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Introduction

Although short term outcome after kidney transplantation has significantly improved in the past decades, long term allograft survival has not increased to a similar extent. [START_REF] Coemans | Analyses of the short-and long-term graft survival after kidney transplantation in Europe between 1986 and 2015[END_REF][START_REF] Lamb | Long-term renal allograft survival in the United States: A critical reappraisal[END_REF] Currently available immunosuppressive agents are able to prevent and treat T cell-mediated rejection (TCMR), but are less potent for antibody-mediated rejection (ABMR), which has now become a prominent cause of late graft failure. [START_REF] Halloran | Immunosuppressive drugs for kidney transplantation[END_REF][START_REF] Pouliquen | Recent advances in renal transplantation: antibody-mediated rejection takes center stage[END_REF][START_REF] Naesens | The histology of kidney transplant failure[END_REF][START_REF] Sellarés | Understanding the causes of kidney transplant failure: The dominant role of antibody-mediated rejection and nonadherence[END_REF] Historically, the Banff consortium defined ABMR based on histologic criteria combined with serologic evidence of donor-specific HLA antibodies (HLA-DSA). [START_REF] Racusen | Antibody-mediated rejection criteria -An addition to the Banff '97 classification of renal allograft rejection[END_REF] However, despite increasing sensitivity of antibody detection assays, a significant proportion of patients with the exact same histological picture of ABMR (hereafter referred to as ABMRh), do not have detectable circulating HLA-DSA. [START_REF] Senev | Histological picture of antibody-mediated rejection without donor-specific anti-HLA antibodies: Clinical presentation and implications for outcome[END_REF][START_REF] Luque | Value of monitoring circulating donor-reactive memory B cells to characterize antibody-mediated rejection after kidney transplantation[END_REF] In the 2017 Banff revision, C4d deposition in peritubular capillaries, circulating non-HLA antibodies, and intrarenal ABMR-associated transcripts were added as surrogate third criteria. [START_REF] Haas | The Banff 2017 Kidney Meeting Report : Revised diagnostic criteria for chronic active T cell -mediated rejection , antibody-mediated rejection , and prospects for integrative endpoints for next-generation clinical trials[END_REF] However, further validation of this adaptation is warranted. First, although C4d deposition is associated with HLA-DSA, we recently showed that C4d deposition does not associate with outcome in cases with HLA-DSA negative ABMRh, which was similar to outcome of a control group without ABMRh. [START_REF] Senev | Histological picture of antibody-mediated rejection without donor-specific anti-HLA antibodies: Clinical presentation and implications for outcome[END_REF][START_REF] Worthington | Association between C4d staining in renal transplant biopsies, production of donor-specific HLA antibodies, and graft outcome[END_REF][START_REF] Loupy | Significance of C4d Banff scores in early protocol biopsies of kidney transplant recipients with preformed donorspecific antibodies (DSA)[END_REF] Second, non-HLA antibodies constitute a broad range of autoantibodies with high inter-patient variability, and assessment of non-HLA antibodies is complicated by uncertainty about mean fluorescence intensity cutoff values. [START_REF] Delville | Early acute microvascular kidney transplant rejection in the absence of anti-HLA antibodies is associated with preformed IgG antibodies against diverse glomerular endothelial cell antigens[END_REF][START_REF] Dragun | Angiotensin II type 1-receptor activating antibodies in renal-allograft rejection[END_REF][START_REF] Hönger | Human pregnancy and generation of anti-angiotensin receptor and anti-perlecan antibodies[END_REF] Third, currently reported molecular classifiers are based on ABMR-associated transcripts, but validation on different sequencing platforms and in independent cohorts is lacking.

Finally, recent evidence indicates that microvascular inflammation on graft biopsy is not always triggered by antibody, but instead sometimes results from direct NK cell activation by missing self, suggesting the possibility of alternative explanations. [START_REF] Koenig | Missing self triggers NK cell-mediated chronic vascular rejection of solid organ transplants[END_REF] In this multicenter study, we aimed to elucidate whether the transcriptional profile of biopsies with HLA-DSA negative ABMRh can indicate an undetected humoral etiology, or whether HLA-DSA negative ABMRh should be considered as a distinct histomolecular entity. For this purpose, we investigated the transcriptome of 224 prospectively collected kidney allograft biopsies.

Methods

Population and data collection 224 renal allograft biopsy samples from 224 single kidney allograft recipients were collected in four European transplant centers between June 2011 and March 2017 (University Hospitals Leuven, Belgium; Medizinische Hochschule Hannover, Germany; Centre Hospitalier Universitaire Limoges, France; and Hôpital Necker Paris, France), in the context of the BIOMArkers of renal Graft INjuries (BIOMARGIN) study (www.biomargin.eu; ClinicalTrials.gov number NCT02832661), and the Reclassification using OmiCs integration in KidnEy Transplantation (ROCKET) study. All transplantations were performed with negative complement-dependent cytotoxicity crossmatches. In these four clinical centers, protocol biopsies were performed at 3, 12, and sometimes at 24 months after transplantation, according to local center practice, in addition to the indication biopsies. Institutional review boards and national regulatory agencies (when required) approved the study protocol at each clinical center. Each patient contributed one biopsy. Independent validation was performed on data of computer-assisted analysis of graft inflammation (CAGI) in 47 biopsies collected at Edouard Herriot Hospital and Jules Courmont Hospital (Lyon, France), as recently reported by Sicard et al. [START_REF] Sicard | Computerassisted topological analysis of renal allograft inflammation adds to risk evaluation at diagnosis of humoral rejection[END_REF] The microarray gene expression data from an independent cohort originally described by Sellarés et al., publicly available in the Gene Expression Omnibus of the National Institutes of Health (http://www.ncbi.nlm.nih.gov/geo/)(GSE36059), were used as second independent validation set. [START_REF] Sellarés | Molecular diagnosis of antibody-mediated rejection in human kidney transplants[END_REF] 

