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Introduction

The human immune system contains cells with either effector/memory or regulatory functions. Besides the well-established CD4+CD25hiCD127lo regulatory T cells (Tregs), we and others have shown that B cells can also have regulatory functions since their frequency and number are increased in kidney graft tolerance and B cell depletion as induction therapy may lead to acute rejection. On the other hand, we have shown that CD28-CD8+ T cells represent a subpopulation with potent effector/memory functions. In the current study, we tested the hypothesis that kidney allograft rejection may be linked to an imbalance of effector/memory and regulatory immune cells.





Methods

Based on a large cohort of more than 1000 kidney graft biopsies with concomitant peripheral blood lymphocyte phenotyping, we investigated the association between kidney graft rejection and the percentage and absolute number of circulating B cells, Tregs, as well as the ratio of B cells to CD28-CD8+ T cells and the ratio of CD28-CD8+ T cells to Tregs. Kidney graft biopsies were interpreted according to the Banff classification and divided into 5 biopsies groups: 1) normal/subnormal, 2) interstitial fibrosis and tubular atrophy grade 2/3 (IFTA), 3) antibody-mediated rejection (ABMR), 4) T cell mediated-rejection (TCMR), and 5) borderline rejection. We compared group 1 with the other groups as well as with a combined group 3, 4, and 5 (rejection of all types) using multivariable linear mixed models.





Results and discussion

We found that compared to normal/subnormal biopsies, rejection of all types was marginally associated with a decrease in the percentage of circulating B cells (p=0.06) and significantly associated with an increase in the ratio of CD28-CD8+ T cells to Tregs (p=0.01). Moreover, ABMR, TCMR (p=0.007), and rejection of all types (p=0.0003) were significantly associated with a decrease in the ratio of B cells to CD28-CD8+ T cells compared to normal/subnormal biopsies. Taken together, our results show that kidney allograft rejection is associated with an imbalance between immune cells with effector/memory functions and those with regulatory properties.
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Introduction

In kidney transplantation, T cells and B cells participate in the alloimmune responses underlying the two main forms of graft rejection, T cell-mediated rejection (TCMR) and antibody-mediated rejection (ABMR), respectively. Although B cells are known for their effector functions, namely antibody production and antigen presentation, a randomized clinical trial in 2009 studying rituximab as B cell depleting-induction therapy was prematurely terminated because acute cellular rejection occurred in 6 of 8 treated kidney graft recipients, suggesting that B cells also have regulatory functions (1). In concordance with that observation, we (2–4) and others (5) independently reported that patients with drug-free kidney transplant tolerance have increased absolute number and relative frequency of circulating B lymphocytes compared to patients with stable graft function under immunosuppression, suggesting that B cells with regulatory functions may contribute to graft tolerance. Several studies have shown that human regulatory B cells (Bregs) are contained in the plasmablast (6) and transitional B cell (7) subsets defined as CD19+CD27+CD38+ and CD19+CD24hiCD38hi, respectively. IL-10 secretion has been shown to be an important mechanism of action of Bregs (IL-10+ Bregs) (8). Besides IL-10+ Bregs, we (9) and others (10) have identified another Breg subset that exerts their functions through the production of granzyme B (GZMB+ Bregs). Concordantly, kidney graft tolerance has been shown to be associated with an increase in circulating granzyme B-expressing B cells (9) and IL-10-expressing transitional B cells (5). In parallel, we (11, 12) and others (13) have reported that CD4 + CD25 +CD127loFoxP3+ Tregs were increased in tolerant patients compared to patients with stable renal function under immunosuppression. Therefore, it is likely that both Tregs and Bregs act in favor of immune tolerance in kidney transplantation (14, 15).

At the other end, among immune cells with effector/memory properties, CD28-CD8+ T cells are an intriguing T cell population. The interaction between CD28 on T cells and B7 on antigen-presenting cells provides the costimulatory signals necessary for T cell activation. However, chronic immune activation may down-regulate CD28 expression on CD8+ T cells. As a result, CD28-CD8+ T cells are increased in conditions or diseases associated with chronic antigenic exposure such as aging, autoimmune diseases, cancer, chronic infection, and transplantation (16, 17). Although some early studies in autoimmune disease models argued for a regulatory role of this T cell population (18, 19), we (20) and others (21) have demonstrated that human CD28-CD8+ T cells have strong cytotoxic effector function in response to alloantigen stimulation. Moreover, we also reported that CD28-CD8+ T cells are increased in kidney recipients with chronic rejection (20). To confirm those findings, we have established from 2008 to 2016 a large cohort of nearly 1500 kidney graft biopsies performed at Nantes University Hospital concomitant with a lymphocyte phenotyping by flow cytometry focusing on the CD28-CD8+ T cell population. By analyzing this cohort, we have shown that ABMR was associated with an increase in the percentage and absolute number of CD28-CD8+ T cells and those cells responded more vigorously to stimulations through T cell receptor (TCR) or FcγRIIIA (CD16) compared to their CD28+ counterparts, confirming their potent effector functions (22).

Having recognized the potential importance of B lymphocytes in transplant tolerance, from 2011 afterwards, we added B cells to the flow cytometry panel so that the later part of the aforementioned cohort contained 1095 kidney graft biopsies from 737 patients for whom the lymphocyte phenotyping included B cells in addition to CD28-CD8+ T cells and Tregs. In the current study, we analyzed this subcohort in order to explore whether there was an association between kidney graft rejection and the absolute number and relative frequency of B cells, Tregs, the ratio of B cells to CD28-CD8+ T cells, and the ratio of CD28-CD8+ T cells to Tregs. We found that kidney graft rejection was significantly associated with a decrease in the ratio of B cells to CD28-CD8+ T cells and an increase in the ratio of CD28-CD8+ T cells to Tregs. Taken together, our findings suggest that the imbalance between effector/memory and regulatory immune cells contributes to allograft rejection.





Materials and methods




Study design

As aforementioned, from 2008 to 2016, we established at Nantes University Hospital (Centre Hospitalier Universitaire or CHU de Nantes) a cohort of nearly 1500 kidney graft biopsies (protocol “Peribiopsy N° RC13_0251”) for which a peripheral lymphocyte phenotyping focusing on CD28-CD8+ T cells was performed at the time of biopsy (22). From 2011 afterward, we added B cells and Tregs to the panel so that the subcohort from 2011 to 2016 contained 1195 biopsies in which the frequency and absolute number of B cells, CD28-CD8+ T cells, and Tregs were available for analysis. Renal biopsies were interpreted by our renal pathologist (K.R.) based on the Banff 2017 Kidney Meeting Report (23) except for the diagnosis of chronic active TCMR which was based exclusively on the presence of chronic allograft arteriopathy as described in the Banff 2015 Kidney Meeting Report (24). More details on renal biopsy interpretation were described in our previous report (22). After having taken into account the clinical decision, the histological diagnoses were organized into 6 biopsy groups:

	-Group 1 (n=802): normal/subnormal or interstitial fibrosis and tubular atrophy (IFTA) grade 1.

