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Background

Vascularized Composite Allotransplantation (VCA) is an important therapeutic option for patients that incur debilitating injuries to the face or limbs. The complexity and immunogenicity of tissue types within VCA grafts pose unique challenges and necessitate the use of intensive immunosuppression; however, graft rejection remains a challenge in VCA.





Methods

Deep proteomic profiling and high dimensional analysis with cytometry time of flight were used to define the cell types and effector mechanisms elicited by VCA in BALB/c (H-2Kd) > C57BL/6 (H-2Kb) limb recipients. Spleen and cervical draining lymph nodes were collected post-transplant days 1, 3, 5, and 7 (n =4–6 mice/group/day). We identified dynamic, coordinated signatures in T cell and monocyte populations associated with VCA allograft rejection.





Results

In comparison to syngeneic transplant recipients, allogeneic recipients exhibited significant alterations in the immune cell populations within secondary lymphoid tissues. These changes included very early expansion of double-negative TCRβ- T cells, including IL-17A-producing γδ T cells, and patrolling monocytes. Subsequently, CD8+CD62L+ T cells and CD8+ effector/effector memory T cells (Teff/Tem), Ly6ChiCCR2hiCX3CR1low classical monocytes, CD4+ Teff/Tem, and CD8+CD25hiCCR7low Teff/Tem were increased by day 5. CD8+CD25hiCCR7low Teff/Tem with the highest expression of IFN-γ, perforin, and granzyme B were enriched by day 7.





Conclusions

High dimensional proteomic analysis reveals multiple innate and Teff/Tem subsets in acute rejection following VCA. In particular, IL-17A-producing γδ T cells and classical monocytes may be particularly important in initiating the alloimmune response in VCA recipients.
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1 Introduction

Vascularized composite allotransplantation (VCA) is the transplantation of multiple tissues, including skin, muscle, bone, nerves, and blood vessels, as a single functional unit from a donor to a recipient. VCA is typically indicated for patients with severe injuries or congenital defects where traditional reconstructive surgery cannot provide satisfactory functional or aesthetic outcomes (1, 2).

According to the International Registry on Hand and Composite Tissue Transplantation, 85% of hand transplant recipients developed acute rejection within the first-year post-transplant despite rigorous immunosuppressive therapies (3). Additionally, it has been reported that 90% of hand transplant patients in the United States face similar rejection challenges (4). These reports clearly highlight that allograft rejection in VCA remains an unsolved issue. Despite its significant clinical potential, non-uterus VCA procedures remain relatively rare in the United States (5), partly due to the high incidence of rejection.

The complex nature of VCA allografts introduces unique immunological challenges to characterizing the immune responses involved in acute rejection. Therefore, elucidating the mechanisms underlying graft rejection and identifying effective therapeutic interventions are important to improve outcomes in VCA recipients. In clinical practice, patients undergoing face and hand transplants typically receive anti-thymocyte globulin induction therapy, followed by maintenance immunosuppression primarily consisting of tacrolimus, prednisone, and mycophenolate mofetil (6, 7); rejection however occurs in the majority of patients because specific underlying effector pathways of graft rejection in VCA are inadequately understood.

To address this knowledge gap, we utilized a murine hind limb allotransplant model (8, 9) to construct a dynamic atlas mapping the immune cell populations involved in acute rejection. In this study, we deepen our understanding of the immune cell subsets in VCA rejection by utilizing high dimensional, multiplexed single-cell technologies. By creating a comprehensive immune atlas, we aim to elucidate the pathways involved in VCA rejection, ultimately paving the way for improved therapeutic interventions and enhanced patient outcomes.




2 Materials and Methods



2.1 Animals

C57BL/6 (H-2Kb) and BALB/c (H-2Kd) male mice (8–12 weeks of age, 18–24 g) were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice were housed in a temperature- and humidity-controlled environment with a 12-hour light-dark cycle under specific pathogen-free conditions and had free access to water and standard chow pellets. All experiments were conducted in accordance with the Stanford University Administrative Panel on Laboratory Animal Care which oversaw and approved all protocols (APLAC-31667).




