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We aimed to investigate the mechanisms of humoral immune activation in ABMR using a MHC-mismatched rat kidney transplant model. We applied low dose cyclosporine A (loCNI) to allow donor-specific antibody (DSA) formation and rejection and high dose cyclosporine A (hiCNI) for non-rejection. DSA and leukocyte subsets were measured by flow cytometry. Germinal centers (GC), T follicular helper cells (Tfh), plasma cells and interleukin-21 (IL-21) expression were analyzed by immunofluorescence microscopy. Expression of important costimulatory molecules and cytokines was measured by qRT-PCR. Allograft rejection was evaluated by a nephropathologist. We found that DSA formation correlated with GC frequency and expansion, and that GC size was linked to the number of activated Tfh. In hiCNI, GC and activated Tfh were virtually absent, resulting in fewer plasma cells and no DSA or ABMR. Expression of B cell activating T cell cytokine IL-21 was substantially inhibited in hiCNI, but not in loCNI. In addition, hiCNI showed lower expression of ICOS ligand and IL-6, which stimulate Tfh differentiation and maintenance. Overall, Tfh:B cell crosstalk was controlled only by hiCNI treatment, preventing the development of DSA and ABMR. Additional strategies targeting Tfh:B cell interactions are needed for preventing alloantibody formation and ABMR.
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Introduction

Antibody-mediated rejection (ABMR) is a major cause of allograft failure in kidney transplantation (Ktx) (1). Donor-specific antibodies (DSA) are responsible for initiating ABMR and their serological presence, whether pre-existing or formed after transplantation (“de novo”), is associated with poorer graft survival (2–6). We aimed to examine the mechanisms of humoral immune activation in a clinically relevant model of chronic kidney allograft rejection in order to identify novel strategies for immunosuppressive intervention.

High affinity antibodies arise from the germinal center (GC) reaction. GC are transient structures that form in the follicles of secondary lymphoid organs (SLO). Here, antigen-specific B cells undergo somatic hypermutation (SHM) of their immunoglobulin (Ig) genes and perform class switch recombination (CSR) to generate affinity-matured antibodies with specific effector functions (7). As a result, highly specific long-lived plasma cells and memory B cells are generated (8). Beyond this, certain clinical observations suggest that processes integral to the GC reaction control the development of ABMR. For instance, the mean fluorescence intensity (MFI) of DSA, which reflects alloantibody affinity and concentration, affects ABMR risk in Ktx patients (9–12). Furthermore, the IgG subclass of DSA has been linked to the phenotype and clinical course of ABMR (13). Thus, the affinity maturation and Ig (sub-) class switch of DSA, which are regulated in the GC reaction, impact the development and course of ABMR.

T follicular helper cells (Tfh) are a specialized T helper cell subset with the primary function of activating cognate B cells, as reviewed by Vinuesa et al. (14). The expression of the B cell chemokine receptor CXCR5 guides them to the B cell follicle, where they provide essential signals driving the GC reaction. Tfh expression of CD40 ligand and interleukin-21 (IL-21) stimulate B cell proliferation, SHM and CSR (15). Excessive Tfh activation occurs in autoimmune diseases (16). In Ktx, Tfh involvement has been implicated by reports linking circulating Tfh (cTfh) to pre-sensitization and rejection (17, 18). Moreover, a recent study showed IL-21, the canonical Tfh cytokine, is able to induce B cell differentiation and alloantibody formation in peripheral blood cells from Ktx patients (19). Other studies linked IL-21 expression to allograft rejection in Ktx patients (20, 21) and Htx patients (22). However, it is uncertain to what extent cTfh reflect ongoing processes in the SLO. A number of studies suggest that cTfh represent memory Tfh (23, 24), but some cTfh may represent pre-GC Tfh (25), raising questions about observations based on cTfh. Direct evidence of Tfh involvement in SLO in Ktx patients is lacking.

Since SLO tissue from Ktx patients is not easily accessible, animal models may provide important mechanistic insights. Previous models of ABMR in Ktx have been based on pre-sensitization and pre-formed alloantibodies (26, 27) and have thus been inappropriate to study the role of GC and Tfh in de novo allosensitization and ABMR. To study the role of GC and Tfh:B cell interactions in this setting, we used a unique model of ABMR in rats based on generation of de novo DSA due to under-immunosuppression. Using this model closely resembling clinical Ktx, we examined the generation of DSA, B cell activation in GC, the activation of Tfh in SLO, as well as molecules involved in Tfh:B cell crosstalk.



Materials and Methods


Rat Kidney Transplantation (Ktx) Model

Animal experiments were approved by local authorities (Regierung von Unterfranken) and performed according to animal protection laws. MHC-mismatched allogeneic Ktx was performed using Brown Norway rats (BN) as donors and Lewis rats (LEW) as recipients (Charles River Laboratories, Sulzfeld, Germany, 200–250 g), as previously described (28–30). In brief, BN kidneys were explanted, flushed with cold saline and transplanted orthotopically. Cold and warm ischemia times were approximately 35 and 30 min, respectively. Nephrectomy of the remaining recipient kidney was performed at the end of the surgery.



Experimental Rat Treatments

To allow DSA formation and chronic rejection, rats were treated with low dose cyclosporine A (CsA 5 mg/kg/d, “loCNI”). The non-rejecting group received high dose CsA (10 mg/kg/d, “hiCNI”). CsA was administered orally by daily gavage for 28 days, beginning on the day of Ktx. CsA trough levels were measured by routine testing in the onsite clinical chemistry department by liquid chromatography coupled with tandem mass spectrometry. Untreated LEW rats served as controls. Rats were sacrificed 28 days after Ktx, when spleen and kidney allografts were removed and divided into sections for flow cytometry, fixed in paraffin, or snap-frozen in N2 and stored at -80 °C. Figure 1A shows the experimental treatments. Table 1 shows the experimental groups.




Figure 1 | Experimental treatments, rejection, fibrosis and DSA formation after Ktx. (A) Ktx groups and CsA treatment, (B) allograft histology showing peritubular capillaritis (ptc, arrow) and glomerulitis (arrow) in HE and PAS staining. (C) allograft fibrosis assessed by trichrome staining in control BN kidneys (n=3), and hiCNI (n=6) and loCNI (n=8) allografts (D) Representative flow cytometry data of DSA IgM, IgG and IgG subclasses measured by flow crossmatch and (E) DSA shown as MFI values in serum from controls (n=6), hiCNI (n=6) and loCNI (n=8). Data is shown as mean and individual data points; statistical significance between groups is shown as *p ≤ 0.05, **p<0.01, ***p<0.001. For DSA IgG subclasses, data is shown as mean ± SEM; *p ≤ 0.05, **p<0.01, and ***p<0.001 for loCNI vs. hiCNI and ##p<0.01, and ###p<0.001 for loCNI vs. control.