	-Group 2 (n=56): IFTA grade 2 or 3.

	-Group 3 (n=148): ABMR or borderline rejection treated as ABMR with plasma exchanges and intravenous immunoglobulins (IVIg), with or without rituximab.

	-Group 4 (n=33): TCMR or borderline rejection treated as TMCR with corticosteroids.

	-Group 5 (n=56): borderline rejection without treatment.

	-Group 6 (n=100): other changes not considered to be caused by rejection.



Since our study focused on the association between lymphocyte phenotypes and rejection, 100 biopsies from group 6 (other changes) were excluded, leaving 1095 biopsies for the analysis, including 313 for cause biopsies and 414 and 368 three-month and 1-year surveillance biopsies, respectively. We investigated whether there was an association between the relative frequency and the absolute number of B cells, Tregs, the ratio of B cells to CD28-CD8+ T cells, and the ratio of CD28-CD8+ T cells to Tregs and the five biopsy groups. We also combined group 3 (ABMR), 4 (TCMR), and 5 (borderline rejection) into one group (hereinafter referred to as rejection of all types) and compared it with group 1 (normal/subnormal biopsy).





Lymphocyte phenotyping of fresh blood

Each time a patient underwent a kidney graft biopsy at CHU de Nantes, a blood sample was drawn for laboratory analyses and an EDTA tube containing about 5 ml of blood was sent to the center for immunomonitoring (Centre d’Immunomonitorage Nantes-Atlantique or CIMNA) at CHU de Nantes for lymphocyte phenotyping. Flow cytometry was performed on fresh whole blood within 24 h after sampling and cells were analyzed on a BD FACS Canto II flow cytometer. To determine lymphocyte subset numbers, whole blood was stained in BD Trucount™ Tubes with the four-color monoclonal antibody reagents BD Multitest™ CD3/CD8/CD45/CD4 and BD Multitest™ CD3/CD19/CD16 + 56/CD45 according to the manufacturer’s instruction (BD Biosciences). To determine the percentage of Tregs and CD8+CD28- T cells, whole blood was incubated with the following fluorescence-conjugated monoclonal antibodies: anti-CD45-PerCP Cy5.5 (clone 2D1), anti-CD3-FITC (clone SK7), anti-CD4-APC (clone 13B8), anti-CD25-PE-Cy7 (clone 2A3), anti-CD127-PE (clone R34.34) anti-CD8-PE (clone B9.11), and anti-CD28-APC (clone CD28.2) (all from BD Biosciences except anti-CD4, anti-CD8, and anti-CD127 from Beckman Coulter) and then lyzed with FACS lyzing solution (BD Biosciences) (see Supplementary Figure 1 for Treg gating strategy). B cells, Tregs, and CD28-CD8+ T cells were defined as CD3-CD19 +, CD3+CD4+CD25hiCD127lo, and CD3+CD8+CD28-, respectively and their percentages in total lymphocytes were reported. The absolute number of CD28-CD8+ T cells and Tregs were calculated by multiplying the absolute number of CD8+ T cells by the percentage of CD28-CD8+ T cells in CD8+ T cells and multiplying the absolute number of CD4+ T cells by the percentage of Tregs in CD4+ T cells, respectively. Absolute numbers of lymphocyte subsets were expressed as thousand per µl of blood.





Phenotypic analysis of B cells using frozen PBMCs

Frozen PBMCs were thawed using CTL anti-aggregate buffer (Immunospot). 2x106 PBMCs were stained with fixable viability stain 440UV (BD Biosciences), followed by fluorescence conjugated antibodies for cell surface markers including anti-CD3-BUV737 (clone UCHT1), anti-CD19-BV510 (clone HIB19), anti-CD24-BV711 (clone ML5), anti-CD38-BV785 (clone HIT2), anti-CD27-AF488 (clone QA17A18), anti-IgD-BV421 (clone IA6-2), anti-CD25-PE (clone BC96), and anti-CD9-PerCP Cy5.5 (clone H19a). Next, cells were permeabilized with Intracellular Fixation & Permeabilization Buffer Set (Thermo Fisher), stained with anti-granzyme B- PE Cy7 (clone QA18A28) (all antibodies from BioLegend except anti-CD3 from BD Biosciences), and acquired on a Celesta flow cytometer (BD Biosciences). Data were analyzed with Flowjo software version 10.8.0 (BD). The percentages of each B cell subset were compared among the 5 biopsy groups and between the normal/subnormal biopsy group and rejection of all types with the Kruskal-Wallis test and the Mann-Whitney test, respectively using the GraphPad Prism software version 5. All tests were 2-sided and p<0.05 was considered as statistical significant.





Clinical data

Clinical data required for the analysis were extracted from the DIVAT (for “Données Informatisées et Validées en Transplantation”) database which was carried out prospectively, exhaustively, and independently by clinical research associates on key dates during post-operative follow-up of clinical and biological data of all incident transplanted patients at our institutes. The data are subject to an annual audit to warrant quality and completeness. Recipient characteristics include age, gender, transplantation rank (first transplantation or retransplantation), type of transplantation (renal or combined kidney/pancreas transplantation), year of transplantation, the initial kidney disease (possibly recurrent or not), the cytomegalovirus (CMV) serology, history of diabetes, history of arterial hypertension, history of cardiovascular disease, CMV serology, number of HLA-A-B-DR incompatibilities, ABO mismatch, donor-specific antibodies (DSA), and anti-HLA class I and II immunization. Donor characteristics include age, gender, and donor type (living or deceased). Baseline transplantation parameters were cold ischemia time, delayed graft function (DGF), induction therapy, and maintenance treatments [including cyclosporine A (CSA), tacrolimus, mammalian target of rapamycin (mTOR) inhibitors, mycophenolate mofetil (MMF), and corticosteroids]. Parameters collected at the time of biopsy were the reason for biopsy – for cause or surveillance biopsy (at 3 months or 1 year post-transplantation), serum creatinine, the rank of biopsy, post-transplantation time, histological diagnosis according to Banff 2017 classification and the whole details of the Banff elementary lesions, DSA, and type of treatment for each rejection episode, and the percentage and absolute number of total B cells, CD28-CD8+ T cells, and Tregs. The follow-up and the collection of data were stopped upon graft failure (defined as return to dialysis or retransplantation) or death.





