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Chronic rejection of the renal allograft remains a major cause of graft loss. Here, we demonstrated that the remodeling of lymphatic vessels (LVs) after their broken during transplantation contributes to the antigen presenting and lymph nodes activating. Our studies observed a rebuilt of interrupted lymph draining one week after mouse kidney transplantation, involving preexisting lymphatic endothelial cells (LECs) from both the donor and recipient. These expanding LVs also release C-C chemokine ligand 21 (CCL21) and recruit CCR7+ cells, mainly dendritic cells (DCs), toward lymph nodes and spleen, evoking the adaptive response. This rejection could be relieved by LYVE-1 specific LVs knockout or CCR7 migration inhibition in mouse model. Moreover, in retrospective analysis, posttransplant patients exhibiting higher area density of LVs presented with lower eGFR, severe serum creatinine and proteinuria, and greater interstitial fibrosis. These results reveal a rebuilt pathway for alloantigen trafficking and lymphocytes activation, providing strategies to alleviate chronic transplantation rejection.
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Graphical Abstract | After kidney transplantation, a triad crosstalk of CCR7-expressing antigen presenting cells (APCs), CCL21-expressing lymphatic vessels, and effector lymphocytes was demonstrated, which promote alloimmune response. Injured lymphatic endothelial cells release CCL21, guiding the migration of CCR7+ APCs to adjacent lymph nodes through broken lymphatic vessels. This migration then activates effector lymphocytes and aggravate lymphangiogenesis, leading to more severer organ rejection.




Introduction

Chronic allograft rejection is a curial contributor to allograft failure, and this adaptive immunity is generally supposed to be the activation against HLA molecules aroused by donor passenger leukocytes (DPLs) or recipient antigen-presenting cells (APCs) (1). These messenger cells mobilize from graft to the secondary lymphoid organs, linking the regional immunity with a larger immune system and playing a pivotal role in antigen-mediated rejection. However, as the predominant initial process, how, and where the donor antigens are presented to adaptative immunity and caused the allograft damage remains unclear, given the trafficking conduit formed by LVs is broken intraoperatively.

In non-transplant models, studies have demonstrated that this sensitization was by detecting immune complex on dendritic cells (DCs), follicular DCs, or certain macrophages (2–4). The prevailing key of this guiding pathway has been that these APCs expressing CCR7 are guided by CCL21, a chemokine released by lymphatic endothelial cells (LECs), and mobilize from in situ to lymph nodes. However, in patients undergoing renal transplantation, the arteries, veins, and lymphatic vessels (LVs) are all broken, while only the arteries and veins are connected post-surgery, resulting the interrupted lymph drainage (5, 6). Correspondingly, DPLs, especially DCs were rarely observed in host draining lymph nodes 4-7 days after transplantation, indicating the broken of lymph draining pathway (7, 8). Alternative routes of doner antigen-presenting pathways have also been proposed: (1) reverse transmigration in blood circulation, (2) forming ectopic lymphoid organ in allograft, and (3) extracellular vesicles presenting (9). However, the first possibility is in rare case of reverse transmigration from tissue directly into blood vessels (10). Nevertheless, the ectopic lymphoid organ and extracellular vesicles format, though have been reported, the relative uncommon phenomenon couldn’t explain the prevalence and severity of chronic rejection (11). Therefore, understanding the underlying mechanism of antigen-presenting in transplantation and if an unreported pathway plays a role are critical for elucidating how chronic rejection is shaped after transplantation.

Previous studies have revealed that lymphangiogenesis can be promoted under various inflammatory environment resulting from transplantation and other injuries (12). The exposure of vascular endothelial growth factor receptor 3 (VEGFR3) to vascular endothelial growth factor C (VEGF-C) and VEGF-D has been widely demonstrated as the pivotal molecular event in lymphangiogenesis in unilateral ureteral obstruction (UUO), proteinuria and hypertension caused renal inflammation (13–15). Besides, some fibrogenic cytokines like fibroblast growth factor-2 (FGF-2), transforming growth factor-β1 and connective tissue growth factor have also been verified the effects on lymphangiogenesis in UUO model (13, 16, 17). In renal transplantation, accumulating biopsies demonstrate obvious lymphatic neoangiogenesis in allograft which strongly correlates with inflammatory lymphocytic infiltration (18, 19). However, in condition of lymphatic destruction, the underlying mechanisms of lymphangiogenesis and importantly the consequences of lymphatic drainage are largely unclear. Lymphatic restore and increasing lymphatic flow from the donor graft to draining lymph nodes have been revealed to promote immune trafficking after transplantation of solid organs including heart and lung (20, 21). Increasing spread of lymphatic chemokines in kidney allograft was shown to enhance the recruitment of antigen presenting cells towards the lymphatic vessels (22, 23). Inhibited antigen presentation was supposed to be closely related with the production of donor-specific antibody (DSA). This way, lymphangiogenesis is, perhaps, a powerful enabler to the production of DSA and DSA mediated allograft rejection. By contrast, the mechanisms by which lymphatic vessels reconnect in renal allograft, and if the chemical gradient of CCR7-CCL21 are involved, remain unknown. In addition, stimulation of lymphangiogenesis was also found to accelerate antigen clearing and inhibit chronic skin inflammation, embodying multiple roles in both initiation and resolution of immune responses upon specific regional microenvironment (24).

To date, the anastomosis of donor-host LVs and the mechanisms of alloantigen presenting by remodeled LVs post-operation have not, to our knowledge, been answered in chronic renal rejection. Here, we demonstrated that the reconnection of LVs after their broken during transplantation contributes to the antigen presenting and lymph nodes activating, utilizing the LVs reporter system in a murine model of chronic renal rejection. Our studies observed obvious lymphangiogenesis and a rebuilt of interrupted lymph draining one week after surgery, involving preexisting LECs from both the donor and recipient. These expanding LVs released CCL21 and recruited CCR7+ cells, mainly DCs, toward lymph nodes and spleen, resulting the adaptive response. This rejection could be relieved by LYVE-1 specific LVs knockout, or CCR7 migration inhibition. Moreover, in our retrospective analysis, posttransplant patients exhibiting higher area density of LVs presented with lower eGFR, severe serum creatinine and proteinuria, and greater intrarenal interstitial fibrosis indicating a chronic decrease in renal function. These findings identify a novel pathway of doner alloantigen presenting through restoring the broken lymph flow and add to our understanding of the complex regulation of chronic rejection.



Results


Chronic Rejection Is Associated With Lymphangiogenesis in Renal Allograft

To characterize the intrarenal lymphangiogenesis in kidney allograft, we used Balb/c (H-2d) as the donor source and C57BL/6 (H-2b) as the recipient to establish a chronic rejection model to evaluate the pathological features of chronic rejection, such as interstitial fibrosis and tubular atrophy (Figure S1). It’s well known that chronic allograft nephropathy (CAN)features with vasculopathy involving the damage of parenchyma, tubules and vasculitis (25). Confocal imaging on thick sections from renal allograft labeling the LECs marker LYVE-1 suggested that the density of LVs significantly increased in the allografts with a mean of 2.92 versus 0.71, and 3.29 versus 1.08 per 24 HPF at week 4 and 8 posttransplant, respectively compared with sham group, but not the isograft group (Figures 1A, B). With time, the lymphatic density increased over 3-fold in the renal allografts, from 0.96 to 3.29 at week 8 in comparison with week 1 posttransplant. Furthermore, we counted the area density of LVs which is regarded for better reflecting the flow amount of lymph drainage, and observed an increase at week 4 and 8 in the allografts in comparison with sham (Figure 1C, mean of 535.88 μm2 versus 80.47 μm2, and 719.54 μm2 versus 77.77 μm2 per 24 HPF at week 4 and 8 posttransplant, respectively). To confirm the specificity of LYVE-1, another LECs marker, VEGFR3 was tested. In line, enhanced enrichment of LVs number and area density pointed at a highly significant lymphangiogenesis in renal allograft (Figure S2). These data suggest that active expansion and enrichment of LVs have occurred in the renal allografts under chronic rejection inflammation. In order to characterize the role of allograft microenvironmental factors in the chronic rejection induced lymphangiogenesis, we further measured the protein and transcript levels of some lymphangiogenic growth factors VEGF-C, VEGF-D and FGF-2 as assessed by immuno-histochemistry and qRT-PCR. We observed that these cytokines were all up-regulated in renal tubular epithelial cells and some renal interstitial cells after renal allograft (Figures 1D–F). With the finding of highly expressed lymphangiogenic growth factors, we would like to validate that LECs were in an active proliferative state. By flow cytometry, we gated LECs on CD31+, PDPN+ and CD45- cells, and measured the expression level of Ki67 (Figure 1G). The results confirmed a significant increase in the percentage of Ki67+ mitotically active LECs in renal allografts, compared with the sham and isograft groups (Figure 1H), and the proliferation may reach its peak around week 4 with the 35.33 positive ratio of Ki67+ cells. Overall, all these data suggest that renal allograft is accompanied by a local lymphangiogenic state and lymphangiogenesis is related to chronic rejection inflammation.




Figure 1 |  Chronic rejection is associated with lymphangiogenesis in renal allograft.(a) Representative immunofluorescence images of LYVE-1, CD31, and DAPI within sham (n=6 mice), isograft (n=6 mice) and allograft (n=6 mice) kidneys at 1, 4 and 8 weeks respectively. (b and c) Numbers and area counting of LYVE-1+ vessels in high-powerfield (HPF) at 1, 4 and 8 weeks respectively. (d) Immunohistochemistry of VEGF-C, VEGF-D and FGF-2 expression within sham, isograft and allograft kidneys at 1, 4 and 8 weeks respectively. (e) Positive ratio of VEGF-C, VEGF-D and FGF-2 within sham, isograft and allograft kidneys at 1, 4 an d 8 weeks respectively. (f) Relative mRNA expression of VEGF-C, VEGF-D and FGF-2 by qRT-PCR within isograft and allograft kidneys at 1, 4 and 8 weeks respective ly, using sham as a reference. (g) Live single CD45- PDPN+ CD31+ LECs isolating from renal allograft by gating technology viaflow cytometry, and the population of Ki67+ cells. (h) The ratio of Ki67+ cells in PDPN+CD31+ LECs within sham, isograft and allograft kidneys at 1, 4 and 8 weeks respectively. *P <  0.05, **P <  0.01, ***P <  0.001. Values are mean ± SEM.