Table 1 | Experimental groups.





Allograft Histology, Rejection and Fibrosis

Paraffin sections were prepared as previously described (31). After staining with hematoxylin and eosin (HE) and periodic acid schiff (PAS), the histomorphological alterations were classified according to the Banff classification 2017 (32) by an experienced nephropathologist in a blinded manner. C4d staining was performed using rabbit anti-rat C4d antibody (Hycultec HP8034, Beutelsbach, Germany) as previously described (28). Trichrome staining was performed as previously described (28).



Donor-Specific Antibodies

DSA were measured by flow crossmatch as previously described (30). Briefly, donor BN splenocytes were incubated with heat-inactivated recipient serum for 30 minutes at 4°C and then washed. Cells were then stained using mouse anti-rat IgM-PE (ThermoFisher, 12-0990, Waltham, USA), chicken anti-rat IgG-Alexa Fluor647 antibody (ThermoFisher, A21472), anti-rat IgG1-APC (ThermoFisher 17-4812), mouse anti-rat IgG2a-PE Cy7 (ThermoFisher 25-4817), mouse anti-rat IgG2b-PE (ThemoFisher 12-4815), or mouse anti-rat IgG2c-biotin (BD 553909, Heidelberg, Germany) and streptavidin-BV421 (Biolegend 405226, San Diego, USA). Finally, cells were stained for CD3-FITC (ThermoFisher 11-0030) and measured by flow cytometry. Data is shown for CD3+-gated cells, to exclude unspecific binding of antibodies by Fc-receptors, and is restricted to DSA against MHC class I since MHC class II is not expressed on T cells.



Flow Cytometry

Rat spleens were macerated and spleen cell suspensions separated by ficoll gradient centrifugation, as described before (30). Cells were blocked using 10% BSA PBS and stained with mouse anti-rat CD45R-PE-Cy7 (ThermoFisher 25-0460), mouse anti-rat CD11b/c-PE (ThermoFisher 12-0110-82), mouse anti-rat CD3-APC (ThermoFisher 17-0030-82) and hamster anti-mouse CD27-biotin (Serotec/Biorad MCA-4701B, Puchheim, Germany) and Streptavidin-APC (BD, 554067).



Immunofluorescence Microscopy

3 μm formalin-fixed, paraffin-embedded sections were prepared and stained, as previously described (28). Cell nuclei were stained with DAPI (Hoechst 33342, Molecular Probes H-1399, Netherlands). Primary antibodies used were anti-rat IgG-Alexa Fluor 647 (ThermoFisher, A21472) for plasma cells, anti-IL-21 (Bioss bs-2621R-a350, Boston, USA), anti-CD20 (Santacruz sc-393894, Dallas, USA) for B cells, anti-Ki67-Fitc (ThermoFisher 11-5698) for proliferating GC cells, and anti-CD3 (Abcam 5690, Cambridge, UK) for Tfh, which were counted within Ki67+ GC (activated Tfh) and the MZ (resting Tfh) regions as demonstrated in Figure 4A. Secondary antibodies used were donkey anti-rabbit-biotin (Dianova, 711-065-152, Hamburg, Germany) and AlexaFluor594 Tyramide SuperBoost Kit, strepavidin (ThermoFisher B40935) for anti-IL-21, goat anti-mouse-IgM-Cy3 (Dianova 115-166-075) for anti-CD20 and donkey anti-rabbit-Cy5 (Dianova 711-175-152) for anti-CD3. Digital pictures were assessed using Histoquest® software.



Real-Time Quantitative PCR (qPCR)

QPCR was performed as previously described (28). Briefly, total RNA was extracted from homogenized frozen tissue using Nucleo Spin RNA Plus Kit® (Macharey Nagel 740984.250, Düren, Germany). DNase was added to remove genomic DNA. Total RNA was reverse transcribed into cDNA. RT-PCR was performed on ViiA7 detection system (Applied Biosystems, Darmstadt, Germany) using QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, Germany). All water controls were negative for target and housekeeper. Table S1 (Supplementary Material) contains primer sequences. Target gene copy numbers were normalized to house-keeper hypoxanthine-guanine phosphoribosyl-transferase (HPRT) and expressed by calculating delta CT values.



Interleukin-21 Immunoassay

Serum IL-21 concentrations were measured using a commercial anti-rat IL-21 chemiluminescent immunoassay (Cloud clone SCB688Ra, Houston, USA) according to the manufacturer’s instructions.



Statistical Analysis

Data is shown as individual values and mean or mean ± SEM. Statistical analysis was performed using GraphPad Prism (Version 8.0, San Diego). Mann-Whitney U-test was used and p ≤ 0.05 was considered to be statistically significant.




Results


Development of Allograft Rejection, Fibrosis and DSA

We used low dose CsA treatment (loCNI) to prevent fatal allograft failure due to acute rejection, but allow DSA formation. High dose CsA treatment (hiCNI) was used to suppress alloimmune functions in a non-rejecting group. An overview of experimental treatments is shown in Figure 1A. Mean CsA trough levels in CsA treated rats were 93 ± 34 ng/ml with 5mg/kg/d and 733 ± 135 ng/ml with 10 mg/kg/d. HiCNI treatment prevented cellular rejection (TCMR) and ABMR (Table 2). In contrast, 6 of 8 loCNI rats developed borderline rejection, one showed Banff IB TCMR and one showed no rejection. A portion of loCNI rats (3/8) also showed signs of active and chronic ABMR, including peritubular capillaritis, transplant glomerulitis, chronic transplant glomerulopathy and acute tubular necrosis, scored using Banff lesion criteria (Table 2, Figure 1B). C4d staining was negative in all sections (not shown).


Table 2 | Histopathological evaluation of allograft sections in analogy to Banff classification 2017.



In addition, we observed a significant increase of fibrosis in kidneys after loCNI treatment compared to hiCNI treatment (1.9 ± 0.1% vs. 1.4 ± 0.1%, p=0.01) and controls (1.9 ± 0.1% vs. 0.6 ± 0.2%, p=0.01). HiCNI kidneys also showed more fibrosis than controls (p=0.048) (Figure 1C).

Furthermore, MFI of both IgM and IgG DSA were significantly elevated in loCNI compared to hiCNI (IgM 23.7 ± 2.1 vs. 11.9 ± 0.8, p=0.0027; IgG 59.0 ± 11.6 vs. 8.3 ± 0.5, p=0.0007) and controls (Figures 1D, E). The analysis of DSA IgG subclasses showed that IgG2b DSA were most prominent, followed by IgG1 (Figures 1D, E). In hiCNI, DSA MFI did not exceed unspecific background levels of the control group in any DSA analysis (Figures 1D, E). A limitation in our methodology is that only DSA against MHC class I were measured; therefore conclusions about the development and effect of MHC class II DSA cannot be drawn in our study.