2.2 Heterotopic vascularized composite allotransplantation

The details of our VCA model have been described previously (9). In brief, the donor hind limb was transplanted into the donor ipsilateral cervical area of C57BL/6 mice by anastomosing the donor femoral artery to the recipient common carotid artery and the donor femoral vein to the recipient external jugular vein. C57BL/6 mice were transplant recipients, and C57BL/6 and BALB/c mice were used as donors for syngeneic and allogeneic combinations, respectively. Samples of spleen and cervical draining lymph nodes were collected post-transplant days 1, 3, 5, and 7 (n =4–6 mice/group/day, Figure 1A). Rejection is characterized by a high degree of scarring and color change. As we have previously published (8), H&E sections from these transplanted animals demonstrated evidence of rejection by day 3, and tissue scarring and color change were present by day 5. Donor limb showed sparse inflammation in both allogeneic and syngeneic grafts on day 3, however allogeneic day 3 skin showed acute inflammation in contrast with syngeneic day 3 skin. The syngeneic day 5 limbs showed moderate degeneration and formation of dermal granulation tissue, which is associated with wound healing; however, allogeneic day 5 limbs were marked by acute inflammation and necrosis associated with rejection.




Figure 1 | Experimental design and high dimensional analysis on myeloid cells in the spleen. (A). Experimental design. This figure was created with BioRender.com. (B). UMAP visualization of eight myeloid cell clusters. (C). Heatmap showing that eight clusters were classified into cDC1, cDC2, pDC, classical monocytes, intermediated monocytes, patrolling monocytes, activated macrophages, and steady state macrophages according to the combination of representative surface markers. (D). Clusters 5, 6, and 7 are identified as classical monocytes, intermediated monocytes, and patrolling monocytes, respectively based on the variable expression of Ly6C, CCR2. (E). Pie charts showing the proportions of each cluster at three time points post-transplant. (F). Proportions of each cluster at three time points after transplant. The allogeneic group showed significant increases in patrolling monocytes on day 1 and classical monocytes on day 5 compared to the syngeneic group. **: P < 0.01 by Sidak’s multiple comparisons test.






2.3 Tissue processing

Immediately after harvest, spleen and lymph nodes were placed in Hank’s Balanced Salt Solution (HBSS) with 2% fetal bovine serum (FBS) on ice and gently dissociated into single-cell suspensions on a Corning® 70 µm cell strainer (Corning Inc., Corning, NY). After two Washes in HBSS with 2% FBS, cells were counted and cryopreserved at a concentration of 5 x 106 cells/ml in 10% dimethyl sulfoxide (DMSO) with FBS using a Mr. Frosty™ Freezing Container (Thermo Fisher Scientific, Waltham, MA) in a -80°C freezer and subsequently stored in liquid nitrogen (Figure 1A).




2.4 Sample preparation and staining of myeloid cells

Splenocytes were thawed, suspended in HBSS solution containing 2% FBS, washed twice, counted, and stained with 5µM Cell-ID™ Cisplatin (Fluidigm, South San Francisco, CA) as a live/dead cell indicator. Cells were fixed using Maxpar® Fix I Buffer (Fluidigm) and stained with TruStain FcX™ PLUS (anti-mouse CD16/32) antibodies (BioLegend, San Diego, CA). To isolate myeloid cells, negative selection was performed by magnetic separation using a EasySep™ Biotin Positive Selection Kit I (STEMCELL Technologies, Vancouver, Canada), targeting erythrocytes, lymphocytes, and other non-myeloid cells a with Lineage Cocktail (CD3, TCRβ, CD19, NKp46, TER119, and CD61 antibodies). Samples were barcoded with the Cell-ID™ 20-Plex Pd Barcoding Kit (Fluidigm), and all samples were combined into a single tube. The final antibody staining was conducted with a panel of metal-conjugated antibodies specific for cell surface proteins associated with myeloid cells and various activation or co-stimulatory targets (Table 1). After careful washing and recounting of the cells, the cells were stained with a DNA intercalator and incubated with 1.6% paraformaldehyde and Cell-ID™ Intercalator-Ir (Fluidigm) at 4° C overnight.


Table 1 | Myeloid panel antibodies for staining and CyTOF analysis.