Lymphangiogenesis in Renal Allograft Accompanied With Inflammatory Cell Infiltration Mediated by CCL21 Expression in LECs

In order to explore the correlation between lymphangiogenesis and allograft rejection, we investigated renal function of allograft and concomitant lymphangiogenesis after transplantation. In terms of renal function, the allografts presented a lower estimated glomerular filtration rate (eGFR), greater urinary albumin to creatinine ratio (UACR) (Figures 2A, B). To characterize the rejection that directly leads to this dysfunction, we measured messenger RNA expression of pro-inflammatory cytokines and confirmed their great up-regulation in allografts than in other groups by multiplex qRT-PCR (Figure 2C). Correspondingly, more infiltrated F4-80+, CD3+, and Ly6G+ cells in allografts than other groups were observed by immunofluorescence analysis (Figure 2D). Among these infiltrated inflammatory cells, Th cells, DCs, macrophages, and neutrophile granulocytes presented a striking increase within 8 weeks as analyzed by flow cytometry, which could be viewed as the source of up-regulated pro-inflammatory cytokines and lymphangiogenic growth factors (Figure 2E). Therefore, these data suggested a reciprocal relationship between lymphangiogenesis and alloimmunity. To further elucidate the driving force of the infiltrating immune cells and the role of lymphangiogenesis in alloimmune response, we studied the cells expressing CCR7 and its ligand CCL21. A dramatic increase of CCR7+ cells was observed in the allografts and found CCR7 was expressed by CD45+ infiltrating immune cells but not by endothelial or interstitial cells in situ (Figures 2F–H). Following these results, we further characterized CCR7+ cells components within allograft by flow cytometry. DCs constituted most of the CCR7+ cells population, then macrophages, Tc cells, and Th cells (Figure 2I). However, due to the low expression level of CCR7 in T cells and Treg cells, they do not play a dominant role in chemotaxis mediated by CCR7-CCL21. As expected, our immunofluorescence further verified that the chemokines CCL21 was only expressed by LVs but not blood vessels (Figure 2I). In order to visually present the function of lymphangiogenesis in recruiting CCR7+ cells, we investigated the distribution of CCR7+ cells. As the alloimmunity progresses, we found more of them were transmigrating within LVs and adjacent (within a 25 μm distance) to LECs (Figures 2J, K, and S4). Based on the finding that CCR7-CCL21 interaction contributed to inflammatory cell infiltration in mice, we predicted that the blocking of either CCR7 by using antibodies or CCL21 by siRNA mediated gene silencing could stop this recruitment. So, we used allograft lysate to mimic an inflammatory micro-environment in vitro, and in both CCR7 and CCL21 block groups, the chemotaxis of dendritic cells toward LECs was prevented (Figure 2L). Meanwhile, the attached DCs number within 5μm and 3μm of lymphatic capillary-like structures diameter in allograft lysate group was obviously higher than that in sham, CCR7 block and CCL21 block groups, which also indicated that CCR7-CCL21 interaction could decrease the DCs to migrated toward LECs (Figure S5). Generally, these findings suggest that through the interaction of CCR7 and CCL21, lymphangiogenesis could drive the infiltration of immune cells (especially dendritic cells) in the kidney.




Figure 2 | Lymphangiogenesis in renal allograft accompanied with degenerated renal function and inflammatory cell infiltration mediated by CCL21 expression in lymphatic endothelial cells. (A) eGFR level in sham (n=6 mice), isograft (n=6 mice), and allograft (n=6 mice) groups at 1, 4 and 8 weeks respectively. (B) UACR level in sham, isograft, and allograft groups at 1, 4 and 8 weeks respectively. (C) Messenger RNA expression of pro-inflammatory cytokines by multiplex reverse transcription-polymerase chain reaction assay. The heat map displays the relative expression level in isografts and allografts compared to that in the sham control. (D) Representative immunofluorescence images showing F4-80+, CD3+, Ly6G+ cells in sham, isograft, and allograft groups at 1, 4 and 8 weeks respectively. (E) Numbers of Th cells, macrophages, dendritic cells, B cells, and neutrophile granulocytes in sham, isograft, and allograft groups determined by flow cytometry at 1, 4 and 8 weeks respectively. (F) CCR7+ cell counting in sham, isograft, and allograft groups at 1, 4 and 8 weeks respectively. (G) Immunofluorescence of CCR7+, and CD45+ cells in allografts at 1, 4 and 8 weeks respectively. (H) Representative immunofluorescence images showing LYVE-1+, CD31+ and CCL21+ cells in allografts at 1, 4 and 8 weeks respectively. (I) FACS analysis of the different CCR7+ cell types in kidney allograft infiltrated CD45+ immune cells: DCs (CD45+ and CD11c+), macrophage (CD11b+ and F4/80+), cytotoxic T cells (CD8+), T helper cells (CD4+), B cells (CD19+), Treg cells (CD4+, CD25+ and FOXP3+), neutrophils (CD11b+ and Ly6G+) and NK cells (NK1.1+). (J) Representative immunofluorescence images showing the distribution of CCR7+ cells and LYVE-1+ cells in allografts to confirm the chemotaxis at 1, 4 and 8 weeks respectively. (K) Cell counting of CCR7+ cells that have different distances (within or beyond 25 μm) from lymphatic endothelial cells. (L) Representative images of dendritic cells migrating to lymphatic capillary-like structures. All scale bars represent 20 μm. *P < 0.05, **P < 0.01, ***P < 0.001. Values are mean ± SEM.





Determination of the Reconnection and Origin of LVs

Although we demonstrated the lymphangiogenesis and its interaction with immune cells in allografts, its contribution to alloimmunity cannot be precisely stated unless we clarify how much lymphangiogenesis altered the lymph flow from allograft to renal draining lymph nodes. Therefore, to visualize the lymph draining in allograft, we injected Evans Blue dye solution into the kidney parenchyma after transplantation. The obviously stained lymph nodes in the 4th and 8th week indicate that the lymph flowing to the renal draining lymph nodes was reconstructed at the fourth week at the latest (Figure 3A). As DCs constituted most of the CCR7+ cells, we then isolated DCs expressing GFP from peripheral blood of Itgax-Cre-GFP mice to study their cellular trafficking by injecting them under renal capsule after the existence of injected DCs in kidney capsule was primarily verified (Figure S3). Then we observed their trafficking to the renal draining lymph nodes, this time, some DCs could be observed even after the first week and kept increasing within 8 weeks (Figure 3B). Interestingly, there was a time lag between the DCs and the Evans Blue dye reaching the renal draining lymph nodes. This might be because the different distinguishability between the dye, which must be identified visually, and the cells, which could be detected by microscopy. Another explanation for the inconsistent was that CCR7+ DCs could be guided by chemical gradient even before the lymph flow was restored, while the dye could only arrive lymph nodes after the reconnection of lymphatic vessels.




Figure 3 | Determination of the reconnection and origin of LVs (A) Staining of renal draining lymph nodes (yellow arrows) after the injection of Evans Blue under renal capsule in sham (n=6 mice), isograft (n=6 mice), and allograft (n=6 mice) groups at 1, 4 and 8 weeks respectively. (B) Representative immunofluorescence images showing the dendritic cells separated from peripheral blood of Itgax-Cre-GFP mice in renal draining lymph nodes after injection of these cells under the renal capsule at the 1st, 4th, and 8th week after surgery. Scale bar represents 1 mm. (C) Co-localization of LYVE-1+ and EGFP+ cells to explore the donor or recipient origin of lymphatic vessels at 1, 4 and 8 weeks respectively. Scale bar represents 20 μm.



After verifying the restoration of lymph drainage after transplantation, we further investigated the anatomical basis for the reconnection of LVs, which is still not thoroughly studied. To allow a visualized analysis of donor or host LVs, donor kidneys were acquired from LYVE-1 EGFP-Cre mice to express EGFP in LVs while cells from host can only express LYVE-1. The co-localization of LYVE-1 and EYFP at the 1st, 4th, and 8th week indicates that cells from the donor and recipient formed physical connections with each other and contributed comparably to the lymphangiogenesis (Figure 3C). We further suggest that the restoration of lymph drainage was gained by the progress of heterogeneous sprouting LVs, which reestablished the anastomoses between donor and recipient around the 4th week. Altogether, these findings indicate that the lymph flow from renal to lymph nodes could be regained after transplant with a comparable contribution on the sprouting of LVs from donor and recipient, which finally achieved donor-recipient lymphatic connections.



Conditional Knockout of LVs Attenuated CCR7+ Cells Expansion and Ameliorates Allograft Function

To confirm the role of increased lymph drainage in transplant rejection, we tried to prevent lymph drainage by ablating LVs. The LYVE-1-Cre/inducible DTR (iDTR) double transgenic mouse model was established from LYVE-1 EGFP-Cre×Rosa26-DTR transgenic mice, in which LVs could be selectively ablated following diphtheria toxin (DT) administration (Figures 4A and Figure S4) (26). DT induced an overt reduction of LVs, as the exact number and area of LYVE-1+ vessels decreased by 81.62% and 78.56% versus controls at week 4 and week 8 posttransplant, respectively (Figures 4B, C). Next, to characterize the altered cell distribution under the absence of LVs, markers of monocytes, macrophages, and T cells were stained. We found much lower levels of these immune cells with LVs KO, while LYVE-1-Cre didn’t result in any additional effect in controls (Figure 4D). Given that macrophages and T cells are main population of CCR7+ cells, we further estimated the changes of more CCR7+ cells, including CD3+CD4+ and CD3+CD8+ T cells, CD11c+ DCs, F4/80+ macrophages and Ly6G+ monocytes as assessed by flow cytometry. Strikingly, all these immune cells decreased by 65.58% and 76.14% at least at week 4 and week 8 posttransplant, respectively with LVs KO (Figure 4E). In terms of DSA mediated rejection, the levels of activated B cells, DSA accumulation and C4d deposition were assessed and showed comparative downregulation with DT administration (Figures S6, S7). In line, the total numbers of CCR7+ cells also showed a 56.31% downtrend (Figure 4F). Following the finding that CCL21 in LECs mediated CCR7+ cells infiltration, we hypothesized that the interaction of CCR7 and CCL21 was impaired in the absence of LVs, and thus alleviated chronic rejection in renal allograft. In LVs KO mice, spleen, and renal draining lymph node (RDLN) also appear reduced in size and weight compared to controls (Figure S8). Immunofluorescence staining suggested that the T cell activation, present lymphoid follicles, and germinal centers were strongly suppressed both in spleen and RDLN (Figures 4G, H). Over time, the local inflammation and fibrosis in kidney were alleviated, as LVs KO led to lower levels of α-SMA and collagen-1 labeling renal fibrosis, and the ameliorated atrophy and disconnection of glomerulus was observed by Masson staining. (Figures 4I, J, N). Surprisingly, we found that the tubular interstitial fibrosis indexes in allograft was decreased by 74.13% and 56.45% at the week 4 and week 8, respectively versus controls (Figure 4M). Along with the improved renal inflammation and fibrosis, renal function also appeared a tremendous difference, as the levels of AQP-1 and Podocalyxin reflecting renal function were both increased. Consistently, with decreased UACR, the strategy of LVs KO effectively enhanced the survival rate of allograft recipient mice compared to PBS group (Figures 4O, P). Together, all these data suggested that conditional LVs KO impaired the trafficking of CCR7+ cells to LVs, and alleviated kidney inflammation and fibrosis, accompanied by improved kidney functions.