Clinicopathological assessment

Histological lesions were scored according to the Banff 2017 criteria by a local expert pathologist in each participating center. [START_REF] Haas | The Banff 2017 Kidney Meeting Report : Revised diagnostic criteria for chronic active T cell -mediated rejection , antibody-mediated rejection , and prospects for integrative endpoints for next-generation clinical trials[END_REF] The term "ABMRh" was used for biopsies that fulfilled the first two (histological) Banff criteria for ABMR, by the combination of Banff scores for glomerulitis, peritubular capillaritis, arteritis, thrombotic microangiopathy and C4d deposition. As per Banff 2017 guidelines, glomerulonephritis was considered as an exclusion criterion for ABMRh, as well as peritubular capillaritis without glomerulitis in the presence of borderline rejection, TCMR or polyoma-associated nephropathy. For diagnosis of borderline rejection, the threshold of i > 0 in the presence of t > 0 was used. HLA-DSA after transplantation were determined per local center practice. HLA-DSA positivity was defined as detectable donor-specific serum anti-HLA antibodies with a mean fluorescence intensity value of more than 500 at the moment of biopsy or any time before. In order to delineate a strict definition of HLA-DSA negative ABMRh, patients with resolved HLA-DSA at time of the biopsy, but with previously detectable HLA-DSA, were allocated to the HLA-DSA positive group. In the external microarray cohort from Edmonton (GSE36059), biopsies determined as mixed rejection, ABMR or possible ABMR in the original study were considered as ABMRh. Data on patient HLA-DSA status were not available in the public dataset but provided to us by the corresponding author. For the external computerized imaging data, details were published previously. [START_REF] Koenig | Missing self triggers NK cell-mediated chronic vascular rejection of solid organ transplants[END_REF][START_REF] Sicard | Computerassisted topological analysis of renal allograft inflammation adds to risk evaluation at diagnosis of humoral rejection[END_REF] Briefly, double stainings with anti-CD34 (endothelial cells) and respectively one antibody among anti-CD3 (T cells), anti-CD20 (B cells), anti-CD66b (granulocytes), anti-CD68 (macrophages) and anti-CD56 (NK cells) were performed by immunochemistry on paraffin-embedded sections using an anti-human CD34 (clone QBEnd10, 1/200, Dako, Les Ulis, France) and respectively anti-human CD3 (clone SK7, 1/150, Becton Dickinson, Le Pont de Claix, France), anti-human CD20 (Clone L26, 1/400, Dako), anti CD66b (clone G10F5, 1/300,Becton Dickinson), anti-human CD68 (clone PGM1, 1/100, Dako) and anti-human CD56 (clone CD564, 1/10, produced by Novocastra and distributed by Leica Microsystemes SAS, Nanterre, France).

Computerized quantitative analyses were conducted to quantify the density of each immune cell type in the microcirculation and tubulointerstitial compartment of the renal allograft. [START_REF] Sicard | Computerassisted topological analysis of renal allograft inflammation adds to risk evaluation at diagnosis of humoral rejection[END_REF] Biopsy sample collection and transcriptomic analysis Two needle cores were taken at each kidney allograft biopsy. One was used for histology, at least half of the other was immediately stored in Allprotect Tissue Reagent® (Qiagen, Benelux BV, Venlo, The Netherlands). The Allprotect tubes were stored at 4°C (min 24 hours -max 72 hours), and then stored at -20°C until RNA extraction. Total RNA was isolated from the kidney allograft biopsy specimensusing the Allprep DNA/RNA/miRNA Universal Kit® (Qiagen Benelux BV) on a QIAcube instrument (Qiagen Benelux BV). The quantity (absorbance at 260nm) and purity (ratio of the absorbance at 230, 260 and 280nm) of the isolated RNA were measured using the NanoDrop ND-1000™ spectrophotometer (Thermo Scientific™, Life Technologies Europe BV, Ghent, Belgium). RNA integrity was evaluated with the Eukaryote nano/pico RNA Kit® (Agilent Technologies Belgium NV, Diegem, Belgium) on the Bioanalyzer 2100 instrument™ (Agilent Technologies Belgium NV). The extracted RNA was subsequently stored at -80°C until microarray analysis. The arrays were washed and stained with streptavidin-phycoerytrin on an automated Fluidics Station (Affymetrix) and scanned on the GeneChip® Scanner 3000 7G System (Affymetrix). Total RNA extracted from the biopsy samples was first amplified and biotinylated to complementary RNA (cRNA) using the GeneChip® 3' IVT PLUS Reagent Kit (Affymetrix Inc., High Wycombe HP10 0HH, UK). The quality of labelled and fragmented cRNA was assessed with the Agilent 2100 Bioanalyzer. Fragmented cRNA was hybridized to the Affymetrix GeneChip Human Genome U133 Plus 2.0 Arrays (Affymetrix), which comprised of 54,675 probe sets covering the whole genome. The arrays were washed and stained with streptavidinphycoerytrin on an automated Fluidics Station (Affymetrix) and scanned on the GeneChip® Scanner 3000 7G System (Affymetrix). The resulting image files (.dat files) were generated using the GeneChip® Command Console® Software (AGCC), and intensity values for each probe cell (.cel file) were calculated. The microarray data were handled accordance with the MIAME (Minimum Information About a Microarray Experiment) guidelines. The microarray gene expression data is available at the Gene Expression Omnibus database under the accession number GSE147089.

