Pu-
rities of enrichedCD+CD25+Treg cells andCD4+CD25-Teff
cells were 86 ± 1% and 85 ± 2% respectively. The Teff cells
were labeled with 5 μm/mL carboxyfluorescein succinimidyl
ester (Life Technologies, Burlington, Canada) at 37°C for
5 minutes, then washed with ice-cold 10% fetal bovine serum
in phosphate-buffered saline. In all assays, 4 � 104 CFSE-
labeled Teff cells were cocultured with Treg cells at a 1:0 or
1:1 ratio for 5 days in 200 μL of X-VIVO 15 media (Lonza,
Basel, Switzerland) supplemented with 10% human AB se-
rum (Sigma-Aldrich, Oakville, Canada) in the presence of
anti-CD3/CD28–coated beads (1 bead/cell; Life Technolo-
gies). UnlabeledCFSE-Teff cellswere excludedby flowcytom-
etry analysis gating. The Teff cell proliferation was measured
by CFSE dilution (% divided function, FlowJo software).
The Treg cell–suppressive function was then calculated using
the following formula: 100 −% divided 1:1 Teff :Treg ratio

% divided 1:0 Teff :Treg ratio � 100.

© 2015 Wolters Kluwer Nguyen et al 315

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.



Statistical Analysis
Data are presented as mean ± standard error of the mean.

Statistical analyses were performed using SPSS 20 (IBM,
Armonk, NY) and considered significant if P value is 0.05
or less. Categorical data were compared using χ2 test. Con-
tinuous data between 3 groups were compared using 1-way
analysis of variance followed by Tukey honestly significant
difference post hoc analysis, whereas continuous data be-
tween the 2 groups was compared using Student t test. Corre-
lations were made with Pearson correlation coefficient.
Linear regression was performed to assess recipient baseline
characteristics as predictors of pretransplant circulating
CD4+CD127lo/−TNFR2+ Treg cells. Logistic regression
and receiver operating characteristic (ROC) curve were per-
formed to assess recipient, donor, and organ procurement
variables as predictors of DGF from non-DGF (immediate
graft function [IGF] + SGF) or AKI (DGF + SGF) from IGF.
The ROC curve was also used to determine a range of cutoff
values for each significant variable that predicted DGF or AKI
(DGF + SGF), as well as an optimal cutoff value based on the
largest sums of sensitivity and specificity. Multivariate logistic
regressionwas used to assess the independent predictive ability
of CD4+CD127lo/−TNFR2+ Treg cell for DGF and AKI
(DGF + SGF) in models containing variables that were signif-
icantly different between our outcomes of interest with the
exception of expanded criteria donor (ECD) category as this
variable was strongly collinear with donor age, and donor
age is the main determinant of ECD categorization.20 The mul-
tivariate logistic regression models were internally validated by
generating 95% confidence intervals for the odds ratios using
the bootstrap technique with 1000 replicates.

RESULTS

Patient Characteristics
Seventy-six consecutive consenting adult deceased-donor

kidney transplant recipients were enrolled and prospectively
divided into (1) DGF (n = 18), (2) SGF (n = 34), and
(3) IGF (n = 24) groups. The IGF and SGF groups were com-
bined into a non-DGF group (n = 58). The DGF and SGF
groups were also combined into an AKI group (n = 52) be-
cause these 2 groups are a continuous spectrum of renal
ischemia-reperfusion injury.3 The DGF recipients were de-
fined as those requiring dialysis within 7 days after transplan-
tation. Recipients not requiring dialysis after transplantation
were defined as having SGF if their 24-hour serum creatinine
decreased by less than 20%, and IGF if it decreased by more
than 20%.12,21 Initiation of posttransplant dialysis was de-
cided independently by the treating physicians.

Recipient, donor, and organ procurement characteristics
were collected prospectively (Tables 1 and Table S1, SDC,
http://links.lww.com/TP/B196). Donor age and cold ischemic
time (CIT) were significantly higher in DGF and SGF recipi-
ents. The use of ECDs and the presence of a previous trans-
plant were also significantly more frequent in DGF and
SGF recipients. The use of pretransplant dialysis was sig-
nificantly different between AKI (DGF + SGF) and IGF,
but not DGF and non-DGF (IGF + SGF) recipients. Induction
and maintenance immunosuppressive regimen were simi-
lar between groups (details in Table 1 and Table S1, SDC,
http://links.lww.com/TP/B196). None of the recipients, espe-
cially those with an autoimmune etiology of end-stage renal

disease, were on immunosuppressive therapy within 6 months
preceding their transplant. As expected, estimated glomeru-
lar filtration rate was significantly lower in DGF and SGF re-
cipients up to 6 months after transplantation (Table 1 and
Table S1, SDC, http://links.lww.com/TP/B196).