Figure 4 | Conditional knockout of LVs attenuated CCR7+ cells expansion and ameliorates allograft function. (A) Scheme showing the establishment of conditional LVs KO mouse model and allograft model. Intervention controls: DT (n=6 mice) or PBS (n=6 mice) injection. (B) Immunofluorescence of LYVE-1 labeling intrarenal LVs. (C) Numbers and area of intrarenal LYVE-1+ vessel counted in HPF. (D) Representative immunofluorescence images of intrarenal CD3+, F4/80+ and Ly6G+ cells. (E) Inflammatory cells infiltration in kidneys analyzed by flow cytometry. (F) Visual counting of CCR7+ cells with confocal microscopy. (G, H) Immunofluorescence of B cells and T cells in spleen (left) and RDLN (right). (I) Masson staining of renal tissues. (J) The expression of α-SMA and collagen-1 assessed by immunohistochemistry. (K, L) Immunofluorescence of AQP-1 and Podocalyxin. (M) The assessment of tubular interstitial fibrosis indexes. (N) Quantitative analysis of fibrosis–related protein expression. (O) Changes of UARC in kidney transplant mice. (P) Precent survival of recipient mice in different groups. *P < 0.05, **P < 0.01, ***P < 0.001. Values are mean ± SEM. iv, intravenously; DT, diphtheria toxin; RDLN, renal draining lymph node; AQP, aquaporin-1.





CCR7 Blocking Antibody Attenuated Lymphocyte Recruitment and Allograft Function Losing

To further elucidate that suppressing CCR7+ cells recruitment ameliorated intrarenal inflammation and fibrosis, CCR7 blocking antibody was administrated to recipient mice (Figure 5A). Quantitative analysis revealed that with CCR7 antibody, more than 50% CCR7+ cells had decreased and the significant difference was mainly restricted around LVs (within 25μm), which confirmed impaired interaction of CCR7 and CCL21 mediated by CCL21+ LECs (Figures 5B, D). In line, we observed decreased percentages of various CCR7+ cells in RDLNs, indicating that the recruitment of CCR7+ cells was still inhibited with CCR7 antibody, even if the lymphangiogenesis was unaffected (Figures 5C, E). In addition, we estimated the degree of inflammatory cell infiltration in RDLN and spleen, aiming to figure out the association of CCR7+ cells inhibition with systematic inflammation. It’s been observed that CCR7 antibody effectively inhibited the activation of CD3+ T cells with reduced germinal centers (Figures 5F, H). Meanwhile, the exact changes of major CCR7+ cells in RDLN and spleen were measured, including CD3+CD4+ and CD3+CD8+ T cells, CD11c+ DCs and CD45+ CD19+ B cells. The strikingly decreased CCR7+ cells, activated B cells and DSA levels were observed, which corroborated the suppressed systematic inflammation with CCR7 blockade (Figures 5G, I and Figures S9, S13). To reveal the influence of inhibiting CCR7 + cells trafficking on allograft, Masson staining of renal tissues was performed, and it’s been found that this strategy effectively ameliorated tubular interstitial fibrosis and renal atrophy at the week 4 and week 8 posttransplant, as well as significantly increased the percent survival of recipient mice, showing similar results as the strategy of suppressing lymphangiogenesis (Figures 5J, S10). Together, above results elucidated that inhibiting the drainage of CCR7+ cells greatly alleviated chronic rejection and renal fibrosis.




Figure 5 | CCR7 blocking antibody attenuated lymphocyte recruitment and allograft function losing. (A) Scheme showing recombinant anti-CCR7 antibody intervention in C57BL/6 (H-2b) mouse model (n=6 mice). Control group (n=6 mice): rabbit anti-mouse IgG. (B) LYVE-1 and CCR7 staining of kidney tissues following IgG or CCR7 antibody treatment. (C) Representative images of CCR7 in RDLN. (D) Cell counting of intrarenal CCR7+ cells at the 1, 4, and 8 weeks after surgery, including the exact cell counting within or beyond 25 μm respectively. (E) Cell counting of CCR7+ cells in RDLN. (F, H) Immunofluorescence staining of CD3+ and CD19+ in spleen (upper) and RDLN (bottom). (G, I) The numbers of CD3+CD4+ and CD3+CD8+ T cells, CD11c+DCs and CD45+CD19+ B cells in spleen (upper) and RDLN (bottom) determined by flow cytometry. (J) Masson staining of renal tissues (left), and tubular interstitial fibrosis indexes (right) in recipient mice at the 4 and 8 weeks after surgery. *P < 0.05, **P < 0.01, ***P < 0.001. Values are mean ± SEM.





Intrarenal Lymphangiogenesis Negatively Correlated With Allograft Function in Transplant Patients

To evaluate the function of lymphangiogenesis in human kidney transplantation, we conducted a cross-sectional analysis for the association of allograft rejection and renal lymphangiogenesis in a cohort of 145 patients with biopsy (11 healthy kidneys, 80 no rejection kidneys, and 54 chronic rejection kidneys respectively). It is revealed that the number density of LVs in chronic rejection group did not show any significant changes compared with healthy and no rejection patients, mirroring the LVs expansion pattern in heart transplant (Figure 6A) (20). Of note, the area of LVs directed at a highly significant upregulation with an increase over 1-fold in chronic rejection patients with a mean of 458.74 μm2 versus 183.32 μm2 and 178.61 μm2 per 50 HPF in comparison with healthy and no rejection patients respectively (Figures 6B, C). Besides, we found that lymphangiogenic growth factors VEGF-C, VEGF-D, and FGF-2 were highly expressed in renal tubular epithelial cells and some renal interstitial cells in allografts with chronic rejection (Figure S11). A partial correlation analysis was further performed to determine the linear correlation between lymphatic area and chronic allograft damage index and found a significant positive association, with the correlation coefficient r of 0.89 (Figure 6D). These data suggest that chronic rejection kidneys in patients after renal allograft were greatly related to the lymphatic area.




Figure 6 | Intrarenal lymphangiogenesis negatively correlated with allograft function in transplant patients. (A, B) Lymphatic vessels number and area counted in high-power field (HPF) respectively in healthy (n=11), no rejection (n=80) and chronic rejection kidneys (n=54) from patients. (C) Representative images of immunohistochemical staining of LYVE-1 in healthy, no rejection and chronic rejection kidneys from patients to identify the situation of lymphangiogenesis. (D) Linear regression graph of chronic allograft damage index and lymphatic area. (E) Cell counting of different immune cells, include CD45+ (myeloid cells), CD4+ (Th cells), CD8+ (CTL cells), CD68+ (macrophage), in lymphatic area+ (defined as lymphatic vessels area more than 458.74 μm2) and lymphatic area- (defined as lymphatic vessels area less than 458.74 μm2) group from chronic rejection kidneys at 1 year and 5 years determined by flow cytometry. (F) Quantitative data of eGFR (μL/min/1.73m2) in lymphatic area+ (n=36) and lymphatic area- (n=18) group from chronic rejection kidneys at 1 year and 5 years. (G) Quantitative data of serum creatinine (μmol/L) in lymphatic area+ and lymphatic area- group from chronic rejection kidneys at 1 year and 5 years. (H) Quantitative data of proteinuria (g/24h) in lymphatic area+ and lymphatic area- group from chronic rejection kidneys at 1 year and 5 years. (I) Interstitial fibrosis index in lymphatic area+ and lymphatic area- group from chronic rejection kidneys at 1 year and 5 years. Representative image of Masson staining showing the situation of interstitial fibrosis within lymphatic area+ and lymphatic area- groups. (J) Schematic diagram concluding the crosstalk between kidney and immune organs in allograft rejection lymphangiogenesis. *P < 0.05, **P < 0.01, ***P < 0.001. Values are mean ± SEM.



Following above findings, we divided chronic rejection patients into high lymphatic density and low lymphatic density groups by intrarenal LV area with a mean of 309.74 μm2 from Figure 6B. We noticed that intrarenal infiltrated effector and regulatory immune cells which defined as CD45+ myeloid cells, CD4+ Th cells, CD8+ CTL cells and CD68+ macrophage were generally increased at 1 and 5 years after transplant in the lymphatic area+ group (Figure 6E). In line, posttransplant patients in which renal biopsy exhibited higher area density of LVs presented with lower eGFR, severe serum creatinine and proteinuria, and greater intrarenal interstitial fibrosis which suggested a chronic decrease in renal function (Figures 6F–I). Meanwhile, submicroscopic typical pathological changes of rejection were observed in lymphatic area+ group, including early graft glomerular lesion (Cg1a), peritubular capillary basement membrane multilayer lesion (PTCML), glomerular basement membrane (GBM) thickening and foot process (FP) fusion (Figure S12). Together, all these results indicated that lymphangiogenesis in renal allograft mediated immune cell trafficking, connected allograft regional microenvironment with circulating immune system, and eventually led to chronic failure of the transplanted kidneys (Figure 6J).




Discussion

Although the survival rates of renal transplantation have improved remarkedly, alloimmune responses accompanied by renal fibrosis, glomerulosclerosis, and tubular atrophy remain challenging (27). These unrecognized and persistent chronic alloimmune responses are regarded to be the main cause for chronic graft failure (28, 29). To date, previous studies reported that LVs contributed to regulating renal blood flow and blood pressure (30), even the immune regulatory functionality of lymph in kidneys (31). A rat kidney study suggests that lymphangiogenesis is associated with chronic renal allograft injury (32). Here, extensive LEC proliferation and expansion were observed both in the mouse models and the patients with chronic allograft rejection. Our model of renal chronic rejection revealed severe cellular infiltration distributed around LVs through which CCR7+ cells were recruited to the RDLN by CCR7-CCL21 interaction. Suppression of lymphangiogenesis inhibited systemic CCR7+ cells trafficking and chronic rejection progression. Likewise, renal allograft patients with higher LVs area density showed chronic function failure.

