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Abstract

:

Post-transplant antihuman leukocyte antigen donor-specific antibodies (anti-HLA DSAs) monitoring in kidney transplant recipients remains unclear and is currently under investigation. The pathogenicity of anti-HLA DSAs is determined by antibody classes, specificity, mean fluorescent intensity (MFI), C1q-binding capacity, and IgG subclasses. The aim of this study was to investigate the association of circulating DSAs and their characteristics with renal allograft long-term outcomes. The study included 108 consecutive patients from our transplant center who underwent kidney allograft biopsy between November 2018 and November 2020, 3 to 24 months after kidney transplantation. At the time of biopsy, patients’ sera were collected for analysis of anti-HLA DSAs. Patients were followed for a median time of 39.0 months (Q1–Q3, 29.8–45.0). Detection of anti-HLA DSAs at the time of biopsy (HR = 5.133, 95% CI 2.150–12.253, p = 0.0002) and their C1q-binding capacity (HR = 14.639, 95% CI 5.320–40.283, p ≤ 0.0001) were independent predictors of the composite of sustained 30% reduction from estimated glomerular filtration rate or death-censored graft failure. Identification of anti-HLA DSAs and their C1q-binding capacity could be useful in identifying kidney transplant recipients at risk for inferior renal allograft function and graft failure. Analysis of C1q is noninvasive, accessible, and should be considered in clinical practice in post-transplant monitoring.
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1. Introduction


Kidney transplantation (KTx) is the treatment of choice for patients with end-stage kidney disease (ESKD) [1]. Despite improvements in short-term outcomes in kidney transplant recipients due to potent immunosuppressive therapy, advanced surgical techniques, and better post-transplant care, long-term outcomes have not improved to a similar extent [2].



Antibody-mediated rejection (ABMR) is the main cause of kidney allograft dysfunction and kidney allograft loss [3]. The presence of donor-specific antibodies (DSAs), particularly those against human leukocyte antigen (HLA), is a proven risk factor for the development of ABMR [4]. The role of nonanti-HLA DSA such as antibodies against angiotensin II type 1 receptor or against endothelin-1 type A receptor has been broadly analyzed [5,6]. Anti-HLA DSAs can be preexisting (preformed) or may develop de novo after transplantation [7]. Preformed DSAs are caused by exposure to the alloantigens during pregnancy, blood transfusion, or previous transplantation [8,9]. The virtual crossmatch is used to aid in renal allograft allocation and to avoid matching donors to recipients with preformed DSAs [10,11].



De novo anti-HLA DSAs develop after KTx in 13–27% of previously nonsensitized patients [12]. Usually, they emerge within 1-year post-transplant and are directed against HLA class II [13]. DSA screening in recipients with stable renal allograft function remains unclear and is currently under investigation [14,15]. Moreover, there is no consensus regarding the management of renal transplant recipients without allograft dysfunction with circulating de novo DSAs [16]. The impact of de novo anti-HLA DSAs on the development of ABMR is under investigation, as not all DSA-positive patients develop ABMR [17,18].



The pathogenicity of DSAs is determined by several characteristics, including antibody classes, specificity, strength (expressed by mean fluorescent intensity (MFI)), C1q-binding capacity, and IgG subclasses [19]. Antibodies against HLA class II occur more frequently than against HLA class I [20,21]. Patients with both anti-HLA DSA class I and II, or even class alone II, are at increased risk for ABMR [22]. The association between high MFI levels of DSAs and the increased occurrence of ABMR and decreased graft survival has been reported [23,24]. It has been demonstrated that C1q-binding capacity is a predictor of ABMR and correlates with graft survival [25,26]. However, it is not clear whether this increased risk is connected to complement-binding capacity or high MFI levels, as there is a strong correlation between the ability of DSAs to bind C1q and their strength [27,28]. IgG1 and IgG3 subclasses are strong complement-fixing antibodies, whereas IgG2 and IgG4 subclasses are considered noncomplement-fixing [29]. It was found that IgG3 and IgG4 are highly associated with ABMR and correlated with its phenotypes (IgG3 with acute ABMR, IgG4 with subclinical ABMR). Furthermore, IgG3 immunodominant DSAs are strongly and independently associated with allograft failure [19].



The aim of this study was to investigate, in a cohort of kidney transplant recipients from our center, the association of circulating DSAs and their characteristics, including MFI level, C1q-binding capacity, and IgG subclasses, with renal allograft function and long-term outcomes.