Statistical analyses using multivariable models

The characteristics at the time of biopsy between the five biopsy groups were described using median and interquartile range for continuous variables and frequency and proportion for categorical data. Six features were studied: the percentage and the absolute number of B cells and Tregs, the ratio between the absolute number of B cells and CD28-CD8+ T cells, and the ratio between the absolute number of CD28-CD8+ T cells and Tregs (only data from the lymphocyte phenotyping of fresh blood were included in the multivariate models). Since those features were non-Gaussian, we performed square root and logarithm transformation for each of those 6 features, plotted transformed data on histograms, and then selected the type of transformation that more closely resembled a normal distribution. In this way, square root transformation was used for the percentage and absolute number of B cells and Tregs whereas natural logarithm transformation was used for the ratio between the absolute number of B cells and CD28-CD8+ T cells and the ratio between the absolute number of CD28-CD8+ T cells and Tregs. We first performed linear mixed-effects models (random intercept per transplantation) to analyze the unadjusted effects of covariates on the studied feature (25). Covariates having p value less than 0.2 were then included into the multivariable models. We also forced into the multivariable models the following clinically important covariates (regardless of p value): recipient and donor age, recipient and donor sex, re-transplantation, recipient and donor CMV serology, cold ischemia time, time from transplantation to biopsy, reason for biopsy (for cause vs surveillance biopsy), induction therapy at transplantation, creatinine at biopsy, HLA-A, -B and-DR incompatibilities and anti-HLA class I and II immunization. We did not consider interaction. The residuals’ analyses were performed to check the models’ validities. In each model, we first tested if the outcome was significantly different in at least one of the biopsy groups using a likelihood ratio test. If significant, we explored which groups differed by performing the following comparisons: group 2 versus 1, group 3 versus 1, group 4 versus 1, and group 5 versus 1. We also compared rejection of all types (combination of group 1, 3, and 5) to group 1. Corrected p-values were determined using the Holm-Bonferroni method to control for the inflation of the type I error rate associated with multiple testing. Analyses were performed with R 4.0.3.






Results




Patient characteristics

Our analysis included 1095 kidney graft biopsies performed on 747 kidney or combined kidney/pancreas allograft from 737 patients. 73.2 percent (n=802) of biopsies were normal/subnormal (group 1), 5.1% (n=56) were grade 2/3 IFTA (group 2), 13.5% (n=148) were ABMR (group 3), 3% (n=33) were TCMR (group 4), and 5.1% (n=56) were untreated borderline rejection (group 5). The characteristics of the whole sample (1095 biopsies) as well as of each histological group from 1 to 5 were presented in Table 1.


Table 1 | Characteristics of 1095 renal biopsies included in the analysis according their biopsy groups.







Rejection of all types is marginally associated with a decrease in the percentage of B cells in the peripheral blood

We first analyzed the unadjusted effects of covariates on the square root of B cell percentage using linear mixed models (Supplementary Table 1). Biopsy groups were not associated with the square root of B cell percentage (p=0.21) whereas compared to group 1, rejection of all types (combination of group 3, 4, and 5) was associated with a decrease in the square root of B cell percentage (p=0.04). The following covariates with p value of less than 0.2 were included into the multivariable model (in addition to clinically important covariates already forced into the model regardless of p value – see Materials and Methods): history of hypertension, ABO blood group mismatch, depleting induction, cyclosporine, tacrolimus, corticosteroids, and biopsy rank. We then performed multivariable linear mixed model analyses of the square root of B cell percentage and confirmed that biopsy groups were not associated with B cell percentage (p=0.22) (Table 2). Nevertheless, compared to group 1, rejection of all types was marginally associated with a decrease in the square root of B cell percentage, the adjusted mean difference was -0.18, 95% CI [-0.38, 0.01] (p=0.06) (Table 3). Next, we performed the same statistical analyses of the square root of B cell absolute number and found no association between biopsy groups and B cell absolute number (Supplementary Table 2, 3). The combined group (rejection of all types) also showed no difference in the square root of B cell absolute number compared to the normal/subnormal group, the adjusted mean difference was -0.01, 95% CI [-0.03, 0.02] (p=0.63) (Supplementary Table 4).


Table 2 | Results of the multivariable linear mixed model of square root of B lymphocytes in percentage measured at the time of biopsy (5 biopsy groups).




Table 3 | Results of the multivariable linear mixed model of square root of B lymphocytes in percentage measured at the time of biopsy (Rejection of all types versus normal/subnormal).







B cell subset relative frequencies were not significantly different between biopsy groups

In order to perform an in-depth study into B cell subpopulations, we searched in our biocollection for cryopreserved PBMCs from the whole cohort and were able to retrieve a total of 334 frozen samples from 334 patients, including 279, 7, 23, 6, and 19 patients with normal/subnormal biopsy, IFTA grade 2 or 3, ABMR, TCMR, and borderline rejection, respectively. We determined the percentage of principal B cell subsets among total B cells (CD3-CD19+), including naïve (CD27-IgD+), switched memory (CD27+IgD-), non-switched memory (CD27+IgD+), non-conventional (CD27-IgD-), transitional B cells (CD24hiCD38hi), and plasmablasts (CD24loCD38hi), as well as of other B cells subsets shown to have regulatory properties such as CD25+ (26), CD9+ (27), and granzyme B+ (9, 10) B cells (see Supplementary Figure 2 for the gating strategy). We first compared the percentages of each B cell subset among the 5 biopsy groups and found no statistically significant differences between those groups (data not shown). Next, we compared the B cell subset percentages between rejection of all types and normal/subnormal biopsies and did not find significant differences between the 2 groups. Only rejection of all types tended to be associated with an increase in switched memory B cells, but the difference did not reach statistical significance (p=0.08, Mann-Whitney test) (Supplementary Table 5).





ABMR, TCMR, and rejection of all types are associated with a decrease in the ratio of B cells to CD28-CD8+ T cells

We recently demonstrated that ABMR was associated with an increase in the percentage and absolute number of the differentiated CD28-CD8+ T cells in the peripheral blood. We also showed that and CD28-CD8+ T cells contained higher percentage of effector/memory CD8+ T cells expressing CD45RA (TEMRA) defined as CCR7-CD45RA+ and had stronger effector functions compared to their CD28+ counterpart (22). In the current study, we asked whether the balance between B cells and CD28-CD8+ T cells had an impact on the occurrence of kidney graft rejection. For this purpose, we first analyzed the unadjusted effects of covariates on the natural logarithm of the ratio between the absolute number of peripheral B cells and CD28-CD8+ T cells (Supplementary Table 6). Next, we performed multivariable linear mixed model analyses and observed a significant association between the natural logarithm of the ratio between the absolute number of peripheral B cells and CD28-CD8+ T cells and biopsy groups (p=0.007) (Table 4). The adjusted mean difference between group 3 and group 1 and between group 4 and group 1 were -0.44, 95% CI [-0.69, -0.19] and -0.33, 95%CI [-0.73, -0.06], respectively. Similar results were obtained when we compared rejection of all types with normal/subnormal biopsy (group 1). The adjusted mean difference between rejection of all types and group 1 was -0.36, 95% CI [-0.55, -0.16] (p=0.0003) (Table 5). In other words, the ratio of B cells to CD28-CD8+ T cells was 43 percent higher in the normal/subnormal biopsy group compared to rejection of all types. Taken together, ABMR, TCMR, as well as rejection of all types were associated with a decrease in the ratio of B cells to CD28-CD8+ T cells measured in the peripheral blood at the time of biopsy compared normal/subnormal biopsies.