In the surgery of organ transplant, the surgeon would not connect the LVs of donor organ to the recipient, which means that the lymphatic network of the transplanted organ is spontaneously rebuilt by the recipient through some kinds of mechanisms (33, 34). The LVs from donor kidney have not reconnected to recipient in renal transplant, and this procedure of how they rebuild interrupted lymph drainage after surgery remains to be poorly understood (35). Current researches suggest that the cellular mechanism of lymphangiogenesis in transplant could involve the incorporation of circulating progenitors or the division of local preexisting endothelial cells (19, 21, 36). However, the role of progenitors is still controversial for the complex origin and limited study method. Other studies with opposing results concluded that newly generated LVs “sprout” from the preexisting local lymphatic network which was investigated in murine lung transplant (21, 36). We utilized LYVE-1 EGFP-Cre mice as donors to observe co-localization of LYVE-1 and EGFP, and found that the restoration of lymph drainage was derived from the LVs of heterogeneous sprouting. Despite observing the restoration of lymph drainage, the anatomical procedure of reconnection remains to be explored.

Although it is difficult to illustrate the concrete mechanism of adaptive and innate immunity between the newly generated LVs and renal transplant, increasing evidence points to lymphangiogenesis as a crucial factor related to immune infiltration after human kidney transplantation (18). Researchers have reported that LVs can potentially provide a drainage pathway for inflammatory cells, including activated DCs and lymphocytes expressing CCL21 receptor CCR7 (37, 38), migrating to the organs or lymph node expressing CCL21 (39–42). Based on above discoveries, we measured the expression level of CCL21 in renal transplant biopsy tissue samples, and found it prominent increased in LVs. We also found that increased CCR7+ cells which were mostly composed of DCs, together with some macrophages and lymphocytes were distributed around the renal LVs, corresponding to a previous study that proved host DCs playing an essential role in organ transplant rejection (43). Since we found the CCR7-CCL21 axis as a mediation built the relationship between LVs and alloimmune in kidney transplantation, we next try to investigate what functions they each play in the chronic rejection of renal allograft. In addition to the role of chemotactic recruitment of inflammatory cells, CCR7-CCL21 interaction has the function of immune activation as well (44, 45). Early in 1970, Pedersen et al. has proved that the renal lymph flow in sheep with allograft kidneys increased by 20- to 50-fold with numerous inflammatory cells infiltration (46). CCR7-CCL21 interaction has proved to be the bridge between newly generated LVs and chronic renal rejection. However, the relationship between lymphangiogenesis and CCL21-CCR7 interaction is not only unidirectional, but reciprocal. Marinkovic et al. has reported that the construction of lymphoid structures was not discovered but observed ectopically with CCL21 expressing in CCR7-deficient mice (47). To further identify this function, we investigated the consequence of LV suppression by genetic techniques (LYVE-1-Cre/iDTR mice) (26) and administration of blocking biological reagents (48). Both these two kinds of models showed reduced lymphangiogenesis and inflammatory infiltration. Given the much more attention gained on DSA mediated rejection, the decreased levels of DSA and germinal center (GC) B cells further identified the alleviated inflammatory rejection. Reduced infiltration of T cells and activated B cells corresponded to the suppressed lymphangiogenesis and antigen presentation (49, 50). All these results suggested that CCR7 is indispensable for lymphangiogenesis and CCR7-CCL21 interaction has a reciprocal relationship with alloimmunity (51, 52).

Our mouse models showed that attenuated alloimmune responses corresponded to suppressed lymphangiogenesis, with alleviated chronic rejection, allograft fibrosis and renal function. Meanwhile, the patient population of renal allografts showed that higher LVs area density was negatively correlated with allograft functions, not the number density of lymphatic vessels. Worth to mention that, both the lymphatic area and number reflected the density of LVs, but the higher density of lymphatic vessels does not necessarily mean higher lymphatic flow (53, 54). The increase in lymphatic area is due to the different diameters of LVs. The larger diameter of LVs can result in a decrease of drainage resistance, while the increase in the number of LVs does not significantly improve drainage efficiency. Thus, increased lymphatic drainage through increased lymphatic area is correlated with the chronic allograft damage index, not the number. The same result also demonstrated in a heart transplantation article, which showed the lymphatic flow index is correlating with lymphatic area, not the number density (20).

Although our study demonstrated the lymphangiogenesis could deteriorate the function of renal allografts, some previous studies reported that lymphangiogenesis could prolong the life span of recipients with better renal functions both in mouse and human kidney transplant, which is totally contrary to our findings (35, 55). In parallel, a clinical study revealed human biopsy studies demonstrated kidney transplants with higher perivascular lymphatic density had a reduced proportion with progression of interstitial fibrosis/tubular atrophy grade (56). These studies held the perspective that LVs give play to provide excurrent pathways for cellular infiltration, and thus prevent continuous alloimmune responses in renal allografts. However, there were still many studies demonstrating similar result to ours. Interruption of the lymphatic drainage is believed to be an essential factor in cardiac allograft failure by facilitating myocardial fibrosis after cardiac transplantation (57). Also, suppression of lymphangiogenesis inhibited systemic CCR7+ cell trafficking and chronic rejection progression in lung allograft rejection (58). All these researches are regarded that lymphangiogenesis is detrimental in allografts by motivating antigen presentation within draining lymph nodes and stimulating alloimmune responses. Therefore, lymphangiogenesis was considered as a double-edged sword for renal allograft patients (59, 60).



Conclusion

In summary, we have successfully established a mice model of renal chronic rejection, with characteristic pathological features. We have demonstrated that the reconnection of LVs after their broken during transplantation contributes to the donor antigen presenting and lymph nodes activating. Meanwhile, our studies observed obvious lymphangiogenesis and a rebuilt of interrupted lymph draining one week after surgery, involving preexisting LECs from both the donor and recipient, which suggests a rebuilt novel alloantigen presenting pathway. These expanding LVs released CCL21 and recruited CCR7+ cells, mainly DCs, toward lymph nodes and spleen, resulting the adaptive response. This rejection could be relieved by LYVE-1 specific LVs knockout, or CCR7 migration inhibition. Moreover, in our retrospective analysis, posttransplant patients exhibiting higher area density of LVs presented with lower eGFR, severe serum creatinine and proteinuria, and greater intrarenal interstitial fibrosis indicating a chronic decrease in renal function. These findings identify a novel pathway of doner alloantigen presenting through restoring the broken lymph flow and add to our understanding of the complex regulation of chronic rejection.



Methods


Animals

Itgax-Cre-EGFP, LYVE-1-EGFP-Cre and ROSA26.iDTR were purchased from The Jackson Laboratory. C57BL/6 (H-2b) and Balb/c (H-2d) mice (6-8 weeks) were purchased from Charles River (Beijing, China). Selective expressions of EGFP in the nuclei of LECs were obtained using the LYVE-1-EGFP-Cre mice in a C57BL/6 background. LYVE-1-Cre/iDTR mice were generated with intercrossing LYVE-1-Cre mice with ROSA26.iDTR and ablation of LYVE-1+ LVs were generated by intravenous diphtheria toxin (Sigma-Aldrich, D0564) at 30ng/mouse/day with 5 consecutive days before renal transplantation. Animal breeding and all experimental procedures were approved by the animal protection and Research Advisory Committee of the First Affiliated Hospital, School of Medicine, Zhejiang University.



Cell Culture

Human lymphatic endothelial cells (HLECs) were purchased from Procell as well as cultured in EBM-2 medium supplemented with hEGF, hydrocortisone, heparin, 10% FBS, ascorbic acid and VEGF at 37°C in 5% CO2 atmosphere. CD11c+ DCs were isolated from the spleen of Itgax-EGFP mice and cultured in complete RPMI 1640 medium supplemented with 10 ng/ml GM-CSF as well as 1 μg/ml LPS at 37°C in 5% CO2 atmosphere.



Mouse Kidney Transplantation

Vascularized kidney transplantations were established in mice as previously described (61–63). Briefly, C57BL/6 (H-2b) recipient as well as Balb/c (H-2d) donor mice weighing 25-30g were anesthetized with 3% sevoflurane (1.2 minimal alveolar concentration) in oxygen (25, 64). The left renal artery and vein of recipients were ligated and the original kidney was taken. After ligating the corresponding lumbar branch, the aorta and vena cava were closed by tightening the ring. 5 ml of 7.5% heparin sulfate solution was injected into the vena cava of the donor systematically. The donor tissues involving the aorta, vena cava and ureter with bladder dome were resected. Continuous 10-0 nylon suture was used for end to side vascular anastomosis. Then, the donor ureter was passed through the left vas deferens and 9-0 nylon thread was used for open bladder anastomosis. Overall, the total ischemic time averaged 25 to 35 minutes. The contralateral nephrectomy was anesthetized with 3% sevoflurane on day 3 post-transplant, avoiding an initial period of acute renal failure (65, 66). The technical success rate was around 78% and the mean survival was 66 ± 7.10 days. For the isograft group, C57BL/6 (H-2b) recipients were given a kidney from a littermate.



DCs-LECs Chemotaxis Assay

1 × 104 HLECs together with 1 × 103 CD11c+ DCs isolated from Itgax-Cre-EGFP mice were seeded with 48-multiwell plate in the EGM-2 medium, which was previously coated with matrix gel. After 6 hours, the micropores were washed three times with PBS and fixed with 4% PFA. Finally, the adhesion of CD11c+ DCs to HLECs capillary-like structure was visualized using a Leica Inverted DMi8 microscope.



Gene Silencing In Vitro

In order to silence CCL21 in LECs through siRNA transfection, 5 × 105 HLECs were seeded in 6-well plates as well as 30 nM of total siRNA were transfected with duplexes targeting CCL21 using Lipofectamine 3000 (Invitrogen) based on the instructions. After three days, the cells were harvested for further analysis.

CCR7 intervention in vitro and in vivo: For blocking of CCR7 in LECs in vitro, 5 × 105 HLECs were seeded in 6-well plates and incubated with anti-CCR7 monoclonal antibody (Abcam) at a dose of 10 μg/mL for 6 days consecutively. For intervening CCR7 in vivo, monoclonal anti-mouse CCR7 antibody (R&D Systems) was injected into recipients (30 μg/mouse) by intravenous injection.



Evans Blue Dye Injection

0.5% wt/vol of Evans Blue dye (Sigma-Aldrich) diluted in a total of five microliters PBS was injected into the renal capsule as well as upper and lower pole of renal parenchyma using a 34-gauge syringe. Also, the mice were kept for around 20 minutes to let the dye migrate by the LVs as well as reached the LNs of interest. Next, the recipient mouse was euthanized by cervical dislocation. The pattern of lymph drainage in renal allograft was monitored and the blue labeled RDLNs were then harvested separately.