2. Materials and Methods


2.1. Study Design


The study included 108 consecutive patients from our transplant center (Department of Medical Transplantation, Nephrology and Internal Medicine, Medical University of Warsaw) who underwent kidney allograft biopsy between November 2018 and November 2020, 3 to 24 months after kidney transplantation from brain-dead deceased donors.



All kidney transplants required ABO blood group compatibility and a negative complement-dependent cytotoxicity crossmatch. All patients were of white ethnicity and had triple maintenance immunosuppression consisting of tacrolimus or cyclosporine, mycophenolate mofetil, and prednisone. The biopsy was performed using an 18-gauge needle with ultrasound guidance. The biopsy specimens were evaluated based on Banff criteria [30]. From all the patients at the time of biopsy, sera were collected for analysis of circulating anti-HLA DSAs and their characteristics (specificity, HLA class, MFI level, C1q-binding capacity, and IgG subclasses).



The primary outcome was the composite of sustained 30% reduction (defined as two consecutive results at least 3 months apart) from estimated glomerular filtration rate (eGFR) at biopsy or death-censored graft failure (defined as return to dialysis or retransplantation). EGFR was calculated using the Chronic Kidney Disease Epidemiology Collaboration 2009 (CKD-EPI) creatinine equation. All participants were followed through November 2022 (unless patient lost graft or died). Clinical data were obtained from the medical records.



The study was conducted in accordance with the Declaration of Helsinki and was approved by the medical ethics committee of the Medical University of Warsaw (Warsaw, Poland). Informed written consent was obtained from all patients.




2.2. Detection of Anti-HLA DSAs and Characterization


Sera samples were collected at the time of biopsy and stored at −80 °C for further analysis. All samples were analyzed for anti-HLA using LABScreen Mixed Class I and II (#LSM12, One Lambda, Inc., Los Angeles, CA, USA). When positive, samples were tested using LABScreen Single Antigen HLA class I and II assays (#LS1A04 and #LS2A01, One Lambda, Inc., CA, USA) on a Luminex platform. Antibodies with MFI > 500 were considered positive. Donor specificity for anti-HLA antibodies was determined by comparison of the HLA antibody specificities with the HLA of the donor for HLA-A, -B, and -DR.



The presence of C1q-binding anti-HLA DSAs was assessed using single antigen flow bead assays according to the manufacturer’s instructions (C1qScreen, #C1Q, One Lambda, Inc., CA, USA).



Detailed analysis of HLA DSA antibody subclasses was performed based on the method published by Hönger et al. [31]. The modification of the standard single antigen flow bead assay involved replacing the reporter PE-conjugated goat antihuman IgG antibody (#LS-AB2, One Lambda, Inc., CA, USA) with one of the monoclonal antibodies specific for the IgG subclass, that is, IgG1 (# mouse antihuman IgG 1 Fc-PE clone HP6001, # 9054-09), IgG2 (mouse antihuman IgG 2 Fc-PE clone 31-7-4, #9060-09), IgG3 (mouse antihuman IgG 3 Hinge-PE clone HP6050, #9210-09), and IgG4 (mouse antihuman IgG 4 Fc-PE clone HP6025, #9200-09) (all Southern Biotech, Birmingham, AL, USA). The detection of IgG subclasses 1-4 was conducted separately for each subclass on the sera of patients positive for HLA class I using the magnetic beads of the LABScreen Single Antigen HLA class I assay kit (Lot 013, #LS1A04, One Lambda, Inc., CA, USA) and the sera of patients positive for HLA class II using the magnetic beads of the LABScreen Single Antigen HLA class II assay kit (Lot 015, #LS2A01, One Lambda, Inc., CA, USA). Directly before analysis, the sera were centrifuged at 10,000× g for 10 min to remove aggregates or contamination. The initial procedure was conducted according to the manufacturer’s protocol. A 30 min incubation was performed on 20 μL of patient serum with 5 μL of LABScreen beads in V-bottom 96-well microplates. After washing the plate three times, in the modified part of the procedure, the beads were incubated for 30 min with 100 μL of PE-conjugated secondary antibody solution detecting IgG1, IgG2, IgG3, or IgG 4. After incubation, the beads were washed three times, resuspended in 80 μL of sterile phosphate buffered saline, and immediately proceeded to data acquisition on a Luminex LABScan 100 analyzer. The anti-HLA reactivity of the patients’ sera, corrected for nonspecific binding of the beads to negative control serum (#LS-NC, One Lambda, Inc., CA, USA), was calculated from the raw MFI values for each HLA-coated bead using HLA Fusion software v. 4.6 (#FUSPGR, One Lambda, Inc., CA, USA).