T Cell, but Not B Cell, Frequency Is Reduced in hiCNI

Since DSA formation was strongly inhibited by hiCNI treatment, we first examined how B cell, T cell and mononuclear phagocyte (MP) populations in the SLO were affected by experimental treatments. The frequency of B cells was not altered by CNI treatment and transplantation (Figures 2A, B); however, the frequency of splenic T cells was significantly reduced in hiCNI compared to loCNI (36.0% ± 2.7% vs. 48.8% ± 2.0%, p=0.0007) and controls (36.0% ± 2.7% vs. 51% ± 1.1%, p=0.0004) (Figures 2A, B). Both hiCNI and loCNI showed an increased proportion of MP compared to controls (loCNI vs. control: 16.9% ± 1.3% vs. 13.0% ± 0.4%, p=0.006; hiCNI vs. control: 22.9% ± 3.4% vs. 13.0% ± 0.4%, p=0.0016). There was no significant difference in the absolute numbers of splenic B or T cells or MP (Figure 2B). Within allografts, the frequencies and absolute numbers of both B and T cells were increased in loCNI compared to controls (B cells p=0.029 and T cells p=0.0007) (Figure 2C). T cell frequency was also increased in loCNI compared to hiCNI (p=0.0007), while MP frequency was decreased in loCNI compared to hiCNI (p=0.003) (Figure 2C).




Figure 2 | Frequency and absolute numbers of leukocyte subsets in spleens and allografts. Representative flow cytometry data (A), frequency and absolute numbers of B cells (CD45R+), T cells (CD3+) and mononuclear phagocytes (MP, CD11b/c+) in spleen (B) and allografts (C) measured by flow cytometry and shown as percentages of leukocytes or absolute numbers per weight. Means and individual data points are shown from controls (LEW spleen n=9, BN kidneys n=6), hiCNI (n=6) and loCNI (n=8); statistical significance between groups is shown as *p≤ 0.05, **p<0.01 and ***p<0.001.





Germinal Centers Correlate With DSA

Since B cell frequency was not affected, we examined B cell activation in GC. We analyzed splenic follicles by immunofluorescence microscopy, and determined the frequency and size of GC (Figures 3A, B). The follicular area and mantle zone (MZ) area were unchanged in transplanted rats compared to untreated controls, regardless of CNI treatment (Supplementary Material Figure S1A, B); however, GC frequency and area were almost completely diminished in hiCNI treated rats compared to loCNI rats (GC frequency: 0.04 ± 0.02 vs. 0.37 ± 0.09, p=0.013; GC size: 0.0003 ± 0.0008 mm2 vs. 0.0037 ± 0.001 mm2, p=0.018) and controls (GC frequency: 0.04 ± 0.02 vs. 0.36 ± 0.09, p=0.028; GC size: 0.0003 ± 0.0008 mm2 vs. 0.004 ± 0.001 mm2, p=0.015) (Figure 3B). In line with this, splenic mRNA expression of AID (activation-induced cytidine deaminase), an essential enzyme for germinal center B cells, was also diminished in hiCNI compared to loCNI (0.0008 ± 0.0003 vs. 0.004 ± 0.0007, p=0.003) and controls (0.0008 ± 0.0003 vs. 0.003 ± 0.0008, p=0.017) (Figure 3C). We were interested in the relationship between DSA formation and GC frequency and expansion. We found that within the loCNI group, GC frequency correlated with both IgG and IgG2b DSA MFI, and that GC area correlated with IgG DSA MFI (p=0.05, R2 = 0.49) (Figure 3D).




Figure 3 | Germinal center formation. (A) immunofluorescence staining of splenic follicles with T cell zone (CD3+, red), B cell follicle (CD20+, yellow) and GC (Ki67+, green) and (B) average frequency and area of GC per follicle from controls (n=6), hiCNI (n=6) and loCNI (n=8). (C) splenic AID mRNA expression measured by qPCR in controls (n=5), hiCNI (n=6) and loCNI (n=8), normalized to house-keeping gene HPRT and expressed as delta CT (AU). Means and individual data points are shown; statistical significance between groups is shown as *p≤ 0.05 and **p<0.01. (D) Correlation of GC frequency or area with IgG and IgG2b DSA MFI within the loCNI group.





Activated Tfh Act as Drivers of GC Formation

Since GC formation was inhibited by hiCNI treatment, we investigated the signals necessary for B cell activation. In vivo tracking studies by Suan et al. demonstrated that Tfh within the GC have an activated phenotype, while Tfh in the mantle zone (MZ) have a resting memory Tfh phenotype (33). We found that the number of activated GC Tfh was substantially reduced in the hiCNI group compared to loCNI (4.1 ± 2.0 vs. 12.3 ± 2.4 CD3+ cells/GC, p=0.031) and controls (4.1 ± 2.0 vs. 14.3 ± 3.8 CD3+ cells/GC, p=0.028) (Figure 4B), while the number of resting Tfh localized within the MZ was not affected by treatments (Figure 4B). Since Tfh activate B cell proliferation, we were interested in the relationship between Tfh and GC expansion. We found that in loCNI, the number of activated Tfh determined the size of GC (Figure 4C).




Figure 4 | Activated T follicular helper cells drive GC formation. (A) immunofluorescence staining of a splenic follicle with T cell zone (CD3+, red), GC (Ki67+, circled green), B cell follicle (CD20+, yellow) with mantle zone (MZ, circled yellow) and Tfh (white arrows). (B) average number of activated Tfh (CD3+ cells in Ki67+ GC area) and resting Tfh (CD3+ cells in CD20+ MZ area) in controls (n=6), hiCNI (n=6) and loCNI (n=8). (C) Correlation of the number of activated Tfh and GC expansion within the loCNI group. (D) plasma cells measured as IgG+ cells in spleen sections from controls (n=6), hiCNI (n=6) and loCNI (n=8), and (E) CD45R+CD27+ memory B cells measured by flow cytometry in controls (n=5), hiCNI (n=6) and loCNI (n=4). Means and individual data points are shown; statistical significance between groups is shown as *p≤ 0.05.



Plasma cells and memory B cells are the products of the GC reaction. As a consequence of inhibited GC formation in hiCNI, the number of splenic plasma cells was also lower in hiCNI compared to loCNI (160 ± 15 cells/mm2 vs. 169 ± 11 cells/mm2, p=0.04) (Figure 4D). The number of splenic memory B cells was non-significantly reduced in hiCNI compared to loCNI (6.4x105 ± 4.2x105 vs. 13.3x105 ± 4.7x105, p=0.47) (Figure 4E).