Expression of TNFR2 on CD4+CD127lo/− T Cells is a
Surrogate Phenotypic Surface Marker of Treg
Cell–Suppressive Function

Based onprevious literature,we first sought to verifywhether
expression of the surface marker TNFR2 is a surrogate marker
of Treg cell–suppressive function in a subset of 37 deceased
donor adult kidney transplant recipients. Expression of
TNFR2 on CD4+CD127lo/− Tcells positively correlated with
Treg cell–suppressive function (r = 0.63, P < 0.01; Figure 1).
Identification of Treg cell using the CD4+CD127lo/− TNFR2+
markers positively correlated with the CD4+CD25
+CD127lo/− markers (r = 0.40, P < 0.01), and yielded a
larger cell population (4.39 ± 0.30% or 59.95 � 106/L in-
stead of 2.54% ± 0.12% or 34.31� 106/L, P < 0.01).

Pretransplant Recipient Circulating CD4+CD127lo/
−TNFR2+ Treg Cells Were Lower in DGF and
SGF Recipients

We then examined whether the percentage and absolute
number of pretransplant circulating CD4+, CD4+CD127lo/−,
CD4+CD25+CD127lo/−, and CD4+CD127lo/−TNFR2+ T
cells were different between DGF, SGF, and IGF recipients.
Only the percentage and absolute number of CD4+CD127lo/
−TNFR2+ Treg cells were significantly lower in DGF (3.08 ±
0.59%, 39.70 ± 10.45 � 106/L) and SGF (3.95 ± 0.35%,
54.83 ± 5.34 � 106/L) in comparison to IGF (6.05 ± 0.57%,
82.72 ± 10.99 � 106/L) recipients (P < 0.05; Figures 2 and
3, and Figure S1, SDC, http://links.lww.com/TP/B196). The
same results were observed when comparing DGF with non-
DGF or AKI to IGF recipients (P = 0.02; Figures 2 and 3,
and Figure S1, SDC, http://links.lww.com/TP/B196).

Recipient Baseline CharacteristicsWere Not Predictive
of Pretransplant Recipient Circulating CD4+CD127lo/
−TNFR2+ Treg Cells

Certain recipient baseline characteristics, such as age,22,23

sex,24 autoimmune etiology of end-stage renal disease,25-28

body mass index,29,30 vitamin D supplementation,31 statin
therapy,32 blood transfusion history,33 sensitization,34 and dial-
ysis modality/duration35 were shown to have immuno-
modulatory potential. We therefore investigated whether
the aforementioned variables influenced the percentage
or absolute number of pretransplant recipient circulating
CD4+CD127lo/−TNFR2+ Treg cells. In our cohort of recip-
ients, none of the recipient baseline characteristics was pre-
dictive of CD4+CD127lo/−TNFR2+ Treg cells (Table S2, SDC,
http://links.lww.com/TP/B196).

Prediction of DGF or AKI Based on Pretransplant
Recipient Circulating CD4+CD127lo/−TNFR2+
Treg cells

Univariate Analyses
Pretransplant Recipient Circulating CD4+CD127lo/−TNFR2+
Treg Cells Predicted DGF

Because pretransplant recipient circulating CD4+CD127lo/
−TNFR2+ Treg cells were significantly decreased in DGF
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recipients, we investigated whether they could predict if a recip-
ient will have DGF or not after transplantation. In logistic re-
gression analysis, each percentage increase in CD4+CD127lo/
−TNFR2+ Treg cell decreased the odds of having DGF by 30%
(P = 0.02), whereas each 1 � 106/L increase decreased the odds

by 2% (P = 0.03; Table 2). Predictive accuracy for DGF was
assessed in ROC curve analysis, in which area under the curves
(AUCs) of 0.75 and 0.77 were obtained for CD4+CD127lo/
−TNFR2+ Treg cell percentage and absolute number, respec-
tively (P < 0.01; Figure 4A). The performance of various cutoff

TABLE 1.