Injection of DCs Under the Renal Capsule

Spleens from Itgax-EGFP mice were collected in RPMI 1640 medium (serum-free) containing 2mg/ml collagenase type IV, and then digested in 37°C shaking incubator for 30 minutes. Digestion was stopped with cold buffer (PBS containing 0.1 mM EDTA and 2.5% FCS) and digested tissue was filtered using a 70 μm strainer. Then, cells were re-suspended in FACS buffer and CD11c+ DCs were sorted by BD Influx Cell Sorter. EGFP+ CD11c+ DCs (1×105) in 50 μl PBS were injected under the renal capsule of recipient mouse at week 1, 4 and 8 after transplantation surgery. Renal samples and RDLNs were then harvested separately and fixed in 4% paraformaldehyde (PFA).



Histology and Immunostainings

For continuous 4 μm thick sections of kidney, lymph nodes or spleen, the tissue samples were fixed overnight in 4% PFA at 4°C, dehydrated and then embedded in paraffin. To evaluate renal fibrosis, Masson trichrome staining was performed as described previously (63). For immunostainings, the paraffin sections were rehydrated for further antigen recovery in EDTA antigen retrieval buffer (pH 8.0) at 100°C for 20 minutes. For immunohistochemistry, 0.5% hydrogen peroxide was regularly added to methanol to block the activity of endogenous peroxidase. Furthermore, in order to block the nonspecific binding, 3% BSA was added for 1 hour. Then, slides was incubated with antibodies (diluted with PBS appropriately) overnight at 4°C with the following primary antibodies: VEGFR3 (1:100, Abcam), LYVE-1 (1:100, Abcam), CD31 (1:100, Abcam), VEGF-D (1:100, R&D Systems), VEGF-C (1:50, Abcam), F4-80 (1:100, Abcam), FGF-2 (1:100, R&D Systems), CD3 (1:100, Invitrogen), Ly6G (1:100, R&D Systems), CD19 (1:100, Abcam), CCR7 (1:50, R&D Systems), CD45 (1:50, Invitrogen), CCL21 (1:100, Abcam), AQP1 (1:100, R&D Systems), PODXL (1:100, R&D Systems), HBEGF/DTR (1:100, Abcam), EGFP (1:50, Invitrogen) α-SMA (1:100, Abcam) and collagen I (1:100, Abcam). Next, the slides were incubated with Alexa 488, Cyanine 3 or Cyanine 5 conjugated secondary antibodies (Abcam) (appropriately respond to primary antibody in species) for 50 minutes at room temperature as well as 4′,6-diamidino-2-phenylindole (DAPI) was utilized in order to stained nuclei. Imaging and microscopic analysis were acquired with a Zeiss LSM 880 confocal microscope and Image-Pro Plus software (Media Cybernetics, Rockville, MD, USA).



qRT-PCR

Total RNA of renal and spleen tissues was extracted using the RNeasy kit (Qiagen) on the basis of the instructions of the kit manufacturer. The RNA extracted from 1μg was reverse transcribed into cDNA by GoScript Reverse Transcription Kit (Promega). qRT-PCR was carried out using TaqMan Gene Expression Master Mix (Invitrogen) as well as analyzed on a Light Cycler 480 (Roche) with indicated primers. Relative gene expression was analyzed by ΔΔCt method and the primers were described in Supplementary Table 1.



Chronic Allograft Damage Index Evaluation

The chronic allograft damage index (CADI) was calculated following previous reports. In detail, we prepared histologic samples from each group. All the samples were coded and calculated blindly according to randomization and clinical status. Two pathologists were invited to review and rate these samples independently. And the CADI score was developed basing on the individual CADI parameter (i) interstitial inflammation, (ii) tubular atrophy, (iii) tubular fibrosis, (iv) mesangial matrix expansion, (v) glomerular sclerosis, and (vi) intimal proliferation. Each individual parameter was scored from 0 to 3. If the total CADI score arrived at independently by the two pathologists differed more than one SD from the mean, a consensus reading was performed.



Transmission Electron Microscopy

Renal tissue was fixed with 4% PFA containing 1% glutaraldehyde and 0.1 mol/l cacodylate based buffer. Following multiple rinse cycles with double distilled water gently, the samples were dehydrated in acetone fractionation series. All sections were post-fixed with 1% OsO4 and embedded in OCT. Compound (Sakura Finetech). Ultrathin sectioning was performed with a LEICA EM UC7FC7, cutting to about 90 nm thickness. Then, the sections were stained with lead citrate as well as uranium acetate. TEM was performed with a Tecnai G2 SpiritBiotwin at 80 KV.



Flow Cytometry

Kidneys, spleens and lymph nodes were collected at various indicated time points post transplantation and single-cell suspensions were prepared as previously described (67, 68). Briefly, kidney tissue was digested with collagenase type I (1 mg/ml) in RPMI 1640 for 20 min at 37°C. Spleen and lymph node tissues were minced and ground into single-cell suspensions, followed by filtered through a 70 μm strainer in FACS buffer (2% FBS in PBS). After red blood cell lysis and blocking Fcγ receptors with (BD Pharmingen, clone 2.4G2) mouse anti-CD16/CD32, 1×106 cells were incubated for 15min with the following FACS antibodies in FACS buffer: Fixable Viability Stain 510 (BD Pharmingen), PerCP-Cy5.5 conjugated to anti-mouse CD31 (BioLegend, clone 390), FITC conjugated to anti-mouse Podoplanin (BioLegend, clone NC-08), PE conjugated to anti-mouse Ki67 (BioLegend, clone 11F6), PerCP conjugated to anti-mouse CD3e (BD Pharmingen, clone 145-2C11), PE-Cy7 conjugated to anti-mouse CD19 (BD Pharmingen, clone 1D3), FITC conjugated to anti-mouse CD4 (BD Pharmingen, clone H129.19), PE conjugated to anti-mouse CD11c (BD Pharmingen, clone HL3), APC-Cy7 conjugated to anti-mouse CD45 (BD Pharmingen, clone 30-F11), BV421 conjugated to anti-mouse CD11b (BD Pharmingen, clone M1/70), BV480 conjugated to anti-mouse NK1.1 (BD Pharmingen, clone PK136), PerCP-Cy5.5 conjugated to anti-mouse CD8a (BD Pharmingen, clone 53-6.7), APC conjugated to anti-mouse F4/80 (BD Pharmingen, clone T45-2342) and BV605 conjugated to anti-mouse Ly-6G (BD Pharmingen, clone 1A8). Data were collected by Aurora Flow Cytometry (Cytek) pre-gated by size and granularity based on forward and side scatter and analyzed with FlowJo v10.0.7 software (TreeStar).



Patient Population

A total of 145 patients involving renal transplantation or trauma-induced nephrectomy in the First Affiliated Hospital, Zhejiang University between January 2013 and December 2020 were included in our analysis. Among these patients, we selected patients who were diagnosed as healthy (n = 11, referring to traumatic nephrectomy) or had no rejection (n=80, excluding acute rejection and primary or secondary kidney disease post transplantation) or had chronic allograft rejection (n=54, containing chronic active T cell mediated rejection or/and chronic active antibody mediated rejection or/and chronic rejection). The demographic as well as clinico-pathologic characteristics of the patients at baseline are presented in Tables S2, S3. For one thing, procedural biopsies were performed at 6 months and 2 years after renal transplantation in all patients. For another, if the patient’s serum creatinine is higher than or equal to 30% than the baseline within 1 month, or proteinuria is higher than or equal to 0.5 g/d, or though serum creatinine was less than 30% higher than baseline within 3 months, the cause was unknown, then a clinically targeted renal biopsy was performed. Exclusion criteria were as follows: combined with other solid organ transplantation, the presence of other forms of chronic kidney disease (CKD) such as glomerulonephritis (GN) or acute kidney injury (AKI), as well as lack of available clinical data. Renal pathologists blindly evaluated inflammation and fibrosis based on the clinical data of corresponding patients according to established pathology guidelines and Banff 2017.



Biochemical Analysis

Serum creatinine, albumin levels as well as proteinuria were measured using an automatic biochemical analyzer (Roche, Germany). The glomerular filtration rate (GFR) was determined as previously described (69). Briefly, the transcutaneous light-emitting diodes were fixed to the depilated skin on the back of mice. 10 μl FITC-sinistrin (40 mg/mL in PBS) was administered in a smooth but rapid bolus using insulin syringe by tail vein. The eGFR was calculated according to the decrease of fluorescence intensity over time.



Statistical Analysis

The data were presented as means ± standard deviations (SD) or median (interquartile range). Data analyzing was performed in the software of GraphPad Prism v8.3.0. In order to compare the variables between the two groups, two tailed unpaired t-test was used, or an ordinary analysis of variance (ANOVA) for multiple comparisons was used when among more than two measures were compared. The association between lymphatic vessel area and the chronic allograft damage index was analyzed by Partial correlations. All independent experiments were repeated three times. The probability value was regarded as statistical significance when the value of P < 0.05. The P values of posttest were as follows: *P < 0.05; **P < 0.01; ***P < 0.001.




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 author.



Ethics Statement

The studies involving human participants were reviewed and approved by the Ethics Committee of the First Affiliated Hospital of Medical College of Zhejiang University. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by the animal protection and Research Advisory Committee of the First Affiliated Hospital, School of Medicine, Zhejiang University.



Author Contributions

JL and JC contributed to the designing and conception of this study. JL, YC, HZ and HW performed the experiments. JL, XY, MT, and YC acquired and analysed data. All authors contributed to the article and approved the submitted version.