2.3. Statistical Analysis


The R software was used for statistical analysis. Categorical data were described as numbers (percentages), and continuous data were expressed as mean values with standard deviations or medians with quartiles 1 and 3 (Q1–Q3). The χ2 test or Fisher exact test was used for categorical variables, and the 2-sample t-test or Mann–Whitney test for continuous variables. The normality of distribution was assessed by the Shapiro–Wilk test. The primary study outcome was composite of sustained 30% reduction from eGFR at biopsy or death-censored graft failure. Event-free survival was estimated with the Kaplan–Meier method and compared according to anti-HLA antibody status with the use of the log-rank test. Cox proportional hazards models were used to estimate hazard ratios and 95% confidence intervals for the study outcomes. Variables with significant contributions in univariate Cox models were entered into the multiple adjusted Cox models to determine the independent association with outcomes. Backward stepwise elimination method with a p-value of <0.05 necessary for retention in the multivariate model was performed. p values of <0.05 were considered significant.





3. Results


3.1. Characteristics of Study Population


In the study, 108 consecutive kidney transplant recipients from brain-dead deceased donors who underwent kidney allograft biopsy 3 to 24 months after transplantation were included. At the time of biopsy, patients with present circulating DSAs were identified (N = 19). The characteristics of the study population at the time of biopsy are summarized in Table 1. There was no statistical difference between DSA (−) and DSA (+) patients regarding age at biopsy, sex, BMI, renal replacement therapy, cause of end-stage renal disease, cold ischemia time, HLA mismatches, and clinical characteristics, including type of calcineurin inhibitor (tacrolimus versus cyclosporine), eGFR at biopsy, proteinuria at biopsy, protocol biopsy, time from transplantation to biopsy, and occurrence of C4d deposition in biopsy. A higher percentage of patients with DSAs at the time of biopsy compared with DSA (−) patients had received a prior transplant (78.9% vs. 4.4%, p < 0.0001), had PRA > 5% (36.8% vs. 9.0%, p = 0.0048), had induction therapy (73.7% vs. 21.3%, p < 0.0001), had ABMR diagnosed at the time of biopsy (21.0% vs. 5.6%, p = 0.0492), and had anti-HLA DSAs before transplantation (47.4% vs. 10.1%, p = 0.0005). Out of 18 patients with anti-HLA DSAs before transplantation, 9 patients had them detected post-transplant at the time of biopsy. The characteristics of anti-HLA DSAs before transplantation were not statistically different between groups regarding number, class, and MFI of immunodominant anti-HLA DSAs.




3.2. Characteristics of Anti-HLA DSAs at the Time of Biopsy


Characteristics of anti-HLA DSAs at the time of biopsy are depicted in Table 2. Out of 19 patients with identified circulated anti-HLA DSAs at the time of biopsy, 7 patients (36.8%) had anti-HLA DSA class I, 10 patients (52.6%) had anti-HLA DSA class II, and 2 patients (10.5%) had anti-HLA DSA class I and II. The immunodominant anti-HLA DSAs were class I in 8 patients (42.1%) and class II in 11 patients (57.9%), with a median MFI (Q1–Q3) of 2900 (1284–4648). A total of 10 patients (52.6%) had immunodominant anti-HLA DSAs with C1q-banding capacity (3 patients with immunodominant anti-HLA DSA class I and 7 patients with immunodominant anti-HLA DSA class II). The most frequent IgG subclass of immunodominant anti-HLA DSA was IgG1 (14 patients, 73.7%), followed by IgG3 (7 patients, 36.8%), IgG4 (4 patients, 21.1%), and IgG2 (2 patients, 10.5%). The most predominant pattern was IgG1 alone (7 patients, 36.8%), followed by IgG3 alone (4 patients, 21.1%), IgG1 + IgG3 (3 patients, 15.8%), IgG1 + IgG4 (3 patients, 15.8%), IgG1 + IgG2 (1 patient, 5.3%), and IgG2 + IgG4 (1 patient, 5.3%).