Recipient, donor, and organ procurement characteristics

Non-DGF (IGF + SGF) DGF Pa IGF AKI (SGF + DGF) Pb

Recipient
n 58 18 24 52
Age, y 57 ± 2 57 ± 3 0.85 57 ± 3 57 ± 2 0.95
Male 42 15 0.35 15 42 0.09
African American race 6 4 0.19 3 7 0.91
Diagnosis
SLE 1 0 0.73 0 1 0.77
GN 14 7 5 16
DM2 16 4 6 14
HTN 2 1 1 2
Other 25 6 12 19

BMI, kg/m2 28 ± 1 29 ± 1 0.54 27 ± 1 28 ± 1 0.27
PRA > 50% 8 2 0.66 5 5 0.14
PRA class I, % 13 ± 3 5 ± 5 0.24 16 ± 5 9 ± 3 0.22
PRA class II, % 8 ± 3 5 ± 5 0.61 10 ± 6 6 ± 3 0.54
Previous transplant 3 5 <0.01 1 7 0.22
Blood transfusion history 15 4 0.82 5 14 0.40
HLA mismatches 3.5 ± 0.1 3.9 ± 0.3 0.27 3.6 ± 0.3 3.6 ± 0.2 0.86
Pretransplant vitamin D 19 6 0.83 10 15 0.42
Pretransplant statin 29 8 0.68 13 24 0.52
Pretransplant dialysis
None 5 1 0.34 4 2 <0.01
PD 11 1 7 5
HD 40 15 12 43

Time on dialysis, y 3.8 ± 0.4 5.0 ± 1.0 0.19 4 ± 1 4 ± 1 0.81
Pretransplant eGFR, mL/min per 1.73 m2 11 ± 1 9 ± 1 0.11 10 ± 1 11 ± 1 0.63
Immunosuppression regimen
ATG Tac, MMF, steroidc 27 5 0.29 10 22 0.33
Alemtuzumab Tac, MMFd 30 13 13 30
Daclizumab Tac, MMF, steroidc 1 0 1 0

Posttransplant outcomes
Day 1 eGFR, mL/min per 1.73 m2 13 ± 1 9 ± 1 0.01 14 ± 1 11 ± 1 0.09
Day 7 eGFR, mL/min per 1.73 m2 37 ± 3 14 ± 2 <0.01 51 ± 5 23 ± 2 <0.01
Day 14 eGFR, mL/min per 1.73 m2 47 ± 2 23 ± 3 <0.01 58 ± 3 32 ± 2 <0.01
Day 30 eGFR, mL/min per 1.73 m2 48 ± 2 31 ± 3 <0.01 58 ± 4 37 ± 2 <0.01
Day 90 eGFR, mL/min per 1.73 m2 52 ± 2 38 ± 5 <0.01 63 ± 3 41 ± 2 <0.01
Day 180 eGFR, mL/min per 1.73 m2 53 ± 3 41 ± 6 0.04 65 ± 4 44 ± 3 <0.01
AR within 180 d 7 6 0.04 3 9 0.59

Donor
Age, y 49 ± 2 58 ± 3 0.01 38 ± 4 57 ± 2 <0.01
ECD 23 11 0.11 4 30 <0.01
DBD 57 17 0.38 24 50 0.33
DCD 1 1 0 2
Terminal eGFR, mL/min per 1.73 m2 121 ± 8 117 ± 11 0.79 118 ± 10 120 ± 9 0.86

Procurement
CIT, h 15 ± 1 20 ± 2 <0.01 14 ± 1 17 ± 1 0.05
Machine perfusion 49 14 0.61 21 42 0.67

a P value for comparisons between DGF and non-DGF groups.
b P value for comparisons between AKI and IGF groups.
c Maintenance immunosuppression starting on day 1 with tacrolimus (through levels, 4-8 ng/mL), MMF, and corticosteroid tapering protocol.
d Maintenance immunosuppression starting on day 1 with tacrolimus (through levels, 4-8 ng/mL) and MMF.
AR, acute rejection; ATG, antithymocyte globulin; BMI, body mass index; DBD, donor after brain death; DCD, donor after cardiac death; DM2, type 2 diabetes mellitus; eGFR, estimated GFR; GN, glomerulo-
nephritis; HD, hemodialysis; HTN, hypertension; MMF, mycophenolate mofetil; PD, peritoneal dialysis; PRA, panel-reactive antibody; SLE, systemic lupus erythomatosus; Tac, tacrolimus.
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values for the previous 2 variables with regard to sensitivity,
specificity, and predictive value is presented in Table 3.
Identifying Treg cells with CD4+CD127lo/− or CD4+
CD25+CD127lo/− was not predictive of DGF (Figure S2,
SDC, http://links.lww.com/TP/B196). Cold ischemic time
was the only other significant variable in the prediction of
DGF (AUC = 0.75, P < 0.01), whereas donor age and previ-
ous transplant were not (Figure 4B).