Funding

This work is supported by the National Natural Science Foundation of China (81770752, 81970651).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.796260/full#supplementary-material

  

References

1. Lai, X, Zheng, X, Mathew, JM, Gallon, L, Leventhal, JR, and Zhang, ZJ. Tackling Chronic Kidney Transplant Rejection: Challenges and Promises. Front Immunol (2021) 12:661643. doi: 10.3389/fimmu.2021.661643

2. Carrasco, YR, and Batista, FD. B Cells Acquire Particulate Antigen in a Macrophage-Rich Area at the Boundary Between the Follicle and the Subcapsular Sinus of the Lymph Node. Immunity (2007) 27(1):160–71. doi: 10.1016/j.immuni.2007.06.007

3. Bergtold, A, Desai, DD, Gavhane, A, and Clynes, R. Cell Surface Recycling of Internalized Antigen Permits Dendritic Cell Priming of B Cells. Immunity (2005) 23(5):503–14. doi: 10.1016/j.immuni.2005.09.013

4. Suzuki, K, Grigorova, I, Phan, TG, Kelly, LM, and Cyster, JG. Visualizing B Cell Capture of Cognate Antigen From Follicular Dendritic Cells. J Exp Med (2009) 206(7):1485–93. doi: 10.1084/jem.20090209

5. Marino, J, Babiker-Mohamed, MH, Crosby-Bertorini, P, Paster, JT, LeGuern, C, Germana, S, et al. Donor Exosomes Rather Than Passenger Leukocytes Initiate Alloreactive T Cell Responses After Transplantation. Sci Immunol (2016) 1(1):8759–69. doi: 10.1126/sciimmunol.aaf8759

6. Liu, Q, Rojas-Canales, DM, Divito, SJ, Shufesky, WJ, Stolz, DB, Erdos, G, et al. Donor Dendritic Cell-Derived Exosomes Promote Allograft-Targeting Immune Response. J Clin Invest (2016) 126(8):2805–20. doi: 10.1172/JCI84577

7. Harper, SJ, Ali, JM, Wlodek, E, Negus, MC, Harper, IG, Chhabra, M, et al. CD8 T-Cell Recognition of Acquired Alloantigen Promotes Acute Allograft Rejection. Proc Natl Acad Sci U S A (2015) 112(41):12788–93. doi: 10.1073/pnas.1513533112

8. Herrera, OB, Golshayan, D, Tibbott, R, Salcido Ochoa, F, James, MJ, Marelli-Berg, FM, et al. A Novel Pathway of Alloantigen Presentation by Dendritic Cells. J Immunol (2004) 173(8):4828–37. doi: 10.4049/jimmunol.173.8.4828

9. Emerson, SG, and Cone, RE. I-Kk and H-2Kk Antigens are Shed as Supramolecular Particles in Association With Membrane Lipids. J Immunol (1981) 127(2):482–6. doi: 10.4049/jimmunol.127.6.482

10. Xiong, Y, Brinkman, CC, Famulski, KS, Mongodin, EF, Lord, CJ, Hippen, KL, et al. A Robust In Vitro Model for Trans-Lymphatic Endothelial Migration. Sci Rep (2017) 7(1):1633. doi: 10.1038/s41598-017-01575-w

11. Nowocin, AK, Meader, L, Brown, K, Elgueta, R, and Wong, W. Characterizing the B-Cell and Humoral Response in Tertiary Lymphoid Organs in Kidney Allografts. Exp Clin Transplant (2019) 17(3):330–8. doi: 10.6002/ect.2017.0261

12. Bieniasz-Krzywiec, P, Martín-Pérez, R, Ehling, M, García-Caballero, M, Pinioti, S, Pretto, S, et al. Podoplanin-Expressing Macrophages Promote Lymphangiogenesis and Lymphoinvasion in Breast Cancer. Cell Metab (2019) 30(5):917–36.e10. doi: 10.1016/j.cmet.2019.07.015

13. Pei, G, Yao, Y, Yang, Q, Wang, M, Wang, Y, Wu, J, et al. Lymphangiogenesis in Kidney and Lymph Node Mediates Renal Inflammation and Fibrosis. Sci Adv (2019) 5(6):eaaw5075. doi: 10.1126/sciadv.aaw5075

14. Yazdani, S, Poosti, F, Kramer, AB, Mirkovic, K, Kwakernaak, AJ, Hovingh, M, et al. Proteinuria Triggers Renal Lymphangiogenesis Prior to the Development of Interstitial Fibrosis. PloS One (2012) 7(11):e50209. doi: 10.1371/journal.pone.0050209

15. Lee, AS, Lee, JE, Jung, YJ, Kim, DH, Kang, KP, Lee, S, et al. Vascular Endothelial Growth Factor-C and -D Are Involved in Lymphangiogenesis in Mouse Unilateral Ureteral Obstruction. Kidney Int (2013) 83(1):50–62. doi: 10.1038/ki.2012.312

16. Suzuki, Y, Ito, Y, Mizuno, M, Kinashi, H, Sawai, A, Noda, Y, et al. Transforming Growth Factor-Beta Induces Vascular Endothelial Growth Factor-C Expression Leading to Lymphangiogenesis in Rat Unilateral Ureteral Obstruction. Kidney Int (2012) 81(9):865–79. doi: 10.1038/ki.2011.464

17. Kinashi, H, Falke, LL, Nguyen, TQ, Bovenschen, N, Aten, J, Leask, A, et al. Connective Tissue Growth Factor Regulates Fibrosis-Associated Renal Lymphangiogenesis. Kidney Int (2017) 92(4):850–63. doi: 10.1016/j.kint.2017.03.029

18. Kerjaschki, D, Regele, HM, Moosberger, I, Nagy-Bojarski, K, Watschinger, B, Soleiman, A, et al. Lymphatic Neoangiogenesis in Human Kidney Transplants Is Associated With Immunologically Active Lymphocytic Infiltrates. J Am Soc Nephrol (2004) 15(3):603–12. doi: 10.1097/01.ASN.0000113316.52371.2E

19. Kerjaschki, D, Huttary, N, Raab, I, Regele, H, Bojarski-Nagy, K, Bartel, G, et al. Lymphatic Endothelial Progenitor Cells Contribute to De Novo Lymphangiogenesis in Human Renal Transplants. Nat Med (2006) 12(2):230–4. doi: 10.1038/nm1340

20. Edwards, LA, Nowocin, AK, Jafari, NV, Meader, LL, Brown, K, Sarde, A, et al. Chronic Rejection of Cardiac Allografts Is Associated With Increased Lymphatic Flow and Cellular Trafficking. Circulation (2018) 137(5):488–503. doi: 10.1161/CIRCULATIONAHA.117.028533

21. Outtz Reed, H, Wang, L, Kahn, ML, and Hancock, WW. Donor-Host Lymphatic Anastomosis After Murine Lung Transplantation. Transplantation (2020) 104(3):511–5. doi: 10.1097/TP.0000000000003041

22. Talsma, DT, Katta, K, Boersema, M, Adepu, S, Naggi, A, Torri, G, et al. Increased Migration of Antigen Presenting Cells to Newly-Formed Lymphatic Vessels in Transplanted Kidneys by Glycol-Split Heparin. PloS One (2017) 12(6):e0180206. doi: 10.1371/journal.pone.0180206

23. Neusser, MA, Kraus, AK, Regele, H, Cohen, CD, Fehr, T, Kerjaschki, D, et al. The Chemokine Receptor CXCR7 Is Expressed on Lymphatic Endothelial Cells During Renal Allograft Rejection. Kidney Int (2010) 77(9):801–8. doi: 10.1038/ki.2010.6

24. Huggenberger, R, Ullmann, S, Proulx, ST, Pytowski, B, Alitalo, K, and Detmar, M. Stimulation of Lymphangiogenesis via VEGFR-3 Inhibits Chronic Skin Inflammation. J Exp Med (2010) 207(10):2255–69. doi: 10.1084/jem.20100559

25. Zarjou, A, Guo, L, Sanders, PW, Mannon, RB, Agarwal, A, and George, JF. A Reproducible Mouse Model of Chronic Allograft Nephropathy With Vasculopathy. Kidney Int (2012) 82(11):1231–5. doi: 10.1038/ki.2012.277

26. Jang, JY, Koh, YJ, Lee, SH, Lee, J, Kim, KH, Kim, D, et al. Conditional Ablation of LYVE-1+ Cells Unveils Defensive Roles of Lymphatic Vessels in Intestine and Lymph Nodes. Blood (2013) 122(13):2151–61. doi: 10.1182/blood-2013-01-478941

27. Racusen, LC, Solez, K, Colvin, RB, Bonsib, SM, Castro, MC, Cavallo, T, et al. The Banff 97 Working Classification of Renal Allograft Pathology. Kidney Int (1999) 55(2):713–23. doi: 10.1046/j.1523-1755.1999.00299.x

28. Pirsch, JD, Ploeg, RJ, Gange, S, D'Alessandro, AM, Knechtle, SJ, Sollinger, HW, et al. Determinants of Graft Survival After Renal Transplantation. Transplantation (1996) 61(11):1581–6. doi: 10.1097/00007890-199606150-00006

29. Nankivell, BJ, Borrows, RJ, Fung, CL, O'Connell, PJ, Allen, RD, and Chapman, JR. The Natural History of Chronic Allograft Nephropathy. N Engl J Med (2003) 349(24):2326–33. doi: 10.1056/NEJMoa020009

30. Lopez Gelston, CA, Balasubbramanian, D, Abouelkheir, GR, Lopez, AH, Hudson, KR, Johnson, ER, et al. Enhancing Renal Lymphatic Expansion Prevents Hypertension in Mice. Circ Res (2018) 122(8):1094–101. doi: 10.1161/CIRCRESAHA.118.312765

31. Johnson, LA, Clasper, S, Holt, AP, Lalor, PF, Baban, D, and Jackson, DG. An Inflammation-Induced Mechanism for Leukocyte Transmigration Across Lymphatic Vessel Endothelium. J Exp Med (2006) 203(12):2763–77. doi: 10.1084/jem.20051759

32. Rubin, A, Sanchez-Montes, C, Aguilera, V, Juan, FS, Ferrer, I, Moya, A, et al. Long-Term Outcome of 'Long-Term Liver Transplant Survivors'. Transpl Int (2013) 26(7):740–50. doi: 10.1111/tri.12118

33. Wong, BW. Lymphatic Vessels in Solid Organ Transplantation and Immunobiology. Am J Transplant (2020) 20(8):1992–2000. doi: 10.1111/ajt.15806

34. Brown, K, Badar, A, Sunassee, K, Fernandes, MA, Shariff, H, Jurcevic, S, et al. SPECT/CT Lymphoscintigraphy of Heterotopic Cardiac Grafts Reveals Novel Sites of Lymphatic Drainage and T Cell Priming. Am J Transplant (2011) 11(2):225–34. doi: 10.1111/j.1600-6143.2010.03388.x

35. Pedersen, MS, Müller, M, Rülicke, T, Leitner, N, Kain, R, Regele, H, et al. Lymphangiogenesis in a Mouse Model of Renal Transplant Rejection Extends Life Span of the Recipients. Kidney Int (2020) 97(1):89–94. doi: 10.1016/j.kint.2019.07.027

36. He, Y, Rajantie, I, Ilmonen, M, Makinen, T, Karkkainen, MJ, Haiko, P, et al. Preexisting Lymphatic Endothelium But Not Endothelial Progenitor Cells Are Essential for Tumor Lymphangiogenesis and Lymphatic Metastasis. Cancer Res (2004) 64(11):3737–40. doi: 10.1158/0008-5472.CAN-04-0088

37. Bromley, SK, Thomas, SY, and Luster, AD. Chemokine Receptor CCR7 Guides T Cell Exit From Peripheral Tissues and Entry Into Afferent Lymphatics. Nat Immunol (2005) 6(9):895–901. doi: 10.1038/ni1240