HiCNI Inhibits Markers of Tfh Differentiation and Function

Tfh arise after activation of naïve T cells, which was inhibited in hiCNI, as demonstrated by a substantially reduced expression of markers associated with T cell activation, PD-1 (programmed cell death protein 1) and ICOS (inducible T cell costimulator) in hiCNI compared to loCNI (PD-1: 0.005 ± 0.001 vs. 0.018 ± 0.002, p=0.0007; ICOS: 0.08 ± 0.014 vs. 0.18 ± 0.02, p=0.005) and controls (PD-1: 0.005 ± 0.001 vs. 0.017 ± 0.001, p=0.004; ICOS: 0.08 ± 0.001 vs. 0.20 ± 0.02, p=0.004) (Figure 5A). Correspondingly, mRNA expression of the T cell costimulatory receptor CD28 and Th lineage transcription factors GATA3 (GATA binding protein 3) and Foxp3 (forkhead box protein P3) was also significantly lower in hiCNI compared to loCNI (Supplementary Material Figure S2A).




Figure 5 | Markers associated with activation and function of T follicular helper cells. (A) splenic mRNA expression of PD-1 and ICOS, (B) ICOS ligand (C) CD40 ligand and (D) IL-21 and IL-21 receptor. From controls (n=5), hiCNI (n=6) and loCNI (n=8), (E) representative immunofluorescent staining of IL-21 within splenic follicles. (F) Serum IL-21 concentrations of hiCNI and loCNI at d0 (hiCNI n=3, loCNI n=3), d14 (hiCNI n=2, loCNI n=8) and d28 (hiCNI n=6, loCNI n=8) post-Ktx. Splenic mRNA expression of IL-6 (G) and TACI (H) from controls (n=5), hiCNI (n=6) and loCNI (n=8). Expression of mRNA was normalized to house-keeping gene HPRT and expressed as delta CT (AU). Data is shown as mean and individual data points; statistical significance is denoted as *p≤ 0.05, **p<0.01 and ***p<0.001. In (F), #p≤0.05 for loCNI, *p≤0.05 for hiCNI.



Signals from B cells, such as ICOS ligand, are required to promote Tfh differentiation and maintenance (34, 35). We found that mRNA expression of ICOS ligand was significantly diminished in hiCNI compared to loCNI (0.063 ± 0.014 vs. 0.15 ± 0.01, p=0.003) and compared to controls (0.063 ± 0.014 vs. 0.16 ± 0.015, p=0.008) (Figure 5B).

Next, we were interested in the expression of molecules associated with Tfh effector function. Although CD40 ligand mRNA expression was significantly lower in hiCNI than in loCNI (0.07 ± 0.006 vs. 0.13 ± 0.014, p=0.005), it was not suppressed by hiCNI treatment in comparison to controls (Figure 5C). Splenic IL-21 mRNA expression, on the other hand, was potently inhibited by hiCNI treatment compared to loCNI (0.0002 ± 0.000002 vs. 0.0013 ± 0.0002, p=0.0007) and controls (0.0002 ± 0.000002 vs. 0.001 ± 0.0002, p=0.009). Interestingly, the mRNA expression of the IL-21 receptor was also lower in hiCNI treatment compared to loCNI (0.69 ± 0.07 vs. 0.89 ± 0.02, p=0.029) (Figure 5D). Using immunofluorescence microscopy, we showed that follicular IL-21 expression was significantly less prominent in hiCNI compared to loCNI or controls (IL-21+ area in hiCNI vs. loCNI: 0.19 ± 0.18 mm2 vs. 0.9 ± 0.34 mm2, p=0.04) (hiCNI vs. control: 0.19 ± 0.18 mm2 vs. 1.5 ± 0.31 mm2, p=0.013) (Figure 5E). In serum, there was no significant difference in IL-21 concentrations between hiCNI vs. loCNI, but a decrease in IL-21 levels was noted in both CNI groups after transplantation (d14), possibly mediated by CsA treatment (Figure 5F). Surprisingly, splenic mRNA expression of cytokines associated with T helper cell subsets, IL-2, IFN-γ (interferon-γ), IL-4 and TGF-β (transforming growth factor-β), was not reduced by hiCNI treatment (Supplementary Material Figure S2).



Other Axes Involved in T:B Crosstalk and Humoral Immune Activation

We were interested in other important axes that activate humoral immunity. Interleukin(IL)-6 is secreted by B cells and supports Tfh maintenance. We found that IL-6 was elevated in loCNI compared to hiCNI (0.052 ± 0.002 vs. 0.038 ± 0.006, p=0.02) and controls (0.052 ± 0.002 vs. 0.033 ± 0.003, p=0.002), but its expression was not inhibited by hiCNI compared to controls (Figure 5G). BAFF (B cell activating factor), its homolog APRIL (a proliferation inducing ligand) are both drivers of humoral immunity. We measured expression of BAFF, APRIL and their receptors BAFF-R (BAFF receptor), BCMA (B cell maturation antigen) and TACI (transmembrane activator and calcium modulator and cyclophilin ligand interactor), and found that expression of TACI, but not BAFF, APRIL, BAFF-R or BCMA, was significantly reduced in hiCNI compared to loCNI (p=0.005) or control (p=0.004) (Figure 5H).




Discussion

We used a unique model of ABMR based on de novo sensitization to study the mechanisms of humoral alloimmune activation in vivo. Using this model closely resembling human Ktx, we investigated the relationship between GC, Tfh and DSA formation in SLO and the effects of CNI dose variation on key effector cells and molecules. We found that DSA formation and ABMR development were prevented in rats treated with hiCNI, while loCNI treatment did not hinder DSA formation and only partially prevented ABMR. GC formation was inhibited in hiCNI, but permitted in loCNI. As a result, plasma cell output from GC was reduced in hiCNI compared to loCNI. Fittingly, the number of activated Tfh was significantly reduced in hiCNI. In addition, we found that expression of Tfh maturation and maintenance factors ICOS ligand and IL-21 was also lower in hiCNI compared to loCNI. Follicular expression of the Tfh effector cytokine IL-21 was substantially inhibited in hiCNI. In summary, our results highlight the role of Tfh and GC in the development of de novo DSA and show that ABMR is prevented when Tfh:B cell crosstalk is disrupted.

In our model, low dose CNI-based immunosuppression was administered to prevent fatal allograft rejection. All rats with loCNI treatment, but none with hiCNI treatment, developed DSA. In addition, loCNI led to borderline cellular rejection in most rats and acute and/or chronic ABMR in a portion of rats. Kidney fibrosis was increased by transplantation and was potentiated by rejection in rats with loCNI. Therefore, our model displayed many features of chronic rejection seen in Ktx patients.

The activation of Tfh and B cells is intricately linked and depends on T:B interactions within SLO. These interactions require the specific movements and spatial arrangements of T and B cells within lymphoid follicles. We chose to examine spleens as representative SLO to visualize T:B interactions, based on previous data showing that allo-antigens from vascularized allografts can be detected in higher amounts in spleen than in draining lymph nodes (36). We found that B cell proliferation in GC was virtually eliminated by hiCNI, but not loCNI treatment, which did not prevent GC formation. Moreover, we showed that DSA MFI correlated with the frequency and size of GC. We also observed GC formation in the untreated controls, but this is common in healthy rats housed in conventional research environments (37). Furthermore, we found a lower number of splenic plasma cells in hiCNI compared to loCNI, which we interpreted as a result of reduced output from GC. Our results point out the dependency of DSA generation on GC formation and highlight the impact of CNI dose variation on GC formation.