Data analysis

The microarray data were analysed using TAC software (version 4.0, Thermo Fisher Scientific, Carlsbad, CA, United States) and Bioconductor tools in R (v3.5.3,www.rstudio.com). [START_REF] Gentleman | Bioconductor: open software development for computational biology and bioinformatics[END_REF] The robust multichip average method was performed on the raw expression data (.cel files) to obtain a log2 expression value for each probe set, and batch effect correction was performed for timing of the microarray analysis by use of the LIMMA package. [START_REF] Irizarry | Normalization, and summaries of high density oligonucleotide array probe level data[END_REF][START_REF] Ritchie | Limma powers differential expression analyses for RNA-sequencing and microarray studies[END_REF] For comparative analysis, the LIMMA package was used to identify the gene probe sets that showed significant differential expression between the studied groups, based on moderated t-statistics with Benjamini-Hochberg false discovery rate (FDR) correction for multiple testing. [START_REF] Ritchie | Limma powers differential expression analyses for RNA-sequencing and microarray studies[END_REF] FDR-adjusted P-values less than 0.01 were considered significant. The Bio Functional Analysis tool in the Ingenuity Pathway Analysis program (IPA; Ingenuity Systems®) was used to identify the biological functions associated with the datasets of significantly differentially expressed gene probe sets. Deconvolution analysis was performed by the online CIBERSORT tool (https://cibersort.stanford.edu/). [START_REF] Newman | Robust enumeration of cell subsets from tissue expression profiles[END_REF] Briefly, by application of the LM22 gene signature matrix, the relative infiltration pattern of 11 major leukocyte types, corresponding to 22 leukocyte subtypes, within each biopsy was calculated. To estimate absolute infiltration within a specific biopsy, calculated relative leukocyte fractions were multiplied by the ratio of CD45 expression within the biopsy, a pan-leukocyte marker, to the mean CD45 expression in a group of normal biopsies, resulting in a dimensionless parameter. [START_REF] Yazdani | Natural killer cell infiltration is discriminative for antibody-mediated rejection and predicts outcome after kidney transplantation[END_REF] Dimensionality reduction of expression data was performed using t-distributed stochastic neighbour embedding (t-SNE). [START_REF] Van Der Maaten | Visualizing data using t-SNE[END_REF] A weighted gene co-expression network analysis (WGCNA) was performed in order to correlate clinical traits with transcriptional heterogeneity within biopsies. [START_REF] Langfelder | WGCNA: An R package for weighted correlation network analysis[END_REF] In order to construct a topological overlap matrix, co-expression similarity was defined by biweight midcorrelation with a soft threshold power value of 13, corresponding to a scale-free topology fitting index of 0.886. Co-expressing gene probe sets were assigned to modules by average linkage hierarchical clustering, with a minimal module size set at 30 gene probe sets with a deepSplit=3. Modules were merged if similarity was > 0.75. Module-trait association testing was performed with the application of a false discovery rate (FDR) correction with a cut-off of 0.05.

For clinicopathological features, nominal variables were compared utilizing Chi-Square test, or Fisher's exact test where appropriate. Comparison of continuous variables was performed by T test/ANOVA or Mann-Whittney U/Kruskal-Wallis test procedure for normal and non-normal distributed data, respectively. Two-sided hypothesis tests with a significance level of less than 0.05 were considered significant. For the computerized imaging data, principal component analysis with 95% confidence ellipses were used to integrate leukocyte subtype quantities within different renal compartments. We used SAS (version 9.4, SAS Institute Inc., Cary, NC, United States) for statistical analysis and GraphPad Prism (version 8.0.1, GraphPad Software, San Diego, CA, United States) for graphical presentation.

Results

Study population, demographics and histology

Of the 224 included kidney allograft biopsies, ABMRh was identified in 56 cases. Of these, 30/56 cases (53.6%) had concomitant or previous documentation of HLA-DSA (HLA-DSA positive ABMRh).

Importantly, in 11/30 cases (36.7%), HLA-DSA had resolved at the time of biopsy. Conversely, in 26/56 ABMRh cases (46.4%), no anti-HLA donor specific antibodies were or had ever been detected (HLA-DSA negative ABMRh). In this group, 8/26 (30.8%) biopsies showed C4d deposition, thus fulfilling the Banff 2017 criteria for active ABMR. [START_REF] Haas | The Banff 2017 Kidney Meeting Report : Revised diagnostic criteria for chronic active T cell -mediated rejection , antibody-mediated rejection , and prospects for integrative endpoints for next-generation clinical trials[END_REF] Compared to other cases, ABMRh cases were identified more often at indication than at protocol biopsies, with higher proteinuria and lower eGFR at time of the biopsies (Table 1). In addition, delayed graft function had preceded ABMRh biopsies more frequently (34.6% vs. 17.4%), and more specifically associated with HLA-DSA negative than HLA-DSA positive ABMRh (46.2% vs. 24.1%), although this trend did not reach statistical significance, P=0.09). Patients with HLA-DSA positive ABMRh had received a kidney transplant at a younger age than patients with HLA-DSA negative ABMRh (43.3 vs. 52.5 years, P=0.02). Other recipient and donor characteristics were similar between groups. Treatment of ABMRh occurred more often after indication than protocol biopsies (29/36 vs. 7/20, P<0.001), without differences between HLA-DSA groups, although HLA-DSA positive patients received intravenous immunoglobulins more often.