3.3. Clinical Outcomes


Patients were followed for a median time of 39.0 months (Q1–Q3, 29.8–45.0) following the biopsy after transplantation. Clinical outcomes during follow-up are shown in Table 3. There was a statistical difference between DSA (−) and DSA (+) patients regarding eGFR at the end of follow-up (51.5 mL/min/1.73 m2 (Q1–Q3, 34.8–63.3) vs. 36.0 mL/min/1.73 m2 (Q1–Q3, 26.0–42.0), p = 0.0049), the occurrence of >30% decline in eGFR (10.1% vs. 57.9%, p < 0.0001), and death-censored graft loss (1.1% vs. 15.8%, p = 0.0168). There was no statistical difference regarding proteinuria at the end of follow-up. The combined endpoint was reached by 10 patients (11.2%) in the DSA (−) group vs. 11 patients (57.9%) in the DSA (+) group, p < 0.0001. The mean time from biopsy to the combined endpoint was 25.0 ± 10.69 months. During follow-up, four patients experienced a death-censored graft loss: one patient in the DSA (−) group and three patients in the DSA (+) group. The causes were ABMR (N = 2), BK virus nephropathy (N = 1), and recurrence of native kidney disease (N = 1). During follow-up, six patients died, of which four patients died with a functioning graft. The deaths were the result of cardiovascular causes (N = 3), infections (N = 2), and malignancy (N = 1).




3.4. Survival Analysis


Combined endpoint-free survival analysis according to anti-HLA DSA status at the time of biopsy is depicted in Figure 1. Reduced survival was associated with the presence of circulating DSAs (p < 0.0001) and C1q-banding capacity (DSA (+) C1q (−) vs. DSA (+) C1q (+), p-value = 0.01). No statistical difference was observed between DSA (+) Kaplan–Meier curves regarding MFI > 2000 vs. MFI ≤ 2000 (p = 0.4), HLA class I vs. HLA class II (p = 0.9), IgG1 (+) vs. IgG1 (−) (p = 0.5), IgG2 (+) vs. IgG2 (−) (p = 0.2), IgG3 (+) vs. IgG3 (−) (p = 0.8), and IgG4 (+) vs. IgG4 (−) (p = 0.2).



Univariate and multivariate Cox regression models for risk of the combined endpoint of >30% decline in eGFR or graft loss is shown in Table 4. The following independent predictors of >30% decline in eGFR or graft loss were identified in all models: age of the donor and proteinuria at the time of biopsy ≥50 mg/dl. Occurrence of circulating anti-HLA DSAs at the time of biopsy (HR = 5.133, 95% CI 2.150–12.253, p = 0.0002) and C1q-binding capacity of anti-HLA DSAs at the time of biopsy (HR = 14.639, 95% CI 5.320–40.283, p < 0.0001) were independent predictors of the >30% decline in eGFR or graft loss, and each variable was analyzed separately in a correspondent multivariate model.





4. Discussion


In this study, the utility of the identification of anti-HLAs and their characteristics after kidney transplantation to determine patients at risk for inferior allograft function and allograft failure was analyzed. A total of 19 out of 108 patients (17.6%) were identified with circulating anti-HLA DSAs at the time of biopsy, 3 to 24 months after kidney transplantation. Ten patients (52.6%) had immunodominant anti-HLA DSAs with C1q-banding capacity. The most frequent IgG subclass of immunodominant anti-HLA DSA was IgG1, followed by IgG3. These results are consistent with the available literature [31,32]. The development of anti-HLA DSAs may be caused before transplantation by pregnancy, blood transfusion, or prior transplantation, or anti-HLA DSAs may develop after transplantation [8]. In patients with circulating anti-HLA DSAs, 47.4% had anti-HLA DSAs detected before transplantation, and 78.9% had previous transplantation. There are several clinical events that contribute to the formation of de novo anti-HLA DSAs, including blood transfusion, pregnancy, homograft implantation, nonadherence, and immunosuppression minimization [33,34,35]. Patients with de novo anti-HLA DSAs display a 25% to 53% incidence of subclinical ABMR at the time of anti-HLA DSA identification, whereas 31% to 50% of patients with preformed anti-HLA DSAs develop subclinical ABMR by 3 months post-transplant [36]. Patients with anti-HLA DSAs have an increased risk of chronic ABMR and kidney allograft loss compared with patients with preformed anti-HLA DSAs [37,38]. However, the detection of circulating anti-HLA DSAs, regardless of their status, is associated with increased expression of rejection transcripts in renal transplant biopsies classified as no rejection [39].