Tfh are non-redundant drivers of GC formation (38, 39). Since DSA did not form in the absence of GC, our data supports a T-dependent mechanism of alloantibody formation via the GC. In line with our observations, a recent report showed a requirement for Tfh for humoral alloresponses in a murine heart transplant model (40). In our study, activated Tfh were virtually absent in hiCNI treated rats. Furthermore, we showed that the number of activated Tfh determined the expansion of GC. While the number of activated GC Tfh was substantially diminished in hiCNI, we found that resting MZ Tfh cell numbers were not affected by immunosuppressive treatment. Overall, our data underline the important role of Tfh in the formation of DSA.

Tfh follow a distinctive differentiation pathway, requiring a number of signals, as reviewed by Wali (41). Development of Tfh is initiated by antigen-presentation and cytokine priming of naïve T helper (Th) cells by dendritic cells. In our model, the diminished number of activated Tfh in hiCNI may have resulted from inhibition of naïve T cell activation or a deficit in Tfh maturation or maintenance signals. We found reduced expression of markers associated with T cell activation, PD-1 and ICOS, in hiCNI indicating inhibition of T cell activation. In addition, expression of other Th cell subset lineage markers, such as GATA3 and Foxp3, was also significantly reduced in hiCNI, suggesting a common mechanism of inhibition of naïve T cell activation by CNI, as previously described (42). Overall, our results suggest that CNI treatment has an inhibitory effect on de novo development of Tfh. Indeed, suppression of Tfh formation by CNI has been shown in vitro (43, 44). Our results show that Tfh lineage development was highly susceptible to high dose CNI treatment.

However, hiCNI treatment also inhibited the expression of Tfh maturation and maintenance signals. Pre-Tfh upregulate the B-cell chemokine receptor CXCR5 (45), which guides them to the T:B border in lymphoid follicles. Here, pre-Tfh receive essential signals from B cells enabling full maturation of Tfh (46). While ICOS is expressed during T cell activation, ICOS ligand is induced in activated B cells and is required for Tfh maturation into a fully functional state (46, 47). Our results showed a significant inhibition of ICOS ligand expression. Previous reports showed that CNI can inhibit naïve B cell activation directly in vitro (43), making a B-cell mediated indirect effect of hiCNI on Tfh differentiation a distinct possibility. We show that Tfh:B cell crosstalk via the ICOS – ICOS ligand axis is bilaterally disrupted by hiCNI treatment.

Tfh provide essential activation signals to cognate B cells via costimulatory molecules and the secretion of cytokines. CD40 ligand and IL-21 are the key Tfh effector molecules required for B cell activation. Interestingly, while IL-21 expression was potently inhibited by hiCNI treatment, CD40 ligand expression was not. IL-21 not only functions as a key B cell activating cytokine and driver of GC formation, it also stimulates Tfh maturation in an autocrine manner (48). We show for the first time a substantial inhibition of IL-21 expression in SLO by hiCNI treatment in vivo, while IL-2 and IFN-γ expression was not significantly affected. Fittingly, the expression of the IL-21 receptor was also reduced in hiCNI, reflecting a lack of autocrine Tfh stimulation and abrogated B cell activation. Since Tfh generation depends on IL-21, the shortage of IL-21 produced in hiCNI may have stifled Tfh generation in our model.

Another important factor for Tfh maintenance is IL-6. IL-6 is secreted by B cells and plasmablasts and acts as an amplifier of Tfh-dependent B cell activation in a positive feedback loop (35). We found that IL-6 expression in SLO was elevated in loCNI, but was not inhibited by hiCNI below control levels. Our findings suggest that prolonged alloimmune activation and inflammation leads to IL-6 elevation, which can pathologically amplify the humoral response. Tocilizumab, a monoclonal anti-IL-6 antibody, has recently shown promising initial results for the treatment of chronic ABMR in Ktx patients (49). Our results demonstrate that IL-6, an important amplifier of humoral responses, is not targeted by CNI treatment.

Finally, we were interested in the involvement of the BAFF/APRIL axis, which has been linked to pre-transplant sensitization, DSA occurrence and ABMR in Ktx patients and experimental Ktx (30, 50–53). We found no change in BAFF, APRIL, BAFF-R or BCMA expression in SLO, but the expression of the BAFF/APRIL receptor TACI was significantly reduced in hiCNI. Our results demonstrate that the BAFF/APRIL axis is only partially affected by CNI treatment via reduced TACI expression.

In summary, our study highlights the important role of Tfh:B cell crosstalk and the effects of CNI dose variation on humoral alloimmune activation in vivo. Overall, our data supports targeting Tfh or its effector molecules to prevent ABMR and improve long-term outcomes in Ktx patients.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The animal study was reviewed and approved by Regierung von Unterfranken.



Author Contributions

LS designed experiments, performed data analysis and interpretation and wrote the manuscript. HP performed rat operations and treatments. AS contributed to data analysis and reviewed the manuscript. KA evaluated histopathology and reviewed the manuscript. BB contributed to data interpretation and reviewed the manuscript. TB contributed to experimental design and data interpretation and reviewed the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation), project number 387509280, SFB 1350 Project B6 to BT and BB.



Acknowledgments

We acknowledge the contribution of KA as part of the collaboration of the SFB 1350 projects C2 and B6. We thank Stefanie Ellmann and Alexandra Mueller for their technical support.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.657894/full#supplementary-material



References

1. Sellares, J, de Freitas, DG, Mengel, M, Reeve, J, Einecke, G, Sis, B, et al. Understanding the Causes of Kidney Transplant Failure: The Dominant Role of Antibody-Mediated Rejection and Nonadherence. Am J Transplant (2012) 12(2):388–99. doi: 10.1111/j.1600-6143.2011.03840.x

2. Wiebe, C, Gibson, IW, Blydt-Hansen, TD, Karpinski, M, Ho, J, Storsley, LJ, et al. Evolution and Clinical Pathologic Correlations of De Novo Donor-Specific HLA Antibody Post Kidney Transplant. Am J Transplant (2012) 12(5):1157–67. doi: 10.1111/j.1600-6143.2012.04013.x

3. Everly, MJ, Rebellato, LM, Haisch, CE, Ozawa, M, Parker, K, Briley, KP, et al. Incidence and Impact of De Novo Donor-Specific Alloantibody in Primary Renal Allografts. Transplantation (2013) 95(3):410–7. doi: 10.1097/TP.0b013e31827d62e3

4. Hidalgo, LG, Campbell, PM, Sis, B, Einecke, G, Mengel, M, Chang, J, et al. De Novo Donor-Specific Antibody At the Time of Kidney Transplant Biopsy Associates With Microvascular Pathology and Late Graft Failure. Am J Transplant (2009) 9(11):2532–41. doi: 10.1111/j.1600-6143.2009.02800.x

5. Terasaki, PI, and Ozawa, M. Predicting Kidney Graft Failure by HLA Antibodies: A Prospective Trial. Am J Transplant (2004) 4(3):438–43. doi: 10.1111/j.1600-6143.2004.00360.x

6. DeVos, JM, Patel, SJ, Burns, KM, Dilioglou, S, Gaber, LW, Knight, RJ, et al. De Novo Donor Specific Antibodies and Patient Outcomes in Renal Transplantation. Clin Transpl (2011) 34:351–8.