Apart from the defining histological lesions, ABMRh biopsies also had more tubulitis and interstitial inflammation, with TCMR diagnosed in 14/56 (25.0%) vs. 10/168 (6.0%) biopsies without ABMRh (P<0.001). Except for more C4d deposition in ABMRh biopsies with HLA-DSA, there were no histological differences between HLA-DSA positive ABMRh and HLA-DSA negative ABMRh (Table

2).

Transcriptional comparison of HLA-DSA positive and HLA-DSA negative ABMRh subtypes Next, whole transcriptome analysis of all 224 biopsies was performed. In comparison to other biopsies, we identified upregulation of 3848 transcripts in ABMRh biopsies, corresponding to 1756 genes, and downregulation of 2516 transcripts, or 1436 genes (Figure 1A, Table S1). Among the differentially expressed gene list were 19/23 previously reported DSA specific transcripts (DSASTs) and 16/20 ABMR classifiers, reflecting a high similarity to previously reported ABMR cohorts. [START_REF] Sellarés | Molecular diagnosis of antibody-mediated rejection in human kidney transplants[END_REF][START_REF] Hidalgo | NK cell transcripts and NK cells in kidney biopsies from patients with donor-specific antibodies: Evidence for NK cell involvement in antibody-mediated rejection[END_REF] Comparing HLA-DSA positive ABMRh and HLA-DSA negative ABMRh, only sex-specific genes were expressed with a more than 2-fold change, reflecting a higher tendency of female donors in the HLA-DSA positive group (64.3% vs. 48.0% female donors, respectively). After correction for multiple testing, no transcripts were differentially expressed between HLA-DSA positive and HLA-DSA negative cases (Figure 1B). Alternative stratification of ABMRh biopsies using C4d positivity, HLA-DSA status at time of the biopsy, the third Banff 2017 criterion (C4d-or DSA-positive) and concomitant borderline changes or TCMR did not reveal transcriptional differences between groups either (Figure S1).

Similarly, if microvascular inflammation (MVI, defined as g+ptc score ≥2) was used, no differences were observed between HLA-DSA positive and HLA-DSA negative MVI cases. To corroborate these findings, we analyzed gene expression data from an external cohort, [START_REF] Sellarés | Molecular diagnosis of antibody-mediated rejection in human kidney transplants[END_REF] and again found no differentially expressed genes between HLA-DSA negative ABMRh (n=10) and HLA-DSA positive ABMRh (n=87) cases (Figure S2).

Pathway analysis revealed an upregulation of 269 distinct genetic pathways in ABMRh vs. biopsies without ABMRh. The most significantly enriched pathways were related to T helper cell activation and maturation, antigen presentation, natural killer (NK) cell signalling, crosstalk between dendritic cells and NK cells, and crosstalk between the innate and adaptive immune system (Table S2). [START_REF] Yazdani | Natural killer cell infiltration is discriminative for antibody-mediated rejection and predicts outcome after kidney transplantation[END_REF] These pathways were similarly enriched when HLA-DSA negative ABMRh and HLA-DSA positive ABMRh were compared separately to biopsies without ABMRh (Figure 1C).

Leukocyte infiltration and histology of ABMR

Next, we studied the association between leukocyte infiltration and histological findings. Considering that many probe sets are not specific for immune cell subsets, we used CIBERSORT deconvolution analysis based on the LM22 gene signature matrix to estimate intragraft leukocyte infiltration. [START_REF] Newman | Robust enumeration of cell subsets from tissue expression profiles[END_REF] Leukocyte infiltration correlated better with acute than chronic histological lesions. Irrespective of patient HLA-DSA status, NK cells and monocytes/macrophages most strongly associated with severity S3). Similarly in HLA-DSA positive patients, ABMRh was best predicted by monocytes/macrophages (AUC=0.87), NK cells (AUC=0.84) and CD8 T cells (AUC=0.83). However, no leukocyte subtypes could differentiate HLA-DSA positive from HLA-DSA negative ABMRh.

To validate our finding that leukocyte infiltration did not differ between phenotypes of ABMR histology, we analyzed 47 independent biopsies with MVI using the Computer-assisted Analysis of Graft Inflammation (CAGI) technique, which allows the quantification of macrophages, T cells, B cells, and granulocytes per unit surface of interstitium and microcirculation. In line with our findings using CIBERSORT deconvolution, T cells and macrophages constituted the most abundant cell types in MVI biopsies, whereas NK cells formed a minority of infiltrating cells. A comparison between HLA-DSA positive MVI (n=32) and HLA-DSA negative MVI (n=15) did not show any differences in leukocyte subset infiltration, both within the interstitial and microcirculatory compartment (Figure S4). Principal component analysis of the entire dataset showed a major overlap between groups, suggesting that similar cellular infiltrates account for MVI lesions in both HLA-DSA positive and HLA-DSA negative patients (Figure 3).