The identification of anti-HLA DSAs was an independent predictor of the composite of sustained 30% reduction from eGFR at biopsy or death-censored graft failure. Previous studies showed an association between circulating anti-HLA DSAs and increased C4d deposition in the peritubular capillaries of the allograft, as well as increased microvascular inflammation, which leads to ABMR and kidney graft failure [40,41,42]. Moreover, it was discovered that the course of fibrogenesis in renal allograft is significantly accelerated by circulating anti-HLA DSAs independent of ABMR [43]. Recently, the strong association of proinflammatory blood cytokine profiles was demonstrated with the presence of HLA DSAs, even in the absence of histology of rejection [44]. In previous papers, it was reported that the presence of anti-HLA DSAs was associated with inferior graft outcomes and graft failure [45,46]. However, some studies demonstrated contrasting findings [47].



To better evaluate the predictive value of anti-HLA DSAs for renal graft outcomes, their characteristics, including MFI level, C1q-binding capacity, and IgG subclasses, have been broadly analyzed [19]. In this study, the C1q-binding capacity of anti-HLA DSAs was proved to be an independent predictor of inferior renal graft outcomes. This is consistent with what has been found in previous papers [25,26]. A recent meta-analysis by Kang et al., which included relevant studies comparing the clinical outcomes between DSA C1q (+) and DSA C1q (−) kidney transplant recipients, demonstrated that C1q-binding DSAs are associated with increased risks of ABMR, renal allograft failure, and patient death [48]. The pathogenic potential of C1q DSA is explained by the fact that binding complement fraction C1 is the first step in the activation of the classic complement pathway, which results in the formation of a membrane attack complex that contributes to vascular injury and causes target cell damage [49]. Detection of C1q DSA could have therapeutic consequences, as there are available complement-targeting agents, such as eculizumab [26,50]. It has been shown that circulating C1q-binding anti-HLA DSAs after therapeutic intervention for ABMR may reflect the effect of treatment and predict long-term allograft survival [51]. In a recent study, it was demonstrated that timely treatment with an augmented immunosuppressive protocol of C1q-binding anti-HLA DSA-associated ABMR, with early detection and elimination of C1q-binding anti-HLAs, may be associated with better outcomes [52]. A large multicenter randomized clinical trial is needed to assess the role of the C1q-binding capacity of anti-HLA DSAs in kidney transplant recipients.



The study included a relatively small number of patients with DSA positivity; therefore, it was not possible to fully characterize the utility of IgG subclasses on renal allograft outcomes. IgG subclass assays are not currently commercially available and are not used in clinical practice. In line with previous studies, the IgG1 subclass was the most common [53]. Moreover, it is worth discussing the fact that IgG2 and IgG4 subclasses were identified but only in combination with other subclasses. A similar pattern of results suggesting the evolution of an immune response was obtained by Ponsirenas et al. [54]. It was hypothesized that human B cells follow a programmed sequence of immunoglobulin class switching from IgM to IgG3, then to IgG1 and to IgG2 and, finally, to IgG4 [55]. That could be supported by the finding that IgG2 and IgG4 subclasses of anti-HLA DSAs were detected in eluates of rejected renal allografts [56].



In our study population, patients with immunodominant anti-HLA DSA MFI values of >2000 vs. ≤2000 did not have significantly different event-free survival. Analysis of MFI values is challenging, as there is no international threshold for MFI values and a lack of standardization [57]. Therefore, regulatory agencies do not accept single antigen bead assays as quantitative measurements [51].



The results of the study must be interpreted with caution, and several limitations should be borne in mind. This was a single-center study with a relatively small number of patients with DSA positivity. The presence of DSA in patients was tested at different points in time but within 3 to 24 months after kidney transplantation at the time of renal allograft biopsy. The DSAs and their characteristics were not monitored during follow-up. The DSAs against HLA-C, -DP, and -DQ are not included, as HLA-C, -DP, and -DQ typing were not available for kidney donors. The heterogeneity in the induction of immunosuppression treatment could not be avoided.



To conclude, our data reported that the identification of circulating anti-HLA DSAs and their C1q-binding capacity are independent predictors for inferior renal allograft function and graft failure after kidney transplantation. Even though analysis of C1q is limited by its cost, it is noninvasive, easily accessible, and should be considered in routine clinical practice in post-transplant monitoring. This could improve the optimization of post-transplant care. Our research adds to the literature supporting the use of the C1q assay in the immunological stratification of kidney transplant recipients for long-term renal allograft outcomes.
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Figure 1. Event-free Kaplan–Meier survival curves according to detection of anti-HLA DSAs at the time of biopsy (A) and their characteristics: C1q- binding capacity (B), MFI (C), HLA class (D), IgG subclasses (E–H). Event defined as composite of sustained 30% reduction from eGFR at biopsy or death-censored graft failure. Abbreviations: DSA, donor-specific antibodies; MFI, mean fluorescent intensity; iDSA, immunodominant donor-specific antibody; HLA, human leukocyte antigen. 
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Table 1. Characteristics of the study population.
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	All Patients (N = 108)
	DSA (−) (N = 89)
	DSA (+) (N = 19)
	p-Value