7. De Silva, NS, and Klein, U. Dynamics of B Cells in Germinal Centres. Nat Rev Immunol (2015) 15(3):137–48. doi: 10.1038/nri3804

8. Palm, AE, and Henry, C. Remembrance of Things Past: Long-Term B Cell Memory After Infection and Vaccination. Front Immunol (2019) 10:1787. doi: 10.3389/fimmu.2019.01787

9. Zecher, D, Bach, C, Staudner, C, Boger, CA, Bergler, T, Banas, B, et al. Characteristics of Donor-Specific anti-HLA Antibodies and Outcome in Renal Transplant Patients Treated With a Standardized Induction Regimen. Nephrol Dial Transplant (2017) 32(4):730–7. doi: 10.1093/ndt/gfw445

10. Lefaucheur, C, Loupy, A, Hill, GS, Andrade, J, Nochy, D, Antoine, C, et al. Preexisting Donor-Specific HLA Antibodies Predict Outcome in Kidney Transplantation. J Am Soc Nephrol (2010) 21(8):1398–406. doi: 10.1681/ASN.2009101065

11. Ware, AL, Malmberg, E, Delgado, JC, Hammond, ME, Miller, DV, Stehlik, J, et al. The Use of Circulating Donor Specific Antibody to Predict Biopsy Diagnosis of Antibody-Mediated Rejection and to Provide Prognostic Value After Heart Transplantation in Children. J Heart Lung Transplant (2016) 35(2):179–85. doi: 10.1016/j.healun.2015.10.006

12. Cicciarelli, JC, Lemp, NA, Chang, Y, Koss, M, Hacke, K, Kasahara, N, et al. Renal Transplant Patients Biopsied for Cause and Tested for C4d, DSA, and IgG Subclasses and C1q: Which Humoral Markers Improve Diagnosis and Outcomes? J Immunol Res (2017) 2017:1652931. doi: 10.1155/2017/1652931

13. Lefaucheur, C, Viglietti, D, Bentlejewski, C, Duong van Huyen, JP, Vernerey, D, Aubert, O, et al. Igg Donor-Specific Anti-Human HLA Antibody Subclasses and Kidney Allograft Antibody-Mediated Injury. J Am Soc Nephrol (2016) 27(1):293–304. doi: 10.1681/ASN.2014111120

14. Vinuesa, CG, Linterman, MA, Yu, D, and MacLennan, IC. Follicular Helper T Cells. Annu Rev Immunol (2016) 34:335–68. doi: 10.1146/annurev-immunol-041015-055605

15. Crotty, S. T Follicular Helper Cell Biology: A Decade of Discovery and Diseases. Immunity (2019) 50(5):1132–48. doi: 10.1016/j.immuni.2019.04.011

16. Linterman, MA, Rigby, RJ, Wong, RK, Yu, D, Brink, R, Cannons, JL, et al. Follicular Helper T Cells Are Required for Systemic Autoimmunity. J Exp Med (2009) 206(3):561–76. doi: 10.1084/jem.20081886

17. Badell, IR, and Ford, ML. T Follicular Helper Cells in the Generation of Alloantibody and Graft Rejection. Curr Opin Organ Transplant (2016) 21(1):1–6. doi: 10.1097/MOT.0000000000000260

18. Rodriguez-Barbosa, JI, Fernandez-Renedo, C, Moral, AMB, Buhler, L, and Del Rio, ML. T Follicular Helper Expansion and Humoral-Mediated Rejection Are Independent of the HVEM/BTLA Pathway. Cell Mol Immunol (2017) 14(6):497–510. doi: 10.1038/cmi.2015.101

19. de Leur, K, Dor, FJ, Dieterich, M, van der Laan, LJ, Hendriks, RW, and Baan, CC. Il-21 Receptor Antagonist Inhibits Differentiation of B Cells Toward Plasmablasts Upon Alloantigen Stimulation. Front Immunol (2017) 8:306. doi: 10.3389/fimmu.2017.00306

20. van Besouw, NM, Yan, L, de Kuiper, R, Klepper, M, Reijerkerk, D, Dieterich, M, et al. The Number of Donor-Specific IL-21 Producing Cells Before and After Transplantation Predicts Kidney Graft Rejection. Front Immunol (2019) 10:748. doi: 10.3389/fimmu.2019.00748

21. de Leur, K, Clahsen-van Groningen, MC, van den Bosch, TPP, de Graav, GN, Hesselink, DA, Samsom, JN, et al. Characterization of Ectopic Lymphoid Structures in Different Types of Acute Renal Allograft Rejection. Clin Exp Immunol (2018) 192(2):224–32. doi: 10.1111/cei.13099

22. Baan, CC, Balk, AH, Dijke, IE, Korevaar, SS, Peeters, AM, de Kuiper, RP, et al. Interleukin-21: An Interleukin-2 Dependent Player in Rejection Processes. Transplantation (2007) 83(11):1485–92. doi: 10.1097/01.tp.0000264998.23349.54

23. Choi, YS, Yang, JA, Yusuf, I, Johnston, RJ, Greenbaum, J, Peters, B, et al. Bcl6 Expressing Follicular Helper CD4 T Cells Are Fate Committed Early and Have the Capacity to Form Memory. J Immunol (2013) 190(8):4014–26. doi: 10.4049/jimmunol.1202963

24. Sage, PT, Alvarez, D, Godec, J, von Andrian, UH, and Sharpe, AH. Circulating T Follicular Regulatory and Helper Cells Have Memory-Like Properties. J Clin Invest (2014) 124(12):5191–204. doi: 10.1172/JCI76861

25. He, J, Tsai, LM, Leong, YA, Hu, X, Ma, CS, Chevalier, N, et al. Circulating Precursor CCR7(lo)PD-1(hi) Cxcr5(+) Cd4(+) T Cells Indicate Tfh Cell Activity and Promote Antibody Responses Upon Antigen Reexposure. Immunity (2013) 39(4):770–81. doi: 10.1016/j.immuni.2013.09.007