Table 4 | Results of the multivariable linear mixed model of log of the ratio between B lymphocytes in absolute number and CD28-CD8+ T cells in absolute number measured at the time of biopsy (5 biopsy groups).




Table 5 | Results of the multivariable linear mixed model of log of the ratio between B lymphocytes in absolute number and CD28-CD8+ T cells in absolute number measured at the time of biopsy (Rejection of all types versus normal/subnormal).







Rejection of all types is associated with an increase in the ratio of CD28-CD8+ T cells to Tregs

Since we have previously shown that kidney tolerant patients had increased circulating Tregs (11, 12), in this study, we investigated the association between the 5 biopsy groups and Tregs, both in relative frequency and in absolute number. We first analyzed the unadjusted effects of covariates on the square root of Tregs in percentage and observed that biopsy groups were associated with the square root of Treg percentage (p=0.03) (Supplementary Table 7), however the association did not reach statistical significance when analyzed by multivariable linear mixed models (p=0.08) (Supplementary Table 8). We also found that biopsy groups were not associated with the square root of Treg absolute number (p=0.23 by multivariable analyses) (Supplementary Tables 9, 10). Similarly, multivariable analyses did not show statistically significant differences in Treg percentage and Treg absolute number between rejection of all types and normal/subnormal biopsy. The adjusted mean difference in the square root of Treg percentage and Treg absolute number between rejection of all types and normal/subnormal biopsy were 0.06, 95% CI [-0.02, 0.13], p=0.10 and 0.01, 95% CI [0.00, 0.02], p=0.089, respectively (Supplementary Tables 11, 12).

Next, we asked whether the balance between CD28-CD8+ T cells and Tregs was associated with kidney graft rejection. To this end, we first analyzed the unadjusted effects of covariates on the natural logarithm of the ratio between CD28-CD8+ T cells and Tregs and observed an association between this ratio and biopsy groups (p<0.0001) or rejection of all types (p=0.0002) (Supplementary Table 13). Next we performed multivariable linear mixed model analyses of the natural logarithm of the ratio between CD28-CD8+ T cells and Tregs and found a marginal association between this ratio and biopsy groups (p=0.06), especially the adjusted mean difference between group 3 and group 1 was 0.34, 95% CI [0.11, 0.58] (Table 6). More interestingly, multivariable analyses confirmed that rejection of all types was significantly associated with an increase in the ratio of CD28-CD8+ T cells to Tregs compared to normal/subnormal biopsy, the adjusted mean difference in the log of the ratio of CD28-CD8+ T cells/Tregs was 0.23, 95% CI [0.05, 0.41], p=0.01 (Table 7). In other words, the ratio of CD28-CD8+ T cells to Tregs was 26 percent higher in rejection of all types compared to the normal/subnormal biopsy group.


Table 6 | Results of the multivariable linear mixed model of log of the ratio between CD28-CD8+ T cells in absolute number and Tregs in absolute number measured at the time of biopsy (5 biopsy groups).




Table 7 | Results of the multivariable linear mixed model of log of the ratio between CD28-CD8+ T cells in absolute number and Tregs in absolute number measured at the time of biopsy (Rejection of all types versus normal).



Besides biopsy groups, as observed in the aforementioned tables (Tables 2–7), some other covariates, especially depleting induction and recipient/donor CMV serology, were also found to be statistically significant. Indeed, depleting induction has an impact on lymphocyte numbers and frequencies, especially when half of the biopsies were performed within the first post-transplantation year (Table 1). In this cohort, depleting induction therapy was mainly based on anti-thymocyte globulin (ATG), which profoundly depletes T cells but reduces other lymphocyte subsets in a much lesser extent. This may explain the finding that depleting induction was associated with a significant increase in B cell percentage (Tables 2, 3) and in the ratio of B cells to CD28-CD8+ T cells (Tables 4, 5). On the contrary, the ratio of CD28-CD8+ T cells to Tregs was not affected by depleting induction (Tables 6, 7) since ATG depletes all T cell subpopulations.

Interestingly, the covariate recipient/donor CMV serology was also found to be statistically significant. In our multivariable linear mixed models, we compared transplant recipients having positive CMV serology (group 1: positive recipient/negative donor and group 3: positive recipient/positive donor) or having high risk to become CMV positive (group 2: negative recipient/positive donor) with the group of recipients having negative CMV serology and at low risk to become CMV positive (group 0: negative recipient/negative donor). We found that compared to the CMV group 0, the other groups had a significant decrease in B cell percentage (Tables 2, 3), a significant decrease in the ratio of B cells to CD28-CD8+ T cells (Tables 4, 5), and a significant increase in the ratio of CD28-CD8+ T cells to Tregs (Tables 6, 7). Several recent studies have shown that kidney transplant patients with positive CMV serology have higher frequency of CD28-CD8+ T cells compared to those with negative CMV serology (28–30). Therefore, the decrease in the ratio of B cells to CD28-CD8+ T cells and the increase in the ratio of CD28-CD8+ T cells to Tregs can be explained at least in part by the increase in CD28-CD8+ T cells. On the other hand, the association between B cell frequency and CMV status is less well-documented (29, 31). The effect of CMV on lymphocyte phenotypes in transplant recipients is an interesting issue necessitating further research but is beyond the scope of this paper. In summary, the presence of covariates with statistical significance such as CMV serology and depleting induction does not affect our conclusion that certain blood lymphocyte phenotypes are significantly associated with kidney graft rejections because these covariates have been adjusted in the multivariable linear mixed models.






Discussion

The association between peripheral blood lymphocyte phenotypes and kidney graft rejection has been a subject of many studies. However, most of the previous reports, including ours, were based on relatively small numbers of patients and univariate analyses. In the current study, we prospectively established a large cohort of 1095 kidney graft biopsies with concomitant lymphocyte phenotyping and data were analyzed using multivariable linear mixed models. We first compared each type of rejection to the normal/subnormal biopsy group. We next performed an additional analysis comparing the combined group, rejection of all types, to the normal/subnormal biopsy group to obtain additional results. The combined group with higher number of cases helps to increase statistical power. Moreover, from an immunological point of view, graft rejection usually requires the mobilization of different components of the immune system (32). For example, the principal mechanism of ABMR involves B cells and antibodies, but T cell help is indispensable for B cell differentiation and antibody production. It has been shown that kidney graft biopsies with ABMR also contain abundant T cells and a third of patients diagnosed with TCMR also have positive DSA (33).