38. Tutunea-Fatan, E, Majumder, M, Xin, X, and Lala, PK. The Role of CCL21/CCR7 Chemokine Axis in Breast Cancer-Induced Lymphangiogenesis. Mol Cancer (2015) 14:35. doi: 10.1186/s12943-015-0306-4

39. Vigl, B, Aebischer, D, Nitschké, M, Iolyeva, M, Röthlin, T, Antsiferova, O, et al. Tissue Inflammation Modulates Gene Expression of Lymphatic Endothelial Cells and Dendritic Cell Migration in a Stimulus-Dependent Manner. Blood (2011) 118(1):205–15. doi: 10.1182/blood-2010-12-326447

40. Nykänen, AI, Sandelin, H, Krebs, R, Keränen, MA, Tuuminen, R, Kärpänen, T, et al. Targeting Lymphatic Vessel Activation and CCL21 Production by Vascular Endothelial Growth Factor Receptor-3 Inhibition has Novel Immunomodulatory and Antiarteriosclerotic Effects in Cardiac Allografts. Circulation (2010) 121(12):1413–22. doi: 10.1161/CIRCULATIONAHA.109.910703

41. Russo, E, Teijeira, A, Vaahtomeri, K, Willrodt, AH, Bloch, JS, Nitschké, M, et al. Intralymphatic CCL21 Promotes Tissue Egress of Dendritic Cells Through Afferent Lymphatic Vessels. Cell Rep (2016) 14(7):1723–34. doi: 10.1016/j.celrep.2016.01.048

42. Tal, O, Lim, HY, Gurevich, I, Milo, I, Shipony, Z, Ng, LG, et al. DC Mobilization From the Skin Requires Docking to Immobilized CCL21 on Lymphatic Endothelium and Intralymphatic Crawling. J Exp Med (2011) 208(10):2141–53. doi: 10.1084/jem.20102392

43. Zhuang, Q, Liu, Q, Divito, SJ, Zeng, Q, Yatim, KM, Hughes, AD, et al. Graft-Infiltrating Host Dendritic Cells Play a Key Role in Organ Transplant Rejection. Nat Commun (2016) 7:12623. doi: 10.1038/ncomms12623

44. Förster, R, Davalos-Misslitz, AC, and Rot, A. CCR7 and Its Ligands: Balancing Immunity and Tolerance. Nat Rev Immunol (2008) 8(5):362–71. doi: 10.1038/nri2297

45. Miller, AJ, DeBoer, A, and Palmer, A. The Role of the Lymphatic System in Coronary Atherosclerosis. Med Hypotheses (1992) 37(1):31–6. doi: 10.1016/0306-9877(92)90009-2

46. Pedersen, NC, and Morris, B. The Role of the Lymphatic System in the Rejection of Homografts: A Study of Lymph From Renal Transplants. J Exp Med (1970) 131(5):936–69. doi: 10.1084/jem.131.5.936

47. Marinkovic, T, Garin, A, Yokota, Y, Fu, YX, Ruddle, NH, Furtado, GC, et al. Interaction of Mature CD3+CD4+ T Cells With Dendritic Cells Triggers the Development of Tertiary Lymphoid Structures in the Thyroid. J Clin Invest (2006) 116(10):2622–32. doi: 10.1172/JCI28993.

48. Pytowski, B, Goldman, J, Persaud, K, Wu, Y, Witte, L, Hicklin, DJ, et al. Complete and Specific Inhibition of Adult Lymphatic Regeneration by a Novel VEGFR-3 Neutralizing Antibody. J Natl Cancer Inst (2005) 97(1):14–21. doi: 10.1093/jnci/dji003

49. Zhang, R. Donor-Specific Antibodies in Kidney Transplant Recipients. Clin J Am Soc Nephrol (2018) 13(1):182–92. doi: 10.2215/CJN.00700117

50. Malheiro, J, Tafulo, S, Dias, L, Martins, S, Fonseca, I, Beirao, I, et al. Determining Donor-Specific Antibody C1q-Binding Ability Improves the Prediction of Antibody-Mediated Rejection in Human Leucocyte Antigen-Incompatible Kidney Transplantation. Transpl Int (2017) 30(4):347–59. doi: 10.1111/tri.12873

51. Braun, A, Worbs, T, Moschovakis, GL, Halle, S, Hoffmann, K, Bölter, J, et al. Afferent Lymph-Derived T Cells and DCs Use Different Chemokine Receptor CCR7-Dependent Routes for Entry Into the Lymph Node and Intranodal Migration. Nat Immunol (2011) 12(9):879–87. doi: 10.1038/ni.2085

52. Förster, R, Schubel, A, Breitfeld, D, Kremmer, E, Renner-Müller, I, Wolf, E, et al. CCR7 Coordinates the Primary Immune Response by Establishing Functional Microenvironments in Secondary Lymphoid Organs. Cell (1999) 99(1):23–33. doi: 10.1016/S0092-8674(00)80059-8

53. Solari, E, Marcozzi, C, Negrini, D, and Moriondo, A. Lymphatic Vessels and Their Surroundings: How Local Physical Factors Affect Lymph Flow. Biology (Basel) (2020) 9(12):463–76. doi: 10.3390/biology9120463

54. Negrini, D, and Moriondo, A. Lymphatic Anatomy and Biomechanics. J Physiol (2011) 589(Pt 12):2927–34. doi: 10.1113/jphysiol.2011.206672

55. Stuht, S, Gwinner, W, Franz, I, Schwarz, A, Jonigk, D, Kreipe, H, et al. Lymphatic Neoangiogenesis in Human Renal Allografts: Results From Sequential Protocol Biopsies. Am J Transplant (2007) 7(2):377–84. doi: 10.1111/j.1600-6143.2006.01638.x

56. Tsuchimoto, A, Nakano, T, Hasegawa, S, Masutani, K, Matsukuma, Y, Eriguchi, M, et al. The Potential Role of Perivascular Lymphatic Vessels in Preservation of Kidney Allograft Function. Clin Exp Nephrol (2017) 21(4):721–31. doi: 10.1007/s10157-016-1338-9

57. Kong, XQ, Wang, LX, and Kong, DG. Cardiac Lymphatic Interruption Is a Major Cause for Allograft Failure After Cardiac Transplantation. Lymphat Res Biol (2007) 5(1):45–7. doi: 10.1089/lrb.2007.5108

58. Cui, Y, Liu, K, Monzon-Medina, ME, Padera, RF, Wang, H, George, G, et al. Therapeutic Lymphangiogenesis Ameliorates Established Acute Lung Allograft Rejection. J Clin Invest (2015) 125(11):4255–68. doi: 10.1172/JCI79693

59. Vass, DG, Hughes, J, and Marson, LP. Restorative and Rejection-Associated Lymphangiogenesis After Renal Transplantation: Friend or Foe? Transplantation (2009) 88(11):1237–9. doi: 10.1097/TP.0b013e3181c1afa7

60. Yazdani, S, Navis, G, Hillebrands, JL, van Goor, H, and van den Born, J. Lymphangiogenesis in Renal Diseases: Passive Bystander or Active Participant? Expert Rev Mol Med (2014) 16:e15. doi: 10.1017/erm.2014.18

61. Tse, GH, Hesketh, EE, Clay, M, Borthwick, G, Hughes, J, Marson, LP, et al. Mouse Kidney Transplantation: Models of Allograft Rejection. J Vis Exp (2014) (92):e52163. doi: 10.3791/52163

62. Plenter, R, Jain, S, Ruller, CM, Nydam, TL, and Jani, AH. Murine Kidney Transplant Technique. J Vis Exp (2015) (105):e52848. doi: 10.3791/52848

63. Zhang, Z, Schlachta, C, Duff, J, Stiller, C, Grant, D, and Zhong, R. Improved Techniques for Kidney Transplantation in Mice. Microsurgery (1995) 16(2):103–9. doi: 10.1002/micr.1920160212

64. Mannon, RB, Kopp, JB, Ruiz, P, Griffiths, R, Bustos, M, Platt, JL, et al. Chronic Rejection of Mouse Kidney Allografts. Kidney Int (1999) 55(5):1935–44. doi: 10.1046/j.1523-1755.1999.00423.x

65. Russell, PS, Chase, CM, Colvin, RB, and Plate, JM. Kidney Transplants in Mice. An Analysis of the Immune Status of Mice Bearing Long-Term, H-2 Incompatible Transplants. J Exp Med (1978) 147(5):1449–68. doi: 10.1084/jem.147.5.1449

66. Farrar, CA, Zhou, W, Lin, T, and Sacks, SH. Local Extravascular Pool of C3 is a Determinant of Postischemic Acute Renal Failure. FASEB J (2006) 20(2):217–26. doi: 10.1096/fj.05-4747com

67. Thaunat, O, Graff-Dubois, S, Brouard, S, Gautreau, C, Varthaman, A, Fabien, N, et al. Immune Responses Elicited in Tertiary Lymphoid Tissues Display Distinctive Features. PloS One (2010) 5(6):e11398. doi: 10.1371/journal.pone.0011398

68. Snelgrove, SL, Kausman, JY, Lo, C, Lo, C, Ooi, JD, Coates, PT, et al. Renal Dendritic Cells Adopt a Pro-Inflammatory Phenotype in Obstructive Uropathy to Activate T Cells But do Not Directly Contribute to Fibrosis. Am J Pathol (2012) 180(1):91–103. doi: 10.1016/j.ajpath.2011.09.039

69. Muhari-Stark, E, and Burckart, GJ. Glomerular Filtration Rate Estimation Formulas for Pediatric and Neonatal Use. J Pediatr Pharmacol Ther (2018) 23(6):424–31. doi: 10.5863/1551-6776-23.6.424




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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Lin, Chen, Zhu, Cheng, Wang, Yu, Tang and Chen. 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-12-796260-g003.jpg
8 weeks