26. Kohei, N, Tanabe, T, Horita, S, Omoto, K, Ishida, H, Yamaguchi, Y, et al. Sequential Analysis of Donor-Specific Antibodies and Pathological Findings in Acute Antibody-Mediated Rejection in a Rat Renal Transplantation Model. Kidney Int (2013) 84(4):722–32. doi: 10.1038/ki.2013.117

27. Huang, G, Wilson, NA, Reese, SR, Jacobson, LM, Zhong, W, and Djamali, A. Characterization of Transfusion-Elicited Acute Antibody-Mediated Rejection in a Rat Model of Kidney Transplantation. Am J Transplant (2014) 14(5):1061–72. doi: 10.1111/ajt.12674

28. Kuhne, L, Jung, B, Poth, H, Schuster, A, Wurm, S, Ruemmele, P, et al. Renal Allograft Rejection, Lymphocyte Infiltration, and De Novo Donor-Specific Antibodies in a Novel Model of Non-Adherence to Immunosuppressive Therapy. BMC Immunol (2017) 18(1):52. doi: 10.1186/s12865-017-0236-6

29. Bergler, T, Hoffmann, U, Bergler, E, Jung, B, Banas, MC, Reinhold, SW, et al. Toll-Like Receptor 4 in Experimental Kidney Transplantation: Early Mediator of Endogenous Danger Signals. Nephron Exp Nephrol (2012) 121(3-4):e59–70. doi: 10.1159/000343566

30. Steines, L, Poth, H, Schuster, A, Geissler, EK, Amann, K, Banas, B, et al. Anti-BAFF Treatment Interferes With Humoral Responses in a Model of Renal Transplantation in Rats. Transplantation (2020) 104(1):e16–22. doi: 10.1097/TP.0000000000002992

31. Hoffmann, U, Segerer, S, Rummele, P, Kruger, B, Pietrzyk, M, Hofstadter, F, et al. Expression of the Chemokine Receptor CXCR3 in Human Renal Allografts–A Prospective Study. Nephrol Dial Transplant (2006) 21(5):1373–81. doi: 10.1093/ndt/gfk075

32. Loupy, A, Haas, M, Solez, K, Racusen, L, Glotz, D, Seron, D, et al. The Banff 2015 Kidney Meeting Report: Current Challenges in Rejection Classification and Prospects for Adopting Molecular Pathology. Am J Transplant (2017) 17(1):28–41. doi: 10.1111/ajt.14107

33. Suan, D, Nguyen, A, Moran, I, Bourne, K, Hermes, JR, Arshi, M, et al. T Follicular Helper Cells Have Distinct Modes of Migration and Molecular Signatures in Naive and Memory Immune Responses. Immunity (2015) 42(4):704–18. doi: 10.1016/j.immuni.2015.03.002

34. Weinstein, JS, Bertino, SA, Hernandez, SG, Poholek, AC, Teplitzky, TB, Nowyhed, HN, et al. B Cells in T Follicular Helper Cell Development and Function: Separable Roles in Delivery of ICOS Ligand and Antigen. J Immunol (2014) 192(7):3166–79. doi: 10.4049/jimmunol.1302617

35. Chavele, KM, Merry, E, and Ehrenstein, MR. Cutting Edge: Circulating Plasmablasts Induce the Differentiation of Human T Follicular Helper Cells Via IL-6 Production. J Immunol (2015) 194(6):2482–5. doi: 10.4049/jimmunol.1401190

36. Chen, CC, Koenig, A, Saison, C, Dahdal, S, Rigault, G, Barba, T, et al. Cd4+ T Cell Help Is Mandatory for Naive and Memory Donor-Specific Antibody Responses: Impact of Therapeutic Immunosuppression. Front Immunol (2018) 9:275. doi: 10.3389/fimmu.2018.00275

37. Hoshi, H, Aijima, H, Horie, K, Nagata, H, Kaneko, T, and Ikeda, T. Lymph Follicles and Germinal Centers in Popliteal Lymph Nodes and Other Lymphoid Tissues of Germ-Free and Conventional Rats. Tohoku J Exp Med (1992) 166(3):297–307. doi: 10.1620/tjem.166.297

38. Huang, C, Hatzi, K, and Melnick, A. Lineage-Specific Functions of Bcl-6 in Immunity and Inflammation Are Mediated by Distinct Biochemical Mechanisms. Nat Immunol (2013) 14(4):380–8. doi: 10.1038/ni.2543

39. Nurieva, RI, Chung, Y, Hwang, D, Yang, XO, Kang, HS, Ma, L, et al. Generation of T Follicular Helper Cells Is Mediated by Interleukin-21 But Independent of T Helper 1, 2, or 17 Cell Lineages. Immunity (2008) 29(1):138–49. doi: 10.1016/j.immuni.2008.05.009

40. Chhabra, M, Alsughayyir, J, Qureshi, MS, Mallik, M, Ali, JM, Gamper, I, et al. Germinal Center Alloantibody Responses Mediate Progression of Chronic Allograft Injury. Front Immunol (2018) 9:3038. doi: 10.3389/fimmu.2018.03038

41. Wali, S, Sahoo, A, Puri, S, Alekseev, A, and Nurieva, R. Insights Into the Development and Regulation of T Follicular Helper Cells. Cytokine (2016) 87:9–19. doi: 10.1016/j.cyto.2016.06.010

42. Tsuda, K, Yamanaka, K, Kitagawa, H, Akeda, T, Naka, M, Niwa, K, et al. Calcineurin Inhibitors Suppress Cytokine Production From Memory T Cells and Differentiation of Naive T Cells Into Cytokine-Producing Mature T Cells. PloS One (2012) 7(2):e31465. doi: 10.1371/journal.pone.0031465

43. De Bruyne, R, Bogaert, D, De Ruyck, N, Lambrecht, BN, Van Winckel, M, Gevaert, P, et al. Calcineurin Inhibitors Dampen Humoral Immunity by Acting Directly on Naive B Cells. Clin Exp Immunol (2015) 180(3):542–50. doi: 10.1111/cei.12604

44. Kraaijeveld, R, Li, Y, Yan, L, de Leur, K, Dieterich, M, Peeters, AMA, et al. Inhibition of T Helper Cell Differentiation by Tacrolimus or Sirolimus Results in Reduced B-Cell Activation: Effects on T Follicular Helper Cells. Transplant Proc (2019) 51(10):3463–73. doi: 10.1016/j.transproceed.2019.08.039

45. Liu, X, Chen, X, Zhong, B, Wang, A, Wang, X, Chu, F, et al. Transcription Factor Achaete-Scute Homologue 2 Initiates Follicular T-Helper-Cell Development. Nature (2014) 507(7493):513–8. doi: 10.1038/nature12910