First of all, our multivariable analysis showed a marginal association (p=0.06) between a decrease in the percentage of total B cell and rejection of all types (Table 3), in concordance with previous reports showing that preservation of the B-cell compartment favored kidney graft tolerance (2–5, 34). However, this finding is not conclusive and the changes in total B cells may not represent changes in Bregs. In order to perform a more detailed B cell phenotype analysis, we searched for cryopreserved PBMCs in our biocollection and were able to retrieve frozen samples in about one-third of the studied cohort. In kidney transplant patients, the most studied B cell subset with regulatory properties is CD4hiCD38hi transitional B cells. Several studies reported that patients with kidney graft rejections, especially ABMR, have a reduction in circulating transitional B cells compared to those with stable graft function (35–40). In this study, we performed univariate analyses of B cell phenotyping data from more than 300 patients and did not find any significant association between kidney graft rejections and the relative frequency of Breg subsets, including transitional, CD25+, CD9+, Granzyme B+ B cells, and plasmablasts. We found that rejection of all types tend to be associated with an increase in the percentage of CD27+IgD- switched memory B cells, but the difference was not statistically significant (p=0.08). Switched memory B cells have been reported to be increased in patients with chronic ABMR compared to stable kidney recipients (35). Future studies should provide a more comprehensive phenotyping of B cells with emphasize on Bregs. Since Bregs have been shown to exert their suppressive effects through different signaling pathways, including IL-10, IL-35, TGF-β, granzyme B, and PD-L1 [reviewed in (41–43)], there is no unique marker for Breg. Therefore, carefully designed B cell panels including many surface markers together with intracellular cytokine staining should better study the association between distinct Breg subsets and graft rejection.

We next investigated the relationship between peripheral blood CD4+CD25hiCD127lo Tregs and graft rejections. We and others previously reported that compared to patients with stable renal function, patients with acute rejection (44), chronic rejection (45, 46) or ABMR (40) had lower frequency and/or number of circulating Tregs. However, as aforementioned, those studies were based on small numbers of patients and univariate analyses. The current study based on multivariable analyses of more than 1000 graft biopsies did not show any significant association between circulating Treg relative frequency or absolute number and biopsy groups, either separately or combined (rejection of all types). Despite the important role of Tregs in modulating alloimmune responses in transplantation, attempts to investigate the potential of circulating Tregs as biomarkers in kidney transplantation have not been successful so far (47). Because CD4+CD25hiCD127lo Tregs are likely a heterogeneous population, detailed Treg phenotyping should provide more knowledge on the mechanisms of action of different Treg subsets in the transplant setting. For example, we have recently shown that memory Tregs defined as CD45RA-FoxP3hi have a central role in kidney transplant tolerance. Memory Tregs in tolerant patients have increased FoxP3 Treg-specific demethylated region (TSDR) demethylation and express high levels of the ectonucleotidase CD39 which can degrade adenosine triphosphate (ATP), a key factor in inflammation (11, 12). Therefore, lymphocyte phenotyping using additional markers to further define Treg subpopulations such as CD45RA, CD45RO, CD39, or methylation status (11, 12, 48, 49) might help to unveil a better correlation between circulating Treg subsets and graft rejections.

Since allograft rejections may occur when immune cells with effector/memory functions overbalance those with regulatory functions, we next investigate the association between the ratio of circulating B cells to CD28-CD8+ T cells as well as the ratio of CD28-CD8+ T cells to Tregs and kidney graft rejections. CD28-CD8+ T cells represent an important T cell population with effector/memory function since they are enriched in TEMRA and display potent cytotoxic properties (22, 50), whereas B cells have been shown to have regulatory function [reviewed in (14)]. Here we showed that ABMR, TMCR, and rejection of all types were significantly associated with a decrease in the ratio of B cells to CD28-CD8+ T cells. We also found that ABMR and rejection of all types were marginally and significantly associated with an increase in the ratio of CD28-CD8+ T cells to Tregs, respectively. Since we have previously shown that CD28-CD8+ T cells are significantly increased in ABMR and TCMR (22), it is likely that the increase in CD28-CD8+ T cells itself contributes to the increase in the ratio of CD28-CD8+ T cells to Tregs and the decrease in the ratio of B cells to CD28-CD8+ T cells in graft rejection. On the other hand, the differences in and B cells and Tregs between different biopsy groups did not reach statistical significance. Thus, the possible explanation for the changes in these two ratios is an increase in CD28-CD8+ T cells coupled with an absence of statistically significant changes in the other two populations. In other words, the increase in memory/effector T cells is not counterbalanced by a significant increase in other cell populations with potential regulatory properties. Taken together, the novel finding here is that graft rejection is associated not only with an increase in memory/effector T cells but also with an overbalance of memory/effector T cells over regulatory cells.

Relatively few studies have explored the impact of the balance between various circulating effector and regulatory cells on kidney graft outcome. For example, increased circulating follicular helper T cells (Tfh) to follicular regulatory T cells (Tfr) has been shown to be an independent risk factor for chronic allograft dysfunction (51). Another study found that a reduction in the ratio of IL-10-secreting (anti-inflammatory) to TNF-α-secreting (pro-inflammatory) transitional B cells was associated with subsequent deterioration of graft function (52). The results of our current study reemphasized the importance of the balance between effector/memory and regulatory immune cells in the maintenance of allograft acceptance.

Our study has some limitations. Based upon our publication in 2006, we selected only a few markers so that lymphocyte phenotyping on fresh blood could be carried out rapidly at our hospital laboratories at the same time as graft biopsy. Today, we know that more markers are necessary to define naïve/memory T cells, Treg, and Breg subsets. With the advent of modern flow cytometry allowing the label of up to 40 markers at the same time, carefully designed multicenter study using comprehensive antibody panels covering all Breg and Treg subsets should help to better study the association between kidney graft rejections and peripheral blood lymphocyte phenotypes. Finally, the exact relationship between circulating immune cell phenotypes and graft rejection is not clear. For example, the decrease of a subpopulation in the blood may result from either a real reduction or migration into the graft (53). Concomitant analysis of graft infiltrates may help to better understand the role of different leukocyte subpopulations in graft rejection.