2.5 Sample preparation and staining of T cells

Cells from spleen and lymph nodes were thawed and suspended in 200 µg/µL of DNase (Worthington Biochemical Corporation, Lakewood, NJ)-added complete RPMI, consisting of RPMI 1640 (Cytiva, Marlborough, MA) with 10% FBS, 1% penicillin-streptomycin (Gibco, Waltham, MA), 1% GlutaMX supplement (Gibco), and 1% HEPES (Gibco). After washing, the cells were counted, rested in complete RPMI without DNase for 30 minutes at 37° C in a 5% CO2 incubator. The samples were stimulated with 1x Cell Stimulation Cocktail (eBioscience, San Diego, CA), containing phorbol 12-myristate 13-acetate (PMA) and ionomycin, and 1x Protein Transport Inhibitor Cocktail (eBioscience), containing Brefeldin A and Monensin for five hours at 37° C in a 5% CO2 incubator. After the stimulation, cells were stained with 5µM Cell-ID™ Cisplatin for live/dead cell discrimination After fixation and permeabilization with eBioscience™ Foxp3/Transcription Factor Staining Buffer Set, the samples were barcoded with the Cell-ID™ 20-Plex Pd Barcoding Kit, and all samples were combined into a single tube. The combined sample was stained with TruStain FcX™ PLUS (anti-mouse CD16/32) antibody, followed by staining of membrane proteins with heavy metal-conjugated antibodies. After fixation and permeabilization, cells were stained for intracellular proteins with heavy metal-conjugated antibodies and incubated with 1.6% paraformaldehyde and Cell-ID™ Intercalator-Ir (Fluidigm) at 4°C overnight.




2.6 CyTOF and data analysis

Samples were analyzed on a Helios™ mass cytometer. After two washes, the samples were suspended in a 10% EQ Four Element Calibration Beads (Fluidigm) with Cell Acquisition Solution (Fluidigm). After running the samples, Flow Cytometry Standard (FCS) files were normalized, concatenated, and debarcoded using the Helios software. CellEngine (http://cellengine.com) was used to identify target lymphocytes as follows (8, 10). Briefly, cellular events were identified using a DNA-intercalator dye (191-iridium and 193-iridium double positive). Singlets were extracted from all cellular events based on event length, and live cells were extracted from singlets based on cisplatin staining (195-cisplatin negative). Live cells were extracted from CellEngine for the myeloid panel and live CD3+ cells for the T cell panel as new.fsc files and imported into RStudio (v4.3.3) for further analysis. We utilized an R-based CyTOF analysis workflow (11). Markers used for clustering were chosen based on prior knowledge combined with a non-redundancy score that ranks markers by their contribution to between-sample variability (11). For analysis of myeloid cells, we first classified the cells into 12 clusters and removed non-myeloid cells, such as T cells, B cells, NK cells, granulocytes, and then re-classified the remaining cells into 8 populations. For analysis of T cells, the cells were classified into 18 populations. Median marker expressions of clusters were visualized with heatmaps, and uniform manifold approximation and projection (UMAP) was used for dimensionality reduction and visualization of clusters.




2.7 Statistical analysis

Differences among experimental and control groups were analyzed using two-way analysis of variance (ANOVA), followed by Sidak’s multiple comparisons test to assess inter-group differences at each time point. P<0.05 was considered statistically significant (*: P<0.05, **: P<0.01, ***: P<0.001, ****: P<0.0001). All statistical analyses were performed with Prism 10 (Graph Pad Software, Inc., San Diego, CA) and R 4.3.3 (https://cran.r-project.org/).





3 Results



3.1 Patrolling monocytes and Ly6ChiCCR2hiCX3CR1low classical monocytes are increased early post-transplant in the spleen of allogeneic VCA recipients

We previously demonstrated that VCA is characterized by the early emergence of an Ly6Chi/CD62L+ inflammatory monocyte population and CD8+granzyme B+ T cell subset in the periphery of allograft recipients (8), suggesting rapid and vigorous innate and adaptive immune cell collaboration. To create a comprehensive and dynamic immune atlas of acute rejection in VCA (BALB/c limb onto C57BL/6 recipient), we performed deep immune phenotyping of myeloid and T cell populations in spleen and lymph nodes on days 1, 3, and 5 post-transplant using custom antibody panels and mass cytometry (Figure 1A).