Pretransplant Recipient Circulating CD4+CD127lo/−TNFR2+
Treg Cells Predicted AKI

Because DGF and SGF represent a continuous spectrum of
renal ischemia-reperfusion injury,3 we also examined whether
pretransplant recipient circulating CD4+CD127lo/−TNFR2+
Treg cells predicted posttransplant AKI (combined DGF and
SGF group). In logistic regression analysis, each percentage in-
crease in CD4+CD127lo/−TNFR2+ Treg cell decreased the
odds of having AKI by 31% (P < 0.01), whereas each 1 �
106/L increase decreased the odds by 2% (P < 0.01; Table 4).
Predictive accuracy for AKI was assessed in ROC curve analy-
sis, in which AUCs of 0.76 and 0.72 were obtained for CD4+
CD127lo/−TNFR2+ Treg cell percentage and absolute num-
ber, respectively (P < 0.01; Figure 5A). The performance
of various cutoff values for the previous 2 variables with re-
gards to sensitivity, specificity, and predictive value is presented
in Table 3. Identifying Treg cells with CD4+CD127lo/−
or CD4+CD25+CD127lo/− was not predictive of AKI
(Figure S3, SDC, http://links.lww.com/TP/B196). Other sig-
nificant variables in the prediction of AKI included donor
age (AUC = 0.81, P < 0.01), ECD category (AUC = 0.71,

P < 0.01), and pretransplant dialysis modality (AUC = 0.67,
P = 0.02; Figure 5B).

Multivariate Analyses
For our multivariate analyses, we considered all vari-

ables that were significantly different between our out-
comes of interest. Because a strong correlation existed
between ECD category and donor age (Table S3, SDC,
http://links.lww.com/TP/B196), we excluded ECD category
and retained donor age in our multivariate analyses because
donor age is the main determinant of ECD categorization.20

No or weak correlations existed among the other afore-
mentioned variables included in our multivariate analyses
(Table S3, SDC, http://links.lww.com/TP/B196).

Pretransplant Recipient Circulating CD4+CD127lo/−TNFR2+
Treg Cells Were Not Independently Associated With DGF

Inmultivariate logistic regression analysis adjusting for the
effects of CIT, donor age, and previous transplant, CD4+
CD127lo/−TNFR2+ Treg cell percentage and absolute num-
ber did not remain significant variables in predicting which
recipients will have DGF or not (Table 2).

Pretransplant Recipient Circulating CD4+CD127lo/−TNFR2+
Treg Cells Predicted AKI

In multivariate logistic regression analysis, CD4+CD127lo/
−TNFR2+ Treg cell percentage and absolute number remained
significant predictors of AKI when adjusting for the effects of
CIT, donor age, previous transplant, and pretransplant dial-
ysis modality, as demonstrated by odds ratios of 0.72

FIGURE 1. Pretransplant recipient circulating Treg cell–suppressive function correlates with TNFR2+ expression on CD4+CD127lo/− Tcells.
Representative examples of circulating Treg cell–suppressive function measured by the suppression of stimulated autologous CFSE-
labeled Teff cell by Treg in coculture and the corresponding TNFR2 expression on CD4+CD127lo/− T cells are shown for 3 recipients
before transplantation.
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(P = 0.02) and 0.98 (P = 0.02), respectively (Table 4). This
analysis was internally validated by generating 95% con-
fidence intervals for the odds ratios with the bootstrap re-
sampling technique using 1000 replicates (Table S4, SDC,
http://links.lww.com/TP/B196).