Molecular heterogeneity of ABMRh

Given the absence of molecular differences between HLA-DSA positive ABMRh and HLA-DSA negative ABMRh, we next investigated whether the ABMRh biopsy cohort was homogeneous at the transcriptional level. Based on expression data from all probe sets, t-SNE was used to visualize distance between biopsies (Fig 4A). In addition, t-SNE was also performed using subsets of probe sets representing genes associated with NK cells [START_REF] Newman | Robust enumeration of cell subsets from tissue expression profiles[END_REF] , antibody-dependent cellular cytotoxicity (ADCC) [START_REF] Parkes | Evidence for CD16a-mediated NK cell stimulation in antibody-mediated kidney transplant rejection[END_REF] and antibody-mediated rejection -including DSASTs. [START_REF] Loupy | Antibody-mediated rejection of solid-organ allografts[END_REF] Selective gene subsets discriminated most ABMRh cases from cases without ABMRh, whereas biopsies with HLA-DSA positive ABMRh co-clustered with the HLA-DSA negative ABMRh cases (Fig 4B-D).

However, 10 ABMRh biopsies were persistent outliers, regardless of the applied gene list. In general, these outlier biopsies had less MVI, less additional tubulointerstitial inflammation, and more IFTA than the other ABMRh biopsies, although timing and allograft function were similar (Table S4).

Interestingly, in the outlier group, CIBERSORT-estimated leukocyte infiltration was similar to cases without ABMRh (Figure S5).

Next, focusing solely on ABMRh biopsies, molecular heterogeneity was revealed, which could be partially attributed to clustering of biopsies with mixed rejection (Figure 4E-H). Neither HLA-DSA status nor biopsy C4d deposition could account for the molecular heterogeneity within ABMRh biopsies.

We evaluated whether ABMR specific transcripts correlated with the histomorphological ABMR lesion scores in different HLA-DSA conditions, by grouping the samples according to serum HLA-DSA status and calculation of the sum of glomerulitis, peritubular capillaritis, C4d deposition, arteritis and transplant glomerulopathy. Selective gene sets co-localized biopsies with similar humoral lesion scores regardless of HLA-DSA status, demonstrating that similar genes are associated with ABMR lesion severity in HLA-DSA negative patients (Figure 5).

To further investigate the transcriptional heterogeneity within ABMRh, WGCNA was performed to identify modules of co-varying genes. Within ABMRh biopsies, 37 modules were identified, of which none significantly associated with HLA-DSA status (Figure 6). Borderline rejection or C4d score did not correlate with expressional variation within ABMRh cases either. In contrast, module-trait analysis associated 5 modules with concomitant TCMR. These findings confirm that the transcriptional variability seen in ABMRh biopsies is not caused by HLA-DSA status, but rather reflects the presence of concomitant TCMR.

Graft survival after ABMRh diagnosis

We next assessed whether our findings, that HLA-DSA status did not influence the molecular picture of ABMRh, were also reflected by similarity in graft outcome between HLA-DSA positive and negative cases (Figure 7). In a univariate Cox proportional hazards analysis, HLA-DSA positive ABMRh associated with a higher risk of graft failure than HLA-DSA negative ABMRh (HR 5.39, 95% CI 2.55-11.34 and HR 2.57, 95% CI 1.00-6.58, respectively), together with TCMR, whereas C4d score and borderline rejection did not (Table 3). De novo HLA-DSA conferred a higher risk of allograft failure than pretransplant HLA-DSA, compared to cases without HLA-DSA (HR 5.60, 95% CI 2.49-12.6 and HR 2.48, 95% CI 1.10-5.59, respectively). At the time of biopsy, both persisting and resolved HLA-DSA were positively associated with graft failure (HR 3.75, 95% CI 1.68-8.39 and 3.93, 95% CI 1.67-9.21, respectively). . In a multivariate analysis, only HLA-DSA positive ABMRh remained significant (HR 7.24, 95% CI 3.04-17.20), whereas HLA-DSA negative ABMRh lost effect on graft outcome (HR 2.33, 95% CI 0.85-6.33). In a multivariate analysis of ABMRh, HLA-DSA, biopsy timing, total cortical inflammation and chronic lesions, we found that ABMRh and HLA-DSA remained independent predictors of failure, along with ti, IFTA grade and cg (Table S5).

A molecular score based on the mean expression of NK cell, ADCC or ABMR associated transcripts univariately associated with graft outcome (Figure 7D-E). ABMRh lost its prognostic significance when combined with molecular scores for ADCC and ABMR in a multivariate model (Table S6).

Discussion

Donor-specific antibodies are considered pivotal in the pathogenesis of microvascular inflammation of kidney allografts, but often remain undetectable in serum of patients with the histology of antibodymediated rejection. In this study, we demonstrated that there are major transcriptomic alterations in biopsies with ABMRh, involving pathways related to NK cell activation, crosstalk between innate and adaptive immunity, T helper cell activation and IFN-γ signalling cascades. ABMRh was related to a specific immune cell infiltrate, hallmarked mainly by NK cells, monocytes/macrophages and CD8+ T cells. The transcriptional picture of ABMRh was highly similar to the molecular landscapes that have been published by others in association with ABMR, which supports the robustness and relevance of ABMRh as a distinct phenotype. [START_REF] Sellarés | Molecular diagnosis of antibody-mediated rejection in human kidney transplants[END_REF][START_REF] Halloran | Microarray diagnosis of antibody-mediated rejection in kidney transplant biopsies: An international prospective study (INTERCOM)[END_REF][START_REF] Venner | The molecular landscape of antibody-mediated kidney transplant rejection: Evidence for NK involvement through CD16a Fc receptors[END_REF] Taking into account patient HLA-DSA status, there were no transcriptomic differences between cases with and without detectable HLA-DSA. In addition, no leukocyte subtype, estimated by CIBERSORT, could differentiate between HLA-DSA positive and HLA-DSA negative ABMRh groups. Although the accuracy of the CIBERSORT algorithm for intrarenal immune cell infiltration has not been validated yet, this was confirmed in an independent cohort with leukocyte subset infiltration quantified using computerized analysis of immunohistochemical staining. Despite the similar histomolecular characteristics and treatment numbers after diagnosis, the outcome of HLA-DSA positive ABMRh was significantly worse than HLA-DSA negative ABMRh. This suggests that the outcome of ABMRh is determined rather by its underlying cause than by its histomolecular presentation.