	Recipient characteristic
	
	
	
	



	Age at biopsy, years, median (Q1–Q3)
	48.5 (38.8–61.0)
	46.0

(38.0–61.0)
	54.0

(44.0–58.5)
	0.6054



	Male, n (%)
	69 (63.9%)
	58 (65.2%)
	11 (57.9%)
	0.7368



	Body mass index at biopsy, kg/m2, mean ± SD
	25.24 ± 3.848
	25.52 ± 3.934
	23.93 ± 3.188
	0.1031



	Previous transplantation, n (%)
	19 (17.6%)
	4 (4.4%)
	15 (78.9%)
	<0.0001



	Renal replacement therapy, n (%)
	
	
	
	0.6326



	Pre-emptive transplantation
	12 (11.1%)
	11 (12.4%)
	1 (5.3%)
	



	Hemodialysis
	83 (76.9%)
	67 (75.2%)
	16 (84.1%)
	



	Peritoneal dialysis
	13 (12.0%)
	11 (12.4%)
	2 (10.6%)
	



	Cause of ESRD, n (%)
	
	
	
	0.2384



	Glomerulonephritis
	48 (44.4%)
	36 (40.4%)
	12 (63.2%)
	



	ADPKD
	19 (17.6%)
	15 (16.8%)
	4 (21.1%)
	



	Diabetes
	16 (14.8%)
	14 (15.7%)
	2 (10.5%)
	



	Congenital anomaly
	5 (4.6%)
	5 (5.6%)
	0
	



	Other
	20 (18.5%)
	19 (21.5%)
	1 (5.2%)
	



	Diabetes, n (%)
	31 (28.7%)
	26 (29.2%)
	5 (26.3%)
	



	Donor characteristic
	
	
	
	



	Age, years, mean ± SD
	46.2 ± 14.88
	45.0 ± 14.9
	52.0 ± 13.8
	0.0616



	Male, n (%)
	68 (63.0%)
	58 (65.2%)
	10 (52.6%)
	0.4439



	Transplant characteristic
	
	
	
	



	Cold ischemia time, minutes, mean ± SD
	1268 ± 575.4
	1239 ± 582.9
	1416 ± 559.8
	0.4972



	Induction therapy, n (%)
	
	
	
	<0.0001



	None
	75 (69.4%)
	70 (78.7%)
	5 (26.3%)
	



	Basiliximab
	18 (16.7%)
	10 (11.2%)
	8 (42.1%)
	



	ATG
	15 (13.9%)
	9 (10.1%)
	6 (31.6%)
	



	HLA mismatches, median, (Q1–Q3)
	
	
	
	



	A
	1.0

(1.0–2.0)
	1.0

(1.0–2.0)
	1.0

(1.0–1.5)
	0.5127





	B
	1.0

(1.0–2.0)
	1.0

(1.0–2.0)
	1.0

(1.0–2.0)
	0.4485





	DR
	1.0

(1.0–1.0)
	1.0

(1.0–1.0)
	1.0

(1.0–1.0)
	0.1550





	Total
	3.0

(3.0–4.0)
	3.0

(3.0–4.0)
	4.0

(3.0–4.0)
	0.4000





	Panel-reactive antibody >5%, n (%)
	15 (13.9%)


	8 (9.0%)


	7 (36.8%)


	0.0048





	Panel-reactive antibody, median (Q1–Q3)

[min–max]
	0 (0–0)

[0–86]
	0 (0–0)

[0–86]
	0 (0–18.5)

[0–66]
	0.0043



	Clinical characteristic
	
	
	
	



	Immunosuppression, n (%)
	
	
	
	0.3223



	Tacrolimus
	106 (98.1%)
	88 (89.9%)
	18 (94.7%)
	



	Cyclosporine
	2 (1.9%)
	1 (1.1%)
	1 (5.3%)
	



	eGFR at biopsy, mL/min/1.73 m2, mean ± SD
	53.2 ± 20.76
	54.6 ± 21.24
	46.3 ± 17.19
	0.1107



	Proteinuria at biopsy

≥ 50 mg/dL, n (%)
	16 (14.8%)
	11 (12.6%)
	5 (26.3%)
	0.2306



	Proteinuria at biopsy,

median (Q1–Q3)