CD4+CD127lo/−TNFR2+ Treg Cell-Based Logistic Regression
Model to Predict AKI

Because pretransplant dialysis modality and donor age
were also significant variables in the prediction of AKI in
multivariate logistic regression and are known risk factors
for AKI,20,36,37 we incorporated these variables with pre-
transplant recipient circulating CD4+CD127lo/−TNFR2+
Treg cells to create a logistic regression model that could
be used before transplantation to guide organ allocation
by estimating the probability of a recipient to develop
AKI after transplantation (probability of AKI = 1

1þ e−z with
z = −4.28 + (−0.34 � CD4+CD127lo/−TNFR2+ Treg %) +
(0.09 � donor age) + (0.70 � peritoneal dialysis [0/1]) +
(2.96 � hemodialysis [0/1]). We chose CD4+CD127lo/
−TNFR2+ Treg cell percentage instead of absolute number
in the model because it had the highest AUC of the two in
ROC curve analysis. This logistic regression model improved
the prediction accuracy for AKI on ROC curve analysis with
an AUC of 0.90 (P < 0.01) in comparison to using CD4+
CD127lo/−TNFR2+ Treg cell percentage, donor age, or

dialysis modality alone (Figures 5 and 6). Its prediction accu-
racy, however, did not differ significantly from a logistic re-
gression model using only the clinically available variables
donor age and pretransplant dialysis modality (AUC = 0.88;
Figure 6). Nevertheless, at the optimal cutoff probability value
based on the best sums of sensitivity and specificity, the model
including CD4+CD127lo/−TNFR2+ Treg cell had a better
specificity and positive predictive value (PPV) while maintain-
ing a similar sensitivity and negative predictive value (Table 5).

DISCUSSION
We previously found that pretransplant recipient Treg

cell–suppressive function was predictive of AKI (DGF +
SGF) after kidney transplantation. Because of its labor-
intensive and time-consuming nature, the conventional assay
to measure Treg cell–suppressive function by suppression
of autologous Teff cell proliferation by Treg cell in cocul-
ture is however impractical for widespread clinical use as
an immune marker for AKI (DGF + SGF). This is especially
true in deceased donor kidney transplantation, which often
occurs in a semi-urgent fashion and during off-hours. We
found that the measurement of circulating recipient CD4+
CD127lo/−TNFR2+ Treg cells before transplantation could
be a suitable rapid and simple alternative to the conventional
Treg cell–suppressive function assay as an immune marker
for AKI (DGF + SGF).

FIGURE 2. Pretransplant recipient circulating CD4+CD127lo/−TNFR2+ Treg cells were lower in DGF and SGF in comparison to IGF
recipients. Representative CD4+CD127lo/−TNFR2+ and CD4+CD25+CD127lo/− flow cytometry analyses for a DGF, SGF, and IGF
recipient are shown.
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Although Treg cells are currently conventionally identified
with the surfacemarkers, CD4, CD25, andCD127, this com-
bination failed to predict DGF or AKI (DGF + SGF) in our
study. On the other hand, the combination of CD4,
CD127, and TNFR2, which partially correlated with CD4+
CD25+CD127lo/−, was able to predict DGF and AKI
(DGF + SGF). This reflects the known heterogeneity of Treg
cells,38 and perhaps both populations identify Treg cells with
distinct functional capacities in AKI. Previous murine and
healthy subjects literature reported that TNFR2 identifies a
highly suppressive subset of Treg cells, independent of
CD25. The TNFR2+ T cells were shown to contain a sub-
stantial portion of CD25− cells, whereas CD25+ T cells that
were TNFR2− hadminimal to no suppressive activity.18,39-41

Our results also suggest that upregulation of TNFR2 on
CD4+CD127lo/−Tcells could identify highly suppressive Treg
cells in uremic patients awaiting a deceased donor kidney
transplant, as it correlated with the conventional Treg cell–
suppressive function assay.

In an inflammatory environment, such as AKI, where
TNF-α is upregulated,19 the presence of TNFR2 on Treg cells
could be essential for their maximal suppressive function via
several mechanisms. First, TNF-α binding to TNFR2+ Treg
cells serves as a negative feedback loop to prevent excessive
effector immune responses by stimulating Treg cell activation/
expansion.39 Second, interaction between TNF-α and TNFR2
+ Treg cells also increases their resistance to oxidative stress
by upregulation of the antioxidant thioredoxin-1, thereby

TABLE 2.