The strength of this study lies in the deep integration of transcriptomics with extensive histological and serological phenotyping. To our knowledge, this is the first molecular analysis of ABMRh that studies the effect of HLA-DSA status on the biopsy transcriptome. Importantly, our findings were confirmed in the GSE36059 dataset described by the Edmonton group, where HLA-DSA negative ABMRh had a similar transcriptional picture as HLA-DSA positive ABMRh. [START_REF] Sellarés | Molecular diagnosis of antibody-mediated rejection in human kidney transplants[END_REF] The histomolecular similarity in of ABMRh biopsies with and without HLA-DSA could be explained by common pathophysiology. It is plausible that enrichment of similar genes in HLA-DSA negative ABMRh biopsies implies the involvement of undetected humoral aetiology. Indeed, ADCC-associated genes correlate with severity of humoral lesions also in HLA-DSA negative patients. The immunogenicity of genetic mismatches at non-HLA loci was supported by the higher incidence of non-HLA antibodies in mismatched patients. [START_REF] Reindl-Schwaighofer R | Contribution of non-HLA incompatibility between donor and recipient to kidney allograft survival: genome-wide analysis in a prospective cohort[END_REF][START_REF] Steers | Genomic mismatch at LIMS1 locus and kidney allograft rejection[END_REF] Moreover, non-HLA antibodies have been related to endothelial cell activation, microvascular inflammation and graft survival. [START_REF] Delville | Early acute microvascular kidney transplant rejection in the absence of anti-HLA antibodies is associated with preformed IgG antibodies against diverse glomerular endothelial cell antigens[END_REF][START_REF] Dragun | Angiotensin II type 1-receptor activating antibodies in renal-allograft rejection[END_REF][START_REF] Lefaucheur | Non-HLA agonistic anti-angiotensin II type 1 receptor antibodies induce a distinctive phenotype of antibody-mediated rejection in kidney transplant recipients[END_REF] Alternatively, HLA-DSA may remain undetected in serum in case of intragraft absorption or antibody production within intragraft tertiary lymphoid aggregates. [START_REF] Thaunat | Chronic rejection triggers the development of an aggressive intragraft immune response through recapitulation of lymphoid organogenesis[END_REF][START_REF] Kerjaschki | Lymphatic neoangiogenesis in human kidney transplants is associated with immunologically active lymphocytic infiltrates[END_REF] In addition, the indirect pathway of allorecognition, pivotal for B cell differentiation into antibody-producing plasma cells, allows for generation of memory B cells, capable of an enhanced immune response upon secondary antigen presentation even when HLA-DSA have disappeared from the circulation. [START_REF] Luque | Value of monitoring circulating donor-reactive memory B cells to characterize antibody-mediated rejection after kidney transplantation[END_REF][START_REF] Karahan | An easy and sensitive method to profile the antibody specificities of HLA-specific memory b cells[END_REF][START_REF] Bradley | Processed MHC class I alloantigen as the stimulus for CD4+ T-cell dependent antibody-mediated graft rejection[END_REF][START_REF] Steele | Two levels of help for B cell alloantibody production[END_REF][START_REF] Lúcia | Preformed circulating HLA-specific memory B cells predict high risk of humoral rejection in kidney transplantation[END_REF] Nevertheless, in this study, circulating donor-specific anti-HLA antibodies associated with worse allograft survival, confirming previously reported findings. [START_REF] Senev | Histological picture of antibody-mediated rejection without donor-specific anti-HLA antibodies: Clinical presentation and implications for outcome[END_REF] It could be that donor-specific non-HLA antibodies, non-circulating anti-HLA antibodies or memory B cells are less pathogenic than circulating anti-HLA antibodies and associate with better outcome.

To explain these differences in terms of allograft outcome, we speculate that the temporal dynamics of HLA-DSA negative ABMRh are of relevance. Previously, our research group has shown that HLA-DSA negative ABMRh associates with lower ABMRh recurrence and incidence of transplant glomerulopathy on sequential allograft biopsies than HLA-DSA positive ABMRh. [START_REF] Senev | Histological picture of antibody-mediated rejection without donor-specific anti-HLA antibodies: Clinical presentation and implications for outcome[END_REF] The more timeconstrained nature of HLA-DSA negative ABMRh appears to cause less subsequent chronic allograft damage, and could therefore promote better outcome. Also in the current study, these chronic lesions conferred worse outcome, concordant with this hypothesis. Future transcriptional studies could investigate this temporal aspect by longitudinal follow-up of ABMRh cases.

The differences between HLA-DSA positive and negative cases in ABMRh recurrence suggest that the underlying stimulus of DSA negative ABMRh is more transient or weaker than detectable HLA-DSA.

Aside from undetected humoral causes, the ABMRh phenotype could be induced by other phenomena.