Taken together, despite some limitations, our current study analyzing a large transplant biopsy cohort using multivariable linear mixed models sheds new insight into the underlying mechanisms of graft rejection, further supports the notion that rejection may be linked to the imbalance between effector/memory and regulatory immune cells, and paves the way for future research to discover new biomarkers for graft rejection and graft outcome.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The studies involving human participants were reviewed and approved by Commission nationale de l’informatique et des libertés (CNIL). The patients/participants provided their written informed consent to participate in this study.





Author contributions

HM, ND, MR, KR, SB, and MG participate in the writing and revision of the manuscript. SB, MG, HM, ND, ML, and RD participate in the conceptualization and methodology. MR provides and verifies lymphocyte phenotyping data. KR interpretes kidney graft biopsies. FD and AW provide and verify patients’ laboratory data. ML perform statistical analyses. ND, GT, and AV design and perform detailed B cell phenotyping. CK perform data extraction from the DIVAT database. SL, RD, CK, HM, SB, and MG verify the extracted data. SB and MG acquire funding and supervise the study. All authors approved the final version of the manuscript. All authors contributed to the article and approved the submitted version.





DIVAT Cohort Collaborators

(Medical Doctors, Surgeons, HLA Biologists) in Nantes: Gilles Blancho, Julien Branchereau, Diego Cantarovich, Agnès Chapelet, Jacques Dantal, Clément Deltombe, Lucile Figueres, Claire Garandeau, Magali Giral, Caroline Gourraud-Vercel, Maryvonne Hourmant, Georges Karam, Clarisse Kerleau, Christophe Masset, Delphine Kervela, Sabine Lebot, Aurélie Meurette, Simon Ville, Christine Kandell, Anne Moreau, Karine Renaudin, Anne Cesbron, Florent Delbos, Alexandre Walencik, and Anne Devis.
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grade 2 or 3; group 3, ABMR; group 4, TCMR; group 5, borderline rejection.
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Adjusted mean

difference R

Biopsy group 0.2224

2 (vs. 1) -0.03 -0.37; 031

3 (vs. 1) -0.14 -0.44; 0.11

4 (vs. 1) -0.45 [-0.85; -0.05

5 (vs. 1) -0.14 -0.45; 0.18
Recipient age (years) 0.00 -0.01; 0.01 0.7448
Male recipient -0.12 -0.31; 0.06 0.1979
Retransplantation 0.10 -0.20; 0.40 0.5070
Cold ischemia time (hours) 0.00 -0.01; 0.01 0.6806
History of hypertension 0.20 -0.48; 0.08 0.1699
Recipient/Donor CMV serology <0.0001

1 (vs. 0) -0.45 [-0.69; -0.20;

2 (vs. 0) -0.16 -0.40; 0.08

3 (vs. 0) -0.33 [-0.57; -0.08]
Donor age (years) 0.00 -0.01; 0.01 0.5639
Male donor -0.09 -0.27; 0.09. 0.3401
HLA-A-B-DR mismatches > 4 0.21 -0.01; 0.42 0.0610
ABO mismatch -0.34 -0.96; 0.28 0.2781
Depleting induction 0.79 0.56; 1.01] <0.0001
Cyclosporine -0.75 -1.82; 0.32 0.1710
Tacrolimus 0.04 -1.04; 1.13 0.9356
Corticosteroids 0.19 -0.08; 0.46 0.1687
Positive anti-class I immunization -0.07 -0.28; 0.14 0.5199
Positive anti-class I immunization -0.08 -0.31; 0.15, 0.4923
Biopsy rank 0.1805

2 (vs. 1) 0.02 -0.11; 0.16

3 (vs. 1) -0.25 -0.52; 0.02

4 (vs. 1) -0.61 -1.37; 0.14

5 (vs. 1) -0.70 -2.61;5 1.20
For causes biopsy 0.17 -0.02; 0.36, 0.0802
Creatininemia at biopsy (mol/l) 0.00 0.00; 0.00] <0.0001
Post-transplantation time of the biopsy (years) -0.01 -0.04; 0.03, 0.6800

CI, confidence interval; CMV, cytomegalovirus; Recipient/Donor CMV serology definition. 0, negative donor and recipient; 1, negative donor and positive recipient; 2, positive donor and
negative recipient; 3, positive donor and recipient; HLA human leucocyte antigens; Biopsy group 1, normal/subnormal; group 2, interstitial fibrosis/tubular atrophy (IFTA) grade 2 or 3; group 3,
ABMR; group 4, TCMR; group 5, borderline rejection.





OEBPS/Images/table4.jpg
Adjusted mean

difference ek

Biopsy group 0.0073

2 (vs. 1) -0.13 -0.47; 021

3 (vs. 1) -0.44 [-0.69; -0.19)

4 (vs. 1) -0.33 [-0.73; -0.06]

5 (vs. 1) -0.21 -0.51; 0.10.
Recipient age (years) 0.00 -0.01; 0.01 0.9204
Male recipient -0.03 -0.22; 0.16 0.7536
Renal transplantation 0.46 0.10; 0.81] 0.0115
Delayed graft function -0.09 -0.29; 0.11 0.3839
Retransplantation -0.42 [-0.73; -0.11 0.0072
Cold ischemia time (hours) -0.02 -0.03; 0.00 0.0375
Recipient/Donor CMV serology <0.0001

1 (vs. 0) -1.38 [-1.62; -1.14

2 (vs. 0) -0.69 [-0.93; -0.46]

3 (vs. 0) -1.33 [-1.57; -1.09]
Donor age (years) -0.01 -0.02; 0.00 0.0098
Male donor -0.13 -0.32; 0.05. 0.1516
Deceased donor 0.13 -0.25; 0.48 0.5388
HLA-A-B-DR mismatches > 4 0.13 -0.09; 0.34 0.2511
Depleting induction 0.54 0.31; 0.78] <0.0001
Cyclosporine -2.34 [-4.07; -0.60] 0.0085
Tacrolimus -1.50 -3.27;0.28 0.0980
mTOR inhibitors 0.44 -0.35; 1.22 0.2735
Calcineurin inhibitors 3.69 1.42; 5.95) 0.0015
Positive anti-class I immunization -0.04 -0.25; 0.17 0.7208
Positive anti-class II immunization 0.09 -0.14; 0.32 0.4491
Biopsy rank <0.0001

2 (vs. 1) -0.30 [-0.43; -0.17]

3 (vs. 1) -0.47 [-0.73; -0.21

4 (vs. 1) -1.16 [-1.89; -0.44]

5 (vs. 1) -0.74 [-2.55; 1.08
For causes biopsy 0.13 [-0.06; 0.32 0.1867
Creatininemia at biopsy (100 wmol/l) 0.08 [-0.01; 0.18. 0.0957
Post-transplantation time of the biopsy (years) -0.01 [0.04; 0.03] 0.7013