Logistic regression analysis to predict DGF

Univariate Analysis

Variables OR 95% CI P

CD4+CD127lo/−TNFR2+ Treg, % 0.70 0.52-0.95 0.02
CD4+CD127lo/−TNFR2+ Treg, 106/L 0.98 0.96-0.99 0.03
CIT, h 1.15 1.04-1.26 <0.01
Donor age, y 1.04 0.99-1.08 0.06
Previous transplant 7.05 1.49-33.35 0.01

Multivariate analysis with CD4+CD127lo/−TNFR2+, %

Variables OR 95% CI P

CD4+CD127lo/−TNFR2+ Treg, % 0.73 0.51-1.05 0.09
CIT, h 1.14 1.03-1.27 0.02
Donor age, y 1.01 0.97-1.05 0.58
Previous transplant 8.40 1.20-58.88 0.03

Multivariate analysis with CD4+CD127lo/−TNFR2+, 106/L

Variables OR 95% CI P

CD4+CD127lo/−TNFR2+ Treg (106/L) 0.98 0.96-1.01 0.10
CIT, h 1.16 1.04-1.29 <0.01
Donor age, y 1.01 0.97-1.06 0.60
Previous transplant 7.16 1.11-46.25 0.04

95% CI, 95% confidence interval; OR, odds ratio.

FIGURE 3. Pretransplant recipient circulating CD4+CD127lo/−TNFR2+ Treg (A) percentage and (B) absolute number, but not CD4+CD25+
CD127lo/− Treg cell (C) percentage and (D) absolute number, were significantly lower in DGF and SGF in comparison to IGF, significantly lower
in DGF in comparison to non-DGF (IGF + SGF), and significantly lower in AKI (DGF + SGF) in comparison to IGF recipients.
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increasing their survival in an inflammatory environment.42

Third, Treg cells can shed soluble TNFR2, which then acts
as a decoy to decrease the availability of TNF-α to exert its
proinflammatory activities.43 Circulating TNFR2+ Treg cells
could therefore be homing to the ischemia-reperfusion in-
jured transplanted kidney and subsequently decrease damage
by directly suppressing effector immune activity or by
inhibiting the proinflammatory functions of TNF-α.

Similarly to the conventional pretransplant Treg cell–
suppressive function assay, the pretransplant measurement
of the most potently suppressive subset of circulating CD4+
CD127lo/−TNFR2+ Treg cells was independently predictive
of AKI (DGF + SGF), but with a lower accuracy, specificity,
and PPV.12 The addition of CD4+CD127lo/−TNFR2+ Treg
cell to known clinical risk factors for AKI to form a predictive
model improved the specificity and PPV, but did not improve
the accuracy compared to using a model without CD4+

CD127lo/−TNFR2+ Treg cell. Although clinical variables, such
as donor age, are undoubtedly strong predictors of AKI, this
could also be attributed to the fact that we limited our iden-
tification of the most potently suppressive subset of Treg cells
to only 3 surface markers. This was done with the inten-
tional purpose of optimizing cost-effectiveness, rapidity,
and simplicity. The measurement of circulating CD4+
CD127lo/−TNFR2+ Treg cell, from blood draw to flow
cytometry analysis, can be done within 2 hours using a basic
flow cytometer that is widely available for dedicated use in
pretransplant immunemonitoring and does not require com-
plex fluorescence compensation. With the wider availability
of multicolor flow cytometers and automatic compensation,
identification of the most potent subset of Treg cells with ad-
ditional described markers, such as CD45RA,44 CTLA-4,45

HLA-DR,46 ICOS,47 and CD62L48 could increase the corre-
lation between phenotypically identified potent Treg cells and

FIGURE 4. Predictors of DGF in ROC curve analysis. A, Pretransplant recipient circulating CD4+CD127lo/−TNFR2+ Treg percentage (AUC,
0.75; 95% CI, 0.61-0.88, P < 0.01; optimal cutoff value, 3.32%; sensitivity, 77.8%; specificity, 71.9%; PPV, 46.7%; NPV, 91.1%) and absolute
number (AUC, 0.77; 95%CI, 0.64-0.90; P < 0.01; optimal cutoff value, 37.13� 106/L; sensitivity, 77.8%; specificity, 78.9%; PPV, 53.8%; NPV,
91.8%) predicted DGF in ROC curve analysis. B, Cold ischemic time (AUC, 0.75; 95%CI, 0.63-0.88;P < 0.01; optimal cutoff value, 14.5 hours;
sensitivity, 88.9%; specificity, 56.9%; PPV, 39.0%; NPV, 94.3%) predicted DGF in ROC curve analysis, whereas donor age (AUC, 0.65; 95%CI,
0.52-0.77;P = 0.07) and previous transplant (AUC, 0.61; 95%CI, 0.45-0.78;P = 0.15) did not. 95%CI, 95% confidence interval; NPV, negative
predictive value.

TABLE 3.