NK cells have been demonstrated as essential in the pathogenesis of ABMR, but their activity can also be impacted by non-humoral stimuli. [START_REF] Yazdani | Natural killer cell infiltration is discriminative for antibody-mediated rejection and predicts outcome after kidney transplantation[END_REF][START_REF] Parkes | Evidence for CD16a-mediated NK cell stimulation in antibody-mediated kidney transplant rejection[END_REF][START_REF] Kohei | Natural killer cells play a critical role in mediating inflammation and graft failure during antibody-mediated rejection of kidney allografts[END_REF][START_REF] Hidalgo | NK cell transcripts and NK cells in kidney biopsies from patients with donor-specific antibodies: Evidence for NK cell involvement in antibody-mediated rejection[END_REF][START_REF] Zhang | Natural killer cells mediate long-term kidney allograft injury[END_REF][START_REF] Zhang | NK cells induce apoptosis in tubular epithelial cells and contribute to renal ischemia-reperfusion injury[END_REF][START_REF] Stern | The number of activating KIR genes inversely correlates with the rate of CMV infection/reactivation in kidney transplant recipients[END_REF][START_REF] Lanier | Up on the tightrope: Natural killer cell activation and inhibition[END_REF] It was recently demonstrated that recipient NK cells, in the absence of donor HLA I-mediated stimulation of their inhibitory killer cell immunoglobulin-like receptors (i.e. "missing self"), can induce endothelial cell damage, leading to chronic vascular rejection and accelerated graft loss. [START_REF] Koenig | Missing self triggers NK cell-mediated chronic vascular rejection of solid organ transplants[END_REF] Although some NK cell transcripts differ based on the underlying stimulus, the transcriptional profile of activated NK cells by induced self, missing self or ADCC shows significant overlap. [START_REF] Costanzo | Transcriptomic signatures of NK cells suggest impaired responsiveness in HIV-1 infection and increased activity post-vaccination[END_REF] Therefore, inferring aetiology of NK cell activation from expressional data may not be straightforward. We hypothesize that transient NK cell stimuli can induce similar histomolecular changes as ADCC-induced damage but render less long-term harm to the allograft given their timeconstrained nature. Indeed, delayed graft function after transplantation is linked with an increased risk of allograft rejection, [START_REF] Wu | Delayed graft function and the risk of acute rejection in the modern era of kidney transplantation[END_REF] and tended to precede HLA-DSA negative ABMRh biopsies more often in this cohort.

Our findings are of relevance for classification of allograft biopsies. In the revised 2017 Banff criteria for ABMR, C4d deposition was added to HLA-DSA as an alternative third criterion. However, since neither DSA nor C4d associate with transcriptional heterogeneity within ABMRh, this study does not provide a molecular basis for the third criterion as it is currently defined. Moreover, if C4d is positive in the absence of HLA-DSA, automatic attribution to ABMR might not be appropriate in terms of allograft prognostication given the better outcome. Therefore, it seems important to avoid overinterpretation of causality based on the histological and molecular profiles. In the absence of detectable antibodies, it might be considered to avoid starting aggressive and toxic treatment aiming at reducing antibody levels in the hope to improve outcome. The molecular signals of ABMRh do not seem to help in this aspect of clinical decision-making. Despite imperfect guidance in therapeutic decisions, our study suggests that molecular assessment of biopsies can contribute to their interpretation. By interrogation of specific gene lists, 10 ABMRh biopsies with a lower molecular score were consistently isolated. These ABMRh outliers had similar HLA-DSA positivity and C4d deposition as other ABMRh biopsies, albeit with less microvascular inflammation, less concomitant tubulointerstitial inflammation and a leukocyte infiltration pattern resembling biopsies without ABMRh. ABMRh is a dichotomous classification, which does not reflect the whole spectrum of lesions present in the biopsies. Using t-SNE informed by expression data for selective gene sets, we identified molecular heterogeneity that goes beyond separation of outliers from the main group, and better reflects the total sum of ABMR lesions. The heterogeneity within ABMRh was addressed by WGCNA, a data mining method designed to disentangle biological networks, which identified 37 genetic modules. Crucially, only concomitant TCMR associated with specific modules and could thus account for intragroup transcriptional variability, whereas HLA-DSA did not. This further strengthens the finding that HLA-DSA positive and HLA-DSA negative ABMRh cases have a high degree of transcriptional similarity.

This study has several limitations. In order to optimize the definition of HLA-DSA negative ABMRh, we allocated cases with resolved HLA-DSA at the timing of biopsy to the HLA-DSA positive group. A contemporary definition of HLA-DSA status could be more reflective of ongoing processes, although this did not influence results in our sensitivity analysis. We did not assess non-HLA antibodies in our cohort, and we had no information about consecutive allograft histology. Finally, definition of ABMR histology in this study relies on the current Banff 2017 classification. [START_REF] Haas | The Banff 2017 Kidney Meeting Report : Revised diagnostic criteria for chronic active T cell -mediated rejection , antibody-mediated rejection , and prospects for integrative endpoints for next-generation clinical trials[END_REF] As the diagnostic criteria for rejection after kidney transplantation are a topic of active discussion, our reference standard of histology is imperfect. Relying on MVI as a more direct reflection of the histological lesions without interpretation also did not change our conclusions. Finally, this study represents a selection of biopsies, and does not represent real-life disease prevalence. Although this would not affect our conclusions, including more intermediate cases with incomplete phenotypes or overlapping phenotypes could provide additional insights in the heterogeneity within cases of ABMRh.