[min–max]
	0 (0–10.0)

[0–100]
	0 (0–10.0)

[0–100]
	0 (0–30.0)

[0–50]
	0.1363



	Protocol biopsy

n (%)
	61 (56.5%)
	52 (58.4%)
	9 (47.4%)
	0.4483



	Time from transplantation to biopsy, months, median (Q1–Q3)
	5.0

(3.0–12.0)
	5.0

(3.0–12.0)
	4.0

(3.0–10.5)
	0.4374



	ABMR at the time of biopsy, n (%)
	9 (8.3%)
	5 (5.6%)
	4 (21.0%)
	0.0492



	C4d in biopsy, n (%)
	14 (13.0%)
	10 (11.2%)
	4 (21.1%)
	0.2651



	Anti-HLA DSA before transplantation, n (%)
	18 (16.7%)
	9 (10.1%)
	9 (47.4%)
	0.0005



	Number, median (Q1–Q3)
	1.0 (1.0–1.8)
	1.0 (1.0–1.0)
	1.0 (1.0–2.0)
	0.5008



	Anti-HLA DSA class, n
	
	
	
	1



	I
	11
	6
	5
	



	II
	6
	3
	3
	



	I + II
	1
	0
	1
	



	MFI of immunodominant anti-HLA DSA before transplantation, mean (SD)
	2009 ± 1230.5
	1807 ± 1347.3
	2211 ± 1144.6
	0.5022







Abbreviations: DSA, donor-specific antibodies; Q1-Q3, quartile 1–3; SD, standard deviation; ESRD, end-stage renal disease; ADPKD, autosomal dominant polycystic kidney disease; ATG, anti-thymocyte globulin; HLA, human leukocyte antigen; eGFR, estimated glomerular filtration rate; ABMR, antibody-mediated rejection; MFI, mean fluorescent intensity.
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Table 2. Characteristics of anti-HLA DSAs.
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	All Anti-HLA DSA
	





	Number, median (Q1–Q3)
	1.0 (1.0–1.0)



	HLA class specificity, n (%)
	



	I
	7 (36.8)



	II
	10 (52.6)



	I + II
	2 (10.5)



	iDSA
	



	HLA class specificity, n (%)
	



	I
	8 (42.1)



	II
	11 (57.9)



	MFI, median (Q1–Q3)
	2900 (1284–4648)



	C1q binding, n (%)
	10 (52.6)



	IgG subclasses, n (%)
	



	IgG1
	14 (73.7)



	IgG2
	2 (10.5)



	IgG3
	7 (36.8)



	IgG4
	4 (21.1)







Abbreviations: HLA, human leukocyte antigen; DSA, donor-specific antibodies; Q1–Q3, quartile 1–3; iDSA, immunodominant specific antibody; MFI, mean fluorescent intensity.
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Table 3. Clinical outcomes.
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	All Patients (N = 108)
	DSA (−) (N = 89)
	DSA (+) (N = 19)
	p-Value





	Follow-up postbiopsy, months, median

(Q1–Q3)
	39.0

(29.8–45.0)
	37.0

(28.0–44.0)
	44.0

(37.5–47.0)
	0.0631



	eGFR at the end of follow-up, mL/min/1.73 m2, median

(Q1–Q3)
	48.0

(33.0–62.0)
	51.5

(34.8–63.3)
	36.0

(26.0–42.0)
	0.0049



	Proteinuria at the end of follow-up,

≥50 mg/dL, n (%)
	6 (5.6)
	3 (3.4)
	3 (15.8)
	0.1110



	Proteinuria at the end of follow-up, median

(Q1–Q3)

[min–max]
	0

(0–0)

[0–311.0]
	0

(0–0)

[0–311.0]
	0

(0–6.8)

[0–81.0]
	0.4113



	>30% decline in eGFR, n (%)
	20 (18.5)
	9 (10.1)
	11 (57.9)
	<0.0001



	Death-censored graft loss, n (%)
	4 (3.7)
	1 (1.1)
	3 (15.8)
	0.0168



	Combined endpoint, >30% decline in eGFR or graft loss, n (%)
	21 (19.4)
	10 (11.2)
	11 (57.9)
	<0.0001



	Time from biopsy to combined endpoint, months, mean ± SD
	25.0 ± 10.69
	26.9 ± 9.79
	23.4 ± 11.60
	0.482