Sensitivity, specificity, and predictive value for predicting DGF or AKI using CD4+CD127lo/−TNFR2+ Treg

Cutoff Value Sens, % Spec, % PPV, % NPV, %

Prediction of DGF
CD4+CD127lo/−TNFR2+ Treg, % 1.49 27.8 96.5 71.4 80.9

3.32a 77.8 71.9 46.7 91.1
6.19 94.4 24.6 28.3 93.3

CD4+CD127lo/−TNFR2+, 106/L 19.26 33.3 96.5 75.0 82.1
37.13a 77.8 78.9 53.8 91.8
72.65 94.4 33.3 30.9 95.0

Prediction of AKI
CD4+CD127lo/−TNFR2+ Treg, % 2.76 36.5 95.7 95.2 40.7

4.27a 71.2 69.6 84.1 51.6
6.79 94.2 39.1 77.8 75.0

CD4+CD127lo/−TNFR2+, 106/L 31.67a 38.5 95.7 95.2 40.7
43.26 55.8 78.3 85.3 43.9
110.35 94.2 26.1 74.2 66.7

a Optimal cutoff value based on the best sums of sensitivity and specificity.
NPV, negative predictive value; Sens, sensitivity; Spec, specificity.
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the conventional Treg cell–suppressive function assay without
compromising cost-effectiveness, and potentially improve the
predictive value for AKI.

CD4+CD127lo/−TNFR2+ Treg cell, however, was not sig-
nificantly different betweenDGF and SGF recipients, and could
not independently predict DGF from non-DGF (IGF/SGF)
recipients. Although DGF is considered the most severe
form of ischemia-reperfusion injury, evidence suggests that
the contribution of SGF to immunological outcomes and
graft survival is more similar to DGF than IGF.3,7,49 More-
over, the classification of graft function into DGF or SGF is
based on a subjective decision to dialyze a recipient within
the first week after transplantation. It is therefore possible
that for 2 recipients with the same severity of ischemia-
reperfusion injury, one was classified as DGF because the

TABLE 4.

Logistic regression analysis to predict AKI

Univariate Analysis

Variables OR 95% CI P

CD4+CD127lo/−TNFR2+ Treg, % 0.69 0.55-0.86 <0.01
CD4+CD127lo/−TNFR2+ Treg, 106/L 0.98 0.97-0.99 <0.01
CIT, h 1.09 1.01-1.18 0.05
Donor age, y 1.08 1.04-1.12 <0.01
ECD 6.82 2.04-22.78 <0.01
Previous transplant 3.58 0.42-30.86 0.25
Pretransplant dialysis
None 1.00
PD 1.43 0.18-11.09 0.73
HD 7.17 1.17-43.97 0.03

Multivariate analysis with CD4+CD127lo/−TNFR2+ (%)

Variables OR 95% CI P

CD4+CD127lo/−TNFR2+ Treg (%) 0.72 0.55-0.94 0.02
CIT, h 1.08 0.94-1.23 0.27
Donor age, y 1.09 1.04-1.15 <0.01
Previous transplant 2.67 0.14-49.48 0.51
Pretransplant dialysis
None 1.00
PD 2.16 0.15-31.19 0.57
HD 22.54 1.67-303.43 0.02

Multivariate analysis with CD4+CD127lo/−TNFR2+, 106/L

Variables

CD4+CD127lo/−TNFR2+ Treg, 106/L 0.98 0.97-0.99 0.02
CIT, h 1.09 0.95-1.23 0.22
Donor age, y 1.10 1.04-1.17 <0.01
Previous transplant 1.80 0.09-36.24 0.70
Pretransplant dialysis
None 1.00
PD 1.69 0.12-23.98 0.70
HD 20.14 1.40-289.36 0.03