In conclusion, we demonstrate that ABMRh corresponds to a distinct transcriptional profile, irrespective of patient HLA-DSA status. Our data suggest that outcome after ABMRh is determined by the underlying stimulus, which is not reflected in the molecular picture. Future studies are warranted to address whether the general transcriptional signature of ABMRh derives from common humoral aetiology or represents a final common pathway that can be initiated by humoral and non-humoral factors. In ABMRh cases, therapeutic decisions should not be based solely on the histological and molecular presentation, but all efforts should go to identifying and targeting the underlying stimulus. The heatmap for the entire population and ROC curves for ABMRh are depicted in Figure S2. (D-F) Survival analysis based on average expression of selected gene sets, and HLA-DSA. High molecular scores were defined as above the median value in the entire cohort.
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  of glomerulitis, peritubular capillaritis and vasculitis, and less with C4d deposition or transplant glomerulopathy (Fig 2A, Fig S3). The infiltration of other leukocyte subtypes also correlated with severity of microvascular inflammation, with the exception of γδ T cells, which associated mostly with TCMR lesions, neutrophils and eosinophils. In HLA-DSA negative patients, NK cell infiltration had the highest diagnostic accuracy for ABMRh (AUC=0.87), followed by monocytes/macrophages (AUC=0.84) and CD8 T cells (AUC=0.82) (Fig 2B-C, Table
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Table 1 . Demographic and clinical characteristics

 1 

	No ABMRh (n=168)	ABMRh (n=56)	P-value	HLA-DSA negative ABMRh (n=26)	HLA-DSA positive ABMRh (n=30)	P-value

Table 2 Comparison of histological features between phenotypes

 2 

	Parameter	No ABMRh (n=168)	ABMRh (n=56)	P-value	HLA-DSA negative ABMRh (n=26)	HLA-DSA positive ABMRh (n=30)	P-value
	g, mean (±std)	0.05 (±0.22)	1.95 (±0.94) <0.001	2.19 (±0.80)	1.73 (±1.01)	0.089
	g≥1, n(%)	9/168 (5.4)	53/56 (94.6) <0.001	26/26 (100.0)	27/30 (90.0)	0.240
	ptc, mean (±std)	0.09 (±0.43)	1.07 (±0.89) <0.001	1.12 (±0.82)	1.03 (±0.96)	0.659
	ptc≥1, n(%)	9/168 (5.4)	39/56 (69.6) <0.001	20/26 (76.9)	19/30 (63.3)	0.270
	mvi score, mean (±std) 0.14 (±0.47)	3.01 (±1.30) <0.001	3.31 (±1.09)	2.77 (±1.43)	0.128
	mvi ≥2, n(%)	4/168 (2.4)	49/56 (87.5) <0.001	25/26 (96.2)	24/30 (80.0)	0.108
	C4d, mean (±std)	0.12 (±0.55)	0.84 (±1.16) <0.001	0.46 (±0.81)	1.17 (±1.32)	0.040
	C4d≥1, n(%)	9/168 (5.4)	24/56 (42.9) <0.001	8/26 (30.8)	16/30 (53.3)	0.089
	v, mean (±std)	0.04 (±0.22)	0.38 (±0.65) <0.001	0.42 (±0.58)	0.33 (±0.71)	0.293
	v≥1, n(%)	5/168 (3.0)	17/56 (30.4) <0.001	10/26 (38.5)	7/30 (23.3)	0.220
	cg, mean (±std)	0.07 (±0.41)	0.40 (±0.81) <0.001	0.35 (±0.63)	0.45 (±0.95)	0.938
	cg≥1, n(%)	7/168 (4.2)	14/56 (25.0) <0.001	7/26 (26.9)	7/30 (23.3)	0.768
	i, mean (±std)	0.24 (±0.65)	0.63 (±1.05) 0.006	0.77 (±1.21)	0.50 (±0.90)	0.424
	i≥1, n(%)	25/168 (14.9)	17/56 (30.4) 0.010	9/26 (34.6)	8/30 (26.7)	0.519
	t, mean (±std)	0.44 (±0.76)	0.70 (±0.76) 0.004	0.69 (±0.88)	0.70 (±0.65)	0.654
	t≥1, n(%)	52/168 (31.0)	30/56 (53.6) 0.003	12/26 (46.2)	18/30 (60.0)	0.300
	ti, mean (±std)	0.38 (±0.79)	0.57 (±0.87) 0.040	0.46 (±0.86)	0.67 (±0.88)	0.299
	ti≥1, n(%)	38/168 (22.6)	21/56 (37.5) 0.029	8/26 (30.8)	13/30 (43.3)	0.333

Table 3 Cox proportional hazards analysis of allograft failure (N=224)
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		No. of	No. of						
	Factor			Univariate analysis		Multivariate analysis
		patients	events						
				HR 95% CI	P-value HR 95% CI	P-value
	HLA-DSA ABMRh								
	No ABMRh	168	16	1			1		
	HLA-DSA negative ABMRh	26	6	2.57	1.00-6.58	0.049	2.33	0.85-6.33	0.099
	HLA-DSA positive ABMRh	30	12	5.39	2.55-11.43	<0.001	7.24	3.04-17.20	<0.001
	C4d score	224	34	1.08 0.74-1.57	0.689	0.68 0.43-1.06	0.091
	Cellular rejection								
	None	174	21	1			1		
	Borderline	26	5	1.72	0.65-4.56	0.277	1.76	0.66-4.68	0.260
	TCMR	24	8	3.27	1.45-7.39	0.004	2.09	0.88-4.99	0.097

Bold numbers indicate significant P-values. ABMRh: histology of antibody-mediated rejection, HLA-DSA: anti-HLA donor specific antibodies, TCMR: T cell-mediated rejection. HR: hazard ratio.
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