CI, confidence interval; CMV, cytomegalovirus; HLA, human leucocyte antigens; mTOR, mammalian target of rapamycin; Recipient/Donor CMV serology definition. 0, negative donor and
recipient; 1, negative donor and positive recipient; 2, positive donor and negative recipient; 3, positive donor and recipient; Log, natural logarithm; Biopsy group 1, normal/subnormal; group 2,
interstitial fibrosis/tubular atrophy (IFTA) grade 2 or 3; group 3, ABMR; group 4, TCMR; group 5, borderline rejection.
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Adjusted mean

difference ool
Rejection of all types vs. normal/subnormal -0.18 -0.38; 0.01 0.0623
Recipient age (years) 0.00 -0.01; 0.01 0.9417
Male recipient -0.11 -0.31; 0.08 0.2409
Retransplantation 0.08 -0.23; 0.38 0.6220
Cold ischemia time (hours) 0.00 -0.02; 0.01 0.6222
History of hypertension -0.16 -0.45; 0.13 0.2730
Recipient/Donor CMV serology <0.0001
1 (vs. 0) -0.47 [-0.72; -0.22]
2 (vs. 0) -0.16 -0.40; 0.08
3 (vs. 0) -0.28 [-0.53; -0.03]
Donor age (years) 0.00 -0.01; 0.01 0.7714
Male donor -0.07 -0.26; 0.12, 0.4562
HLA-A-B-DR mismatches > 4 0.21 -0.01; 0.43 0.0581
ABO mismatch -0.34 -0.96; 0.28 0.2839
Depleting induction 0.81 0.58; 1.04] <0.0001
Cyclosporine 0.73 1815034 0.1820
Tacrolimus 0.07 -1.08; 1.10, 0.9893
Corticosteroids 0.10 -0.10; 0.46, 0.1976
Positive anti-class I immunization -0.08 -0.30; 0.13 0.4424
Positive anti-class Il immunization -0.10 -0.34; 0.14 0.4099
Biopsy rank 0.2436
2 (vs. 1) 0.04 -0.09; 0.17
3 (vs. 1) -0.21 -0.49; 0.07
4 (vs. 1) -0.61 -1.36; 0.14
5 (vs. 1) -0.57 -247; 132
For causes biopsy 0.17 -0.03; 0.37 0.0886
Creatininemia at biopsy (wmol/l) 0.00 0.00; 0.00] <0.0001
Post-transplantation time of the biopsy (years) -0.01 -0.04; 0.02 0.5666

CI, confidence interval; CMV, cytomegalovirus; Recipient/Donor CMV serology definition. 0, negative donor and recipient; 1, negative donor and positive recipient; 2, positive donor and
negative recipient; 3, positive donor and recipient; HLA, human leucocyte antigens.
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Adjusted mean

difference 2
Rejection of all types vs. normal/subnormal 0.23 [0.05; 0.41 0.0126
Transplantation after 2008 035 -0.18; 0.88 0.1976
Recipient age (years) 0.00 -0.01; 0.01 0.7945
Male recipient -0.06 -0.24; 0.12 0.5383
Retransplantation 0.46 [0.16; 0.75' 0.0023
Renal transplantation 0.09 -0.25; 043 0.5986
Recurrent initial disease 0.08 -0.12; 0.29] 0.3972
Delayed graft function 0.10 -0.09; 0.29] 0.3008
Cold ischemia time (hours) 0.01 -0.01; 0.02 0.5023
Recipient/Donor CMV serology <0.0001

1 (vs. 0) ) 1.30 [1.07; 1.53,

2 (vs. 0) 0.64 [0.42; 0.87

3 (vs. 0) 124 [1.01; 1.47
Donor age (years) 0.01 [0.00; 0.02 0.0110
Male donor 0.13 -0.04; 0.30] 0.1452
Deceased donor 0.18 -0.17; 0.53 03132
HLA-A-B-DR mismatches > 4 0.03 -0.18; 023 0.8057
Depleting induction -0.03 -0.26; 0.20] 0.7838
Cyclosporine 0.09 -0.89% 1.06 0.8641
Tacrolimus -0.30 -1.30; 0.69] 0.5489
Corticosteroids 0.15 -0.11; 0.40] 0.2534
Positive anti-class I immunization 0.00 -0.19; 0.20] 0.9683
Positive anti-class I immunization -0.12 -0.34; 0.10] 0.2796
Biopsy rank <0.0001

2 (vs. 1) 0.52 [0.39; 0.64

3 (vs. 1) 0.65 [0.39; 091

4 (vs. 1) 0.80 [0.10; 1.50

5 (vs. 1) 0.80 [-0.91; 2.51
For causes biopsy 0.15 [-0.04; 0.34 0.1192
Creatininemia at biopsy (100 gmol/l) 0.00 [-0.10; 0.11 0.9830
Post-transplantation time of the biopsy (years) 0.04 [-0.01; 0.09] 0.0903

CI, confidence interval; CMV, cytomegalovirus; HLA, human leucocyte antigens; Recipient/Donor CMV serology definition. 0, negative donor and recipient; 1, negative donor and positive
recipient; 2, positive donor and negative recipient; 3, positive donor and recipient; Log, natural logarithm.
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Whole sample Biopsy group 1 Biopsy group 2 Biopsy group 3 Biopsy group 4 Biopsy group 5
095) (n=802) (n=148) [GEEE))