	Death event, n (%)
	6 (5.6)
	4 (4.4)
	2 (10.5)
	0.2842







Abbreviations: DSA, donor-specific antibodies; Q1-Q3, quartile 1–3; eGFR, estimated glomerular filtration rate; SD, standard deviation.
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Table 4. Univariate and multivariate Cox regression models for risk of the combined endpoint of >30% decline in eGFR or death-censored graft loss.
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Univariate

	
Multivariate 1

	
Multivariate 2




	

	
HR

	
95% CI

	
p-Value

	
HR

	
95% CI

	
p-Value

	
HR

	
95% CI

	
p-Value






	
Recipient characteristic




	
Age at biopsy (per 1-year increase)

	
1.001

	
0.969–1.035

	
0.9486

	

	

	

	

	

	




	
Male (vs. female)

	
1.291

	
0.518–3.216

	
0.5835

	

	

	

	

	

	




	
Body mass index at biopsy (per 1 kg/m2 increase)

	
0.953

	
0.855–1.063

	
0.3918

	

	

	

	

	

	




	
Previous transplantation (yes vs. no)

	
3.728

	
1.568–8.864

	
0.0029

	

	

	

	

	

	




	
Renal replacement therapy

	

	

	

	

	

	

	

	

	




	
Pre-emptive

	
Ref.

	

	

	

	

	

	

	

	




	
Hemodialysis

	
0.821

	
0.239–2.822

	
0.754

	

	

	

	

	

	




	
Peritoneal dialysis

	
0.761

	
0.127–4.571

	
0.765

	

	

	

	

	

	




	
Donor characteristic




	
Age (per 1-year increase)

	
1.045

	
1.010–1.081

	
0.0106

	
1.034

	
1.002–1.067

	
0.0382

	
1.040

	
1.005–1.077

	
0.0259




	
Male (vs. female)

	
0.353

	
0.146–0.852

	
0.0205

	

	

	

	

	

	




	
Transplant characteristic




	
Induction therapy

	

	

	

	

	

	

	

	

	




	
No

	
Ref.

	

	

	

	

	

	

	

	




	
Basiliximab

	
3.294

	
1.224–8.862

	
0.0182

	

	

	

	

	

	




	
ATG

	
2.925

	
0.980–8.735

	
0.0545

	

	

	

	

	

	




	
Total HLA mismatches (per 1-mismatch increase)

	
1.349

	
0.860–2.116

	
0.1925

	

	

	

	

	

	




	
Panel-reactive antibody >5% (vs. ≤5%)

	
1.309

	
0.479–3.579

	
0.5993

	

	

	

	

	

	




	
Clinical characteristic




	
eGFR at biopsy (per 1-mL/min/1.73 m2 increase)

	
0.992

	
0.971–1.013

	
0.4490

	

	

	

	

	

	




	
Proteinuria at biopsy

≥50 mg/dL (vs. <50 mg/dL)

	
2.628

	
1.019–6.776

	
0.0457

	
2.612

	
1.006–6.783

	
0.0486

	
3.504

	
1.281–9.588

	
0.0146




	
ABMR at the time of biopsy (yes vs. no)

	
2.361

	
0.692–8.054

	
0.1698

	

	

	

	

	

	




	
C4d in biopsy (yes vs. no)

	
1.426

	
0.479–4.245

	
0.5234

	

	

	

	

	

	




	
Anti-HLA DSAs before transplantation (yes vs. no)

	
3.031

	
1.221–7.524

	
0.0168

	

	

	

	

	

	




	
Anti-HLA DSAs at biopsy

(yes vs. no) *

	
6.01

	
2.546–14.190

	
<0.0001

	
5.133

	
2.150–12.253

	
0.0002

	

	

	




	
C1q-binding status

	

	

	

	

	

	

	

	

	




	
No anti-HLA DSAs at biopsy **

	
Ref.

	

	

	

	

	

	
Ref.

	

	




	
Anti-HLA DSAs (+) C1q (−) at biopsy **

	
2.501

	
0.687–9.107

	
0.164

	

	

	

	
1.927

	
0.524–7.084

	
0.3236




	
Anti-HLA DSAs (+) C1q (+) at biopsy **

	
12.844

	
5.010–32.926

	
<0.0001

	

	

	

	
14.639

	
5.320–40.283

	
<0.0001








* Included in multivariate model 1. ** Included in multivariate model 2. Abbreviations: HR, hazard ratio; CI, confidence interval; ATG, antithymocyte globulin; HLA, human leukocyte antigen; eGFR, estimated glomerular filtration rate; ABMR, antibody-mediated rejection; DSA, donor-specific antibodies.
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