FIGURE 5. Predictors of AKI in ROC curve analysis. A, Pretransplant recipient circulating CD4+CD127lo/−TNFR2+ Treg percentage (AUC,
0.76; 95% CI, 0.64-0.87; P < 0.01; optimal cutoff value, 4.27%; sensitivity, 71.2%; specificity, 69.6%; PPV, 84.1%; NPV, 51.6%) and absolute
number (AUC, 0.72; 95%CI, 0.60-0.84; P < 0.01; optimal cutoff value, 31.67� 106/L; sensitivity, 38.5%; specificity, 95.7%; PPV, 95.2%; NPV,
40.7%) predicted AKI in ROC curve analysis. B, Donor age (AUC, 0.81; 95% CI, 0.69-0.93; P < 0.01; optimal cutoff value, 46.5 years; sensi-
tivity, 88.5%; specificity, 75.0%; PPV, 88.4%; NPV, 75.0%), expanded criteria donor category (AUC, 0.71; 95% CI, 0.58-0.83; P < 0.01; sen-
sitivity, 57.7%; specificity, 83.3%; PPV, 88.2%; NPV, 45.5%), and pretransplant dialysis modality (AUC, 0.67; 95% CI, 0.53-0.81; P = 0.02;
sensitivity, 86.0%; specificity, 47.8%; PPV, 78.2%; NPV, 61.1%) predicted AKI in ROC curve analysis, whereas cold ischemic time (AUC,
0.63; 95% CI, 0.49-0.76; P = 0.08) and previous transplant (AUC, 0.55; 95% CI, 0.41-0.68; P = 0.52) did not.

FIGURE 6. Prediction of AKI in ROC curve analysis using logistic
regression models based on clinical variables alone (AUC, 0.88;
95% CI, 0.79-0.98; P < 0.01) or in combination with CD4+
CD127lo/−TNFR2+ Treg cell percentage (AUC, 0.90; 95% CI,
0.81-0.99; P < 0.01).
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clinical decision was to initiate dialysis but graft function
was about to recover, whereas the other was classified as
SGF because dialysis requirement was imminent but graft
function recovered in time to avoid dialysis.

Our study is limited by the fact that it was conducted in a
single institution with a small sample size. This could explain
why CIT, donor age, and previous transplant were not pre-
dictors of both DGF and AKI in multivariate analyses. With
regards to pretransplant dialysis modality, it was only predic-
tive of AKI but not DGF. Recipients undergoing a preemptive
transplant rarely develop DGF,50 but could have a very lim-
ited residual native kidney function still making them suscep-
tible to developing SGF. Although the 24% rate of DGF in
our cohort was on par with the literature, we had a higher
rate of SGF at 45%.49 This could be related to the fact that
almost 50% of our grafts are from ECDs. Because we re-
cruited consecutive consenting patients in a prospective man-
ner before transplantation at a timewhen their graft outcome
was unknown, it is also possible that, by chance, more pa-
tients volunteering to participate in our study developed
SGF. This volunteer effect could influence our results. Be-
cause of the urgent nature of deceased donor kidney trans-
plantation, we also did not test the stability of circulating
CD4+CD127lo/−TNFR2+ Treg cells by serial measures in
the pretransplant setting. We acknowledge that this would
be an important goal of a separate study.

Despite the limitations of our study, our results neverthe-
less indicate that circulating CD4+CD127lo/−TNFR2+ Treg
cell is a potential novel immune marker for AKI. This is in
fact the second study supporting the concept that a decreased
pretransplant recipient circulating Treg cell–suppressive
function is linked to AKI. External validation of circulating
CD4+CD127lo/−TNFR2+ Treg cell as a predictor of AKI
could eventually guide organ allocation and therapeutic in-
terventions aimed at individual specific targets of Treg cell.
For example, pretransplant infusion of maximally suppres-
sive Treg cells isolated based on CD127 and TNFR2 expres-
sion could potentially decrease ischemia-reperfusion injury
and decrease the risk for AKI. The TNFR2+ Treg cells could
also be expanded ex vivo or in vivo with specific TNFR2 ag-
onists.51,52 Another therapeutic avenue would be to simulate
soluble TNFR2 shedding by Treg cells with etanercept (fusion
protein composed of the extracellular domain of TNFR2 and
the hinge and Fc domains of human IgG1), which has been
shown to dampen renal ischemia-reperfusion injury in mice.53

This is in contrast with strong clinical predictors of AKI, such
as donor age, which cannot be manipulated especially in the
current context of organ demand and supply mismatch.

In conclusion, our findings suggest that pretransplant re-
cipient circulating CD4+CD127lo/−TNFR2+ Treg cell is a
potential alternative to the conventional Treg cell–suppressive
function assay as an immunemarker for AKI (DGF+ SGF), in-
dependent of donor and organ procurement characteristics.

Measuring pretransplant circulating CD4+CD127lo/−TNFR2+
Treg cells could therefore allow identification of recipients
at risk for AKI before transplantation, and consequently
guide organ allocation and AKI-targeted immunotherapies
to specific measures of CD4+CD127lo/−TNFR2+ Treg cells.
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