46. Akiba, H, Takeda, K, Kojima, Y, Usui, Y, Harada, N, Yamazaki, T, et al. The Role of ICOS in the CXCR5+ Follicular B Helper T Cell Maintenance In Vivo. J Immunol (2005) 175(4):2340–8. doi: 10.4049/jimmunol.175.4.2340

47. Xu, H, Li, X, Liu, D, Li, J, Zhang, X, Chen, X, et al. Follicular T-helper Cell Recruitment Governed by Bystander B Cells and ICOS-Driven Motility. Nature (2013) 496(7446):523–7. doi: 10.1038/nature12058

48. Vogelzang, A, McGuire, HM, Yu, D, Sprent, J, Mackay, CR, and King, C. A Fundamental Role for Interleukin-21 in the Generation of T Follicular Helper Cells. Immunity (2008) 29(1):127–37. doi: 10.1016/j.immuni.2008.06.001

49. Choi, J, Aubert, O, Vo, A, Loupy, A, Haas, M, Puliyanda, D, et al. Assessment of Tocilizumab (Anti-Interleukin-6 Receptor Monoclonal) as a Potential Treatment for Chronic Antibody-Mediated Rejection and Transplant Glomerulopathy in HLA-Sensitized Renal Allograft Recipients. Am J Transplant (2017) 17(9):2381–9. doi: 10.1111/ajt.14228

50. Schuster, A, Jung, B, Hofbauer, J, Kuhne, L, Zecher, D, Banas, B, et al. B-Cell Activating Factor BAFF Reflects Patients’ Immunological Risk Profile After Kidney Transplantation. Transpl Immunol (2017) 45:35–41. doi: 10.1016/j.trim.2017.08.006

51. Steines, L, Poth, H, Herrmann, M, Schuster, A, and Banas, B. Bergler T. B Cell Activating Factor (Baff) Is Required for the Development of Intra-Renal Tertiary Lymphoid Organs in Experimental Kidney Transplantation in Rats. Int J Mol Sci (2020) 21(21):8045. doi: 10.3390/ijms21218045

52. Banham, G, Prezzi, D, Harford, S, Taylor, CJ, Hamer, R, Higgins, R, et al. Elevated Pretransplantation Soluble BAFF Is Associated With an Increased Risk of Acute Antibody-Mediated Rejection. Transplantation (2013) 96(4):413–20. doi: 10.1097/TP.0b013e318298dd65

53. Banham, GD, Flint, SM, Shanahan, DN, Henderson, RB, and Clatworthy, MR. Belimumab in Kidney Transplantation - Authors’ Reply. Lancet (2019) 393(10174):875–6. doi: 10.1016/S0140-6736(18)33066-6



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Steines, Poth, Schuster, Amann, Banas and Bergler. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-12-657894-g004.jpg
R sl

activatod T resting T
3 .
89—
b ]
82 d
4 - [+
& 1l el |#
8 :
©Control WIGNI IoGNI control hiCNI 1oCNI
¢ ThandGCexpansion  p  spenic plasma colis
o o
H
Sl ¢
g L[
5
Cortrol hIENI loGhI
memory B calls
- —_
& L

control HICNI — IoCHt





OEBPS/Images/fimmu-12-657894-g001.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Disruption of Tfh:B Cell Interactions Prevents Antibody-Mediated Rejection in a Kidney Transplant Model in Rats: Impact of Calcineurin Inhibitor Dose

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Rat Kidney Transplantation (Ktx) Model

          



          		

            Experimental Rat Treatments

          



          		

            Allograft Histology, Rejection and Fibrosis

          



          		

            Donor-Specific Antibodies

          



          		

            Flow Cytometry

          



          		

            Immunofluorescence Microscopy

          



          		

            Real-Time Quantitative PCR (qPCR)

          



          		

            Interleukin-21 Immunoassay

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Development of Allograft Rejection, Fibrosis and DSA

          



          		

            T Cell, but Not B Cell, Frequency Is Reduced in hiCNI

          



          		

            Germinal Centers Correlate With DSA

          



          		

            Activated Tfh Act as Drivers of GC Formation

          



          		

            HiCNI Inhibits Markers of Tfh Differentiation and Function

          



          		

            Other Axes Involved in T:B Crosstalk and Humoral Immune Activation

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Group o rejection ToMR ABMR ABMR lesion scores.

Bordorline  Bantl 18 pe bl ] m AN
o 6B - - 010 00" 0:0" 0:00  o0m3s0r
N 1B 68 " s 051025 0251016  025:025  075:04  063:03

TCMA, { co mockatod mjotion: ABMR, antbocty meciaod miction;pc, patbuia copiors: g, gomarults; o, Gomenopathy; MY, microvascuar famation; AT, acdo o
pocrosi:na., ot assossec
1 0 6 Koxsctonsfiom 1 group 6 ot contain gomend.
sacton wih ATN contand parenchymal ocross, stk o0bma, Sub<apsdar hamorhoge and s of ascul congostion.
Sk doouinace olliomationl sacvs = 8ems £F aicandl 6 360Me.






OEBPS/Images/fimmu-12-657894-g005.jpg
i mRNA expression

PD-1

ic MRNA expression

1COS ligand

025
o
010

nic mRNA expression

ontrol hiGNI 1oGNI

ontrol hIGNI IoGNI

ontrol HICNI 1oGNI

o
040 igand < w2t H 1L21 recaptor
H $ oous g
g £ oo 5 -
£ o s P AT IS
€ oo [ € oos| [ - EC
5 ool 5 ool L1 § ool
£ onvor WENI 0GR 5 ™ control NCNI 10N & °* Control WGNI 1oGNI
control hiCNI 10CNI
Huny
serum IL-21 &g =3 & ™
00 s H E
: % oo 3o
£ .
£ oo £ os|
S £ oaf
g : g [
@ hicNI 2. h ¥
R g H
o o 5
T w £ "% control WGNI 1GNI 5 °° control WGNI 106N

ime (d post:T)





OEBPS/Images/fimmu-12-657894-g003.jpg
A TPRRGIONCIS Snd g Conre:

control ot
8 GC frequency GCarea c —
: Tom fome
3 m e Hi
© o b " 4 £ oo m -
ool i o000l £ ool o8
D GommammcymdvsAS  oouencysnd0SAGE> GowmasmasaRe
g w £ .
o i 3

s Thclied pos sl S





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-657894-g002.jpg





OEBPS/Images/fimmu.2021.657894_cover.jpg
’ frontiers
in Immunology

Disruption of Tth:B Cell Interactions
Prevents Antibody-Mediated
Rejection in a Kidney Transplant
Model in Rats: Impact of Calcineurin
Inhibitor Dose





OEBPS/Images/table1.jpg
Group. Abbreviation

Untreated Lowis rats control 59
Kix CsA 10mg/ky/d 628 hONI
Kix CsA 5 mg/kg/d 428 1oCNI 8