4 weeks 8 weeks

&
©
o
3
o
<

4 weeks

8 weeks






OEBPS/Images/fimmu-12-796260-g005.jpg
A B

1 week 4 weeks 8 weeks c 1 week 4 weeks 8 weeks

gt bt~

z f g

L ) — %ﬁ“g % )
Transplant -

Donor P Recipient

1ug/g CCR7 Ab or IgG
V& day-2,0,2,4,86,

s, — £ 2 2
oy STk 2
R P Tt o g
Recipient 2 (&}
day 0
Transplant surgery 'CCR7/Dapi CCR7/Dapi
1 weeks 4 weeks 8 weeks
D =196 1 week 4 weeks 8weeks E _— F > L
=19
CICCR7 Ab 15 =IgG 5. mdC 205196 CCR7 Ab
30 B —=CCR7 Ab —=CCR7 Ab =CCR7 Ab 40 LET
w ok *kx okr P ok o
o T T 154 L 15 o *x [ I =
520 = 210 2 21511 2304
2 8 & S 2
3 I i +’\10 . +,\10 gzo
<10 X 5 i o = @
& 3 3% 3 10 g
] m Q ~
0 — ollL oLl 0L L O gll] ! &
1 4 8 within beyond within beyond within beyond 1 4 8 o
Time (week) 25um 25um 25um 25um 25um 25um Time (week)
CD19/Dapi
G 1 weeks 4 weeks 8 weeks
—— IgG —— 1gG —— 1gG —— IgG
= —— CCR7Ab  ~ —=— CCR7ADb —=— CCR7Ab = —=— CCR7Ab
'S 10 . 'S10 . 4 010 4
* 8 %8 2,3 . % 8 I %
26 24 ¥ 2, 8 6{ ns
o S b +
L P 3 2 4
8 a8 01 s )
© 2 — o 2 — = o2 Qa
20 @0 S0 20 &
o 1 4 8 O 14 8 1 4 8 3 14 8 o
Time (week) Time (¢ K) Time (week) Time ( K) 8
CD19/Dapi
|
—— 1gG —— 1gG —— IgG —— IgG ° 1gG
&, ——CCR7TAb o~ _—— CCR7Ab —— CCR7Ab &, —+— CCR7Ab 2 47 ° CCR7Ab
° 28 — o 10 3 o
X6 Xg $4 28 g
= 2 23 86 2
+o 4 +o 4 T.g 2 s 4 ] ) -E
= = L
é 2 TI‘T/T*‘** é 2 T "o, /5‘\}* 8 5 L 2 ‘é
£ = ns I~
20 20 S0 2o [ 3
o 1 4 8 O 14 8 1 4 8 § 14 8 o S N icaks Biiesk
Time (week) Time (week) Time (week) Time (week) = weeks bweers

4 weeks 8 weeks





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Lymphatic Reconstruction in Kidney Allograft Aggravates Chronic Rejection by Promoting Alloantigen Presentation

      

        		

          Introduction

        



        		

          Results

        

          		

            Chronic Rejection Is Associated With Lymphangiogenesis in Renal Allograft

          



          		

            Lymphangiogenesis in Renal Allograft Accompanied With Inflammatory Cell Infiltration Mediated by CCL21 Expression in LECs

          



          		

            Determination of the Reconnection and Origin of LVs

          



          		

            Conditional Knockout of LVs Attenuated CCR7+ Cells Expansion and Ameliorates Allograft Function

          



          		

            CCR7 Blocking Antibody Attenuated Lymphocyte Recruitment and Allograft Function Losing

          



          		

            Intrarenal Lymphangiogenesis Negatively Correlated With Allograft Function in Transplant Patients

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Methods

        

          		

            Animals

          



          		

            Cell Culture

          



          		

            Mouse Kidney Transplantation

          



          		

            DCs-LECs Chemotaxis Assay

          



          		

            Gene Silencing In Vitro

          



          		

            Evans Blue Dye Injection

          



          		

            Injection of DCs Under the Renal Capsule

          



          		

            Histology and Immunostainings

          



          		

            qRT-PCR

          



          		

            Chronic Allograft Damage Index Evaluation

          



          		

            Transmission Electron Microscopy

          



          		

            Flow Cytometry

          



          		

            Patient Population

          



          		

            Biochemical Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-12-796260-g001.jpg
W

LYVE-1 * vessel numbers/HPF

A Sham Isograft Allograft
LYVE-1 LYVE-1/CD31/DAPI  LYVE-1 LYVE-1/CD31/DAPI LYVE-1 LYVE-1/CD31/DAPI

0 r()((\ '3\\’5\\ ro((\ fé\’\’g\
%\\og‘ Q;\o@ 60‘3;\09‘

*k*
*kk

)
o
Fkk LX

8001 8 weeks

LYVE-1" vessel area/HPF o
o
o
S

&+ OQ’?\\\OQ‘ Q\\o og?\
VEGF-C VEGF-D FGF-2
D ~ 1Tweek  4weeks 8 weeks 1week  4weeks 8 weeks 1 week 4 weeks 8 weeks

Sham -

Isograft ©

Allograft

£

E —e— Sham —e— Sham —e— Sham F._ - -
—=— |sograft —=— |sograft —a— Isograft 5] 65 5 ~12
2 807 —4— Allograft 2807 —a— Allograft .280—+— Allograft s 8 S 210 €2y
o e TC aige e 8 2 < % = g
o 60 060 0>J6O 0 Z o 2 o<
- S0 22 1 oz o
® 04 X
| o T ¥
Q20 320 % L % e ,% I(JDI' 2
S & £ o &> B - e et
> 1 4 8 > 1. 4 8 1. 4 8 o o S o® SIS
Time (week) Time (week) Time (week) R \%ogg\ AN WR %«‘({x ({ Q\\ g\%‘?&i\ 0”\%%\
—e— Sham

T=Ki67-PE

|

_FSC-A v

—a— |sograf
50 —a— Allograf

(@)
%) X

Single cell
97.7

FSC-H |

FSC-A Live/Dead X 1 week4 weeks 8 weeks





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-796260-g004.jpg
5 —o— PBS
g 89 —o— DT ok
3 2 64 - &
9} Bk 9]
s o a44 3
- oI -
> ~24
i
NS [ e S ]
w
> ot N ®
2 5T @ @
[ []
) w o) —
S e —o— PBS =K .
) <~ %10007 —e— DT il <~ [a
’ o 4
PBS 5 800
vy % oo 2
£ \ ) 7] b | 2] S
JA //;:: Recipient § > 2004 :_’—t'/i é :‘?
o ¢ o g w
© w N ) s ®
> % e oot
5 W o
E_ pes - - - G H
242 o412 DT w12
<, 'T' X = x
> 9 > 9 x 9 ] S
£ s 2 0 B o [}
86 86 | e F 6 = B
+ + - o =~ -
%3 ﬁ . ©3 m* w0 3 ’I.'w
o o b
0 w0 ao
[a} 8 [a} 1 4 8 )
o T|me week) © Time (week) T|me (week % e
F ] [
. —— ¢pBs _ 25+ © PBS s :
2 12 r < <
X9 %9 3
24 26 3 ) )
3 8 N 1 =
~ Q
+ 3 + 3 x Qo o}
Q O] S = E
g 0 Q0 o oo § ©
w 1 -J = —
Time (week) CD19/Dapi CD19/Dapi
1 J a-SMA K AQP-1

Collagen-1

..

PBS

DT

8 weeks 4 weeks 8 weeks 4'weeks ) 8 weeks 4 weeks 8 weeks

M P
= PBS
" 25 =PBS
@ c 100
3 S 9o Sham
<] B = 200 == DT .
S @9 < 80 Isograft
] 3 =
= 2215 =) 150 S
= a £ 60 ek
£ 3210 ) 3
@ cE . 3 100 " we 240
o] ® @
£ 5@ § 50 £ 20
[ o o
2 GG ° 024681012
o
] AV Y AT Y AT @ 4 weeks 8 weeks Time (week)

o-SMA Col-la AQP-1

8 weeks





OEBPS/Images/fimmu.2021.796260_cover.jpg
’ frontiers

in Immunology

Lymphatic Reconstruction in
Kidney Allograft Aggravates
Chronic Rejection by Promoting
Alloantigen Presentation





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-796260-g006.jpg
A B

Healthy kidney- Healthy kidney

No rejection-| i No rejection

Chronic rejection- Chronic rejection

01 2 3 4 5 6 7
Lymphatic vessel number/HPF

150 300 450 600 750 -‘"-3
Lymphatic vessel area/HPF

0

D E
8- r=0.89 300 xhx 150
o . > . w5
§ 5 6] P00 2 g ]
SE 2 £ 100
© '8 4 2 )
o Q ofe D =
L F 3 Q .
SE2 o p,; B 50 o
£ < * <
%0 Q 15
1 T T T T | 8 . O ol
0 150 300 450 600 750 + -+
Lymphatic area 1year 5years 1year 5years 5 years
FA120 G ~ 500 5 H 4 ! 3
o ke = = ok «
£ = kil 2 400 * = - - 3 Lymphatic area
I <3 £ 7
N80 =) Q @2 Rl oy
= © 300 E T 2 e
£ £ T @2 [
£ 0 £200{ + T S _ s
2. - - 3 T £ 4 w1
'4 G 100 L % £
& ol — 5 sl = T - 5
[} 1] p T 73 5 T I T 38 T T T T 2o
3 = .
1 year 5 years 1 year 5 years 1 year 5 years
J
Donnor Recipient

N

ﬁ

Kidney transplant

Kidney

Lymphatic
vessels

CD4 T cell CD8" T cell

Activation

Blood
vessels

Immune organs






OEBPS/Images/fimmu-12-796260-g007.jpg
Immune organs Kidney

Lymph node
CCRT7"APC

ve 8

CD4"Tcell CD8"Tcell B cell
Effector cells

Lymphangiogenesis

Spleen Receptor





OEBPS/Images/fimmu-12-796260-g002.jpg
800

Sham

Allograft

(2]

Allograft

=
©
hy
)
S
<

+ Sham
= Isograft
+ Allograft

1week 4 weeks 8 weeks

1 week 4 weeks

CCR7/CD45/D

4 weeks

1 week

CCR7/LYVE-1/

4 weeks

C

Isograft

Allograft

1week 4 weeks 8 weeks
8 weeks E

—— Sham
—=— Isograft
——— Allograft

oON B O 0o

CD3*'CD4" cells (x10 %)

Time (week)

—e— Sham
—=— Isograft
—— Allograft .

o 3

o

CD45F4/80* cells (x10%)
(4,1

F4-80/CD3/Ly6G

LYVE-1/(

8 weeks 1 week

K . within 25um L
= beyond 25um

o o o o

CCR7"* cells/HPF

8 weeks

1 4 8
Time (week)

30
20
10
0
N OVNAT =P AVVORNTFEOIOOINLS
5358855350888 EETESSTISE
5 G0 S== =
55500CC000 Ss=S
) —— Sham —— Sham
73 159 —— Isograft 6‘8 —=— |sograft
ok % ——— Allograft s = Allograft s«
= % 6
2 s ok
3 34
+ o %
g 2
o 5
g S
O .
Time (week) Time (week)
e Sham F o Sham
g " Isograft 25 'lASI?graf]t;t
« Allogra sk
P Allograft ** &20 dekek
o =
=6 2
= 2
34 8
o +
o P>
g 8
Z0

1. 4 8
Time (week)

CCL21/Dz

O
4 weeks 8 weeks o‘le\ & QP(\ <
& <
Allograft lysate CCR7 block

Sham

CCL21 block