Transplantation after 2008 0o e 904 | 0 770 %0 0 m 6 0 9% 69 0 2 9 0 51 9.4
Male recipient 0o en @0 0 199 @2 0 31 €07 | 0 9 @8 0 17 S50 3 613
Retransplantation 0 191 74| o 139 73 0 7 125 o 3 57 0 3 91 0 4 71
Renal transplantation [ 906 0 724 903 0 5 916 | 0 139 %9 0 27 88 0 9 875
Recurrent initial disease o s 27 0 179 23 0 1 6 0 a 27| o 3 o1 0 1 250
Delayed graft fanction 13 315 39 | 8 210 02 2 23 26 3 16 7 0 14 24 0 2 393
History of diabetes 0o 29 0 196 a4 0 7 25 0 2 196 0 12 w40 18 321
History of hypertension o e 78 0 706 80 0 a8 857 0 128 85 0 30 %9 0 i 575
History of cardiovascular discase 0o 3 37 0 m B9 0 2 29 0 59 99 0 16 850 20 357
Recipient/Donor CMV serology 5 0 2 2 0 1
0 379 348 284 354 12 22 53 363 13 394 17 309
1 24 206 155 193 2 370 30 206 7 212 12 218
2 25 25 190 237 6 1w 34 23 6 182 9 164
3 212 22 173 216 16 296 2 199 7 212 17 309
Male donor 0o ex 22 0 165 80 0 37 61 0 7 540 19 576 0 2% 164
Deceased donor o e 3 0 704 8 0 52 929 | 0 130 78 0 2 879 0 52 929
HLA-A-B-DR mismatches > 4 0 2 23 0 187 23 0 10 179 0 36 23 0 10 030 12 214
ABO mismatch 0 2 20 o 18 2 o 0 0w o 3 20 0 0 0w o 1 18
Depleting induction o 08 0 331 a3 0 17 04 | 0 7 507 0 1 33 0 13 52
Cyclosporine 0 8 810 37 a6 0 6 07 0 31 20 0 5 152 0 10 179
| Tacrolimus o 1004 97 0 764 953 0 50 93 0 116 84 0 8 89 0 16 821
‘ mTOR 0 16 150 10 13 0 0 0w o 3 20 0 0 0w o 3 54
‘ Calcineurin inhibitors 0 0% 95 0 799 96 0 56 00 0 7 93 0 3 000 0 55 982
| Corticosteroids o o 866 0 9% %8 0 15 s04 | 0 130 8 0 2 w80 51 911
| Positive anticlass | immunization 1 339 30 0 27 08 1 13 26 0 6 s 0 6 120 7 125
Positive anticlass Il immunization 1 310 23 0 219 23 1 9 64 0 6 By 0 s u2 0 9 161
Positive DSA 0 85 78 0 53 66 0 2 360 2 189 0 1 00 0 1 18
Biopsy rank 0 0 0 0 0 0
1 644 588 491 616 20 357 7 507 2 667 E 589
2 372 340 274 342 2 518 2 284 7 212 2 357
3 7 65 32 10 7 125 2 176 3 91 54
4 7 06 2 03 0 00 4 27 1 30 0 00
5 1 o1 0 00 0 00 1 07 0 00 0 00
For causes biopsy 0o a3 26 0 158 197 0 2% 64 | 0 102 69 0 21 66 0 6 107
NA | Median QLQ3 | NA | Median QLQ3 | NA | Median QLQ3 | NA | Median QLQ3 | NA | Median QLQ3  NA  Median QQ3
B cells (%) 0 108 65176 0 108 65184 0 93 54165 | 0 117 7062 0 109 80425 0 93 52149
B cells (absolute number) 0 010 006019 0 010 006018 0 01l 007018 0 014 007018 0 010 006017 0 010 005017
Tregs (%) 27 23 1530 | 21 23 1630 2 19 1226 | 2 21 129 2 28 2236 0 24 1834
Tregs (absolute number) 28 002 001004 21 002 00004 2 002 001003 2 002 001004 2 003 002004 0 003 002004
CD28-CDS+ T cells (%) 1 66 30154 8 59 27134 1 127 46209 | 2 94 3628 0 77 36168 0 76 32162
CD28-CD8+ T cells (absolute
num) 1 006 003017 8 005 002004 1 016 004025 2 012 004029 0 008 004018 0 008 003016
Recipient age (years) 0 510 400630 0 510 410630 0 535 388633 0 | 500 340610 0 50 360630 0 52 250640
Cold ischemia time (hours) 0 M8 12190 0 144 109183 0 152 15226 0 | 166 13122 0 155 127188 0 153 127178
Donor age (years) 0 S0 40640 0 540 420640 0 57 453670 0 520 340630 0 500 34060 0 540 418650
1100- 1060- 113 1328- 1410- 1050-
Creatininemia at biopsy (umol/) 12 1390 1790 9 1330 190 2 1750 470 0 1635 215 0 1990 20 1 1250 1600
Post-transplantation time
of the biopsy (years) 0 07 026103 0 036 026101 0 103 100521 0 187 099700 0 055 025229 0 028 02610l

CMV, Cytomegalovirus; Recipient/Donor CMV serology definition, 0, negative donor and recipient; 1, negative donor and posit 152, positive donor and negative recipient; 3, positive donor and recipient; DSA, donor-specific antibodies; HLA, human leukocyte
antigens; Q, quartile; Q1, 25 percentile; Q3, 75™ percentile; NA, not available (missing). %, percent of total lymphocytes; absolute number: thousand per pl. Biopsy group 1: normal/subnormal, group 2: interstitial fibrosis/tubular atrophy (IFTA) grade 2 or 3, group 3:
ABMR, group 4, TCMR; group 5, borderline rjection.
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Adjusted mean

difference o]

Rejection of all types vs. normal/subnormal -0.36 [-0.55; -0.16] 0.0003
Recipient age (years) 0.00 [-0.01; 0.01] 0.7902
Male recipient -0.05 [-0.22; 0.15] 0.5821
Renal transplantation 0.44 [0.10; 0.81] 0.0162
Delayed graft function -0.07 [-0.28; 0.12] 0.4845
Retransplantation -0.42 [-0.72; -0.11] 0.0084
Cold ischemia time (hours) -0.02 [-0.03; 0.00] 0.0499
Recipient/Donor CMV serology <0.0001

1 (vs. 0) -1.37 [-1.61; -1.13]

2 (vs. 0) -0.68 [-0.93; -0.46)

3 (vs. 0) -1.28 [-1.56; -1.08]
Donor age (10 years) -0.01 -0.02; 0.00 0.0167
Male donor -0.13 -0.31; 0.06 0.1636
Deceased donor 0.10 -0.24; 0.49 0.6097
HLA-A-B-DR mismatches > 4 0.12 -0.10; 0.34 0.2887
Depleting induction 0.56 0.30; 0.77] <0.0001
Cyclosporine -2.35 [-4.09; -0.61] 0.0085
Tacrolimus -1.52 -3.27;0.28 0.0939
mTOR inhibitors 0.43 -0.36; 1.20 0.2867
Calcineurin inhibitors 3.63 1.39; 5.92] 0.0018
Positive anti-class I immunization -0.08 -0.26; 0.16 0.4445
Positive anti-class II immunization 0.07 -0.15; 0.30 0.5346
Biopsy rank <0.0001

2 (vs. 1) -0.31 [-0.42; -0.16]

3 (vs. 1) -0.50 [-0.74; -0.22]

4 (vs. 1) -1.22 [-1.95; -0.51]

5 (vs. 1) -0.83 [-2.65; 0.97]
For causes biopsy 0.13 [-0.08; 0.29] 0.2085
Creatininemia at biopsy (100 pumol/l) 0.08 [-0.02; 0.18] 0.1030
Post-transplantation time of the biopsy (years) -0.01 [0.04; 0.03] 0.5394

CI, confidence interval; CMV, cytomegalovirus; Recipient/Donor CMV serology definition. 0, negative donor and recipient; 1, negative donor and positive recipient; 2, positive donor and
negative recipient; 3, positive donor and recipient. HLA, human leucocyte antigens; mTOR, mammalian target of rapamycin; Log, natural logarithm.