Splenocytes were collected and stained with a panel of 45 antibodies to resolve myeloid cell subsets. Using uniform manifold approximation and projection (UMAP), we identified eight cell clusters that encompass the major myeloid populations (Figure 1B). As shown in the heatmap (Figure 1C), these eight clusters were classified according to the combination of representative surface markers. Cluster 1, distinguished by CD11c+XCR1hiCD11b-MHCII+, represents conventional dendritic cells 1 (cDC1), while Cluster 4 expressing CD11c+XCR1lowCD11b+MHCII+ is classified as conventional dendritic cells 2 (cDC2). Cluster 2 is distinguished by low expression of CD11c, high expression of PDCA1 and B220, and represents plasmacytoid dendritic cell (pDC). Clusters 3 and 8 are consistent with macrophages, demonstrating high expression of CD11b and F4/80 and the absence of Ly6C. Cluster 3 are activated macrophages based on expression of FcγR IVhi and PD-L1+, while Cluster 8, which lacks FcγR IV and PD-L1, are steady state macrophages. Clusters 5, 6, and 7 are monocytes with variable Ly6C expression (Figure 1D) and are further classified as classical monocytes, intermediate monocytes, and patrolling monocytes, respectively based on the expression of Ly6C, CCR2, and CX3CR1 (Figure 1C) (12–14). Among the three clusters of monocytes, cluster 5 showed the highest expression of Ly6C and CCR2, while cluster 7 had the lowest expression of Ly6C and CCR2, and cluster 6 had intermediate levels of CCR2 and Ly6C (Figure 1D). In addition, cluster 5 expressed the lowest level of CX3XR1 (Figure 1C). The proportions of each cluster in the spleen at three time points post-transplant are summarized in Figures 1E, F. On day 1 post-transplant, patrolling monocytes (cluster 7) and steady state macrophage (cluster 8) were the predominant myeloid populations in the spleen. Patrolling monocytes (cluster 7) were significantly (P=0.002) increased in the allogeneic group as compared to the syngeneic group on day 1. There were small, transient increases of cDC1 (cluster 1) on day 3 and small increases of pDC (cluster 2) on day 3 and 5 post-transplant but these changes did not significantly differ between the syngeneic and allogeneic groups. Similarly, there were increases in activated macrophages on day 5 (cluster 3) and sustained increases of steady state macrophages beginning on day 1 (cluster 8) but there were no significant differences between the syngeneic and allogeneic groups (Figure 1F). Classical monocytes (cluster 5), which were scarce on day 1 post-transplant, increased on day 3 and were significantly (P=0.003) elevated in the spleens of the allogeneic group as compared to the syngeneic group on day 5. Give that classical monocytes can give rise to intermediate monocytes, the late increase of intermediate monocytes (cluster 6) on day 5 in the syngeneic group suggests they may have transitioned from the syngeneic classical monocytes that were transiently increased on day 3.

Overall, these data indicate that patrolling monocytes are the predominant myeloid population in the spleen early post-transplant and are replaced by classical monocytes with significant increases in allogeneic recipients.




3.2 CD8+CD25hiCCR7low effector/effector memory T cells are increased in the spleen of VCA recipients

To achieve a parallel, high dimensional analysis of the T cell response associated with rejection of VCA allografts, splenocytes from groups of syngeneic and allogeneic recipients (Figure 1A) were stimulated with PMA/ionomycin for five hours, stained with a panel of antibodies and then analyzed by mass cytometry to assess the expression of 18 surface and 9 intracellular proteins (Table 2). Murine T cells are most commonly categorized on the basis of the expression of CD44, CD62L, and CCR7, and described as naïve T cell (Tnaïve, CD44lowCCR7hi), Teff/Tem (CD44hiCD62Llow), central memory T cell (CD44hiCD62Lhi), and regulatory CD4+ T cell (Treg, CD4+Foxp3hi).


Table 2 | T cell panel antibodies for staining and CyTOF analysis.



After gating on live CD3+ cells, a UMAP of 18 clusters was generated (Figure 2A), including Treg, CD4+/CD8+ Tnaïve, CD4+ and CD8+ Teff/Tem, CD8+CD62L+ T cells, and double negative (DN) T cells (Figure 2B). CD4+ T cells are represented in clusters 1–8, CD8+ T cells in clusters 9–15, and DN T cells in clusters 16–18. Clusters 1–3 represent Foxp3+ Tregs with differential expression levels of CD25 and CCR7. Clusters 4–6 are CD4+ CD44hiCD62LlowTeff/Tem distinguished primarily by CD25 and CCR7 expression, with cluster 5 having higher IFN-γ expression than the other CD4+ Teff/Tem, while cluster 6 has lower IL-2 expression (Figure 2B). CD8+CD62L+ T cells were identified in cluster 9. CD8+ Teff/Tem were classified into five clusters (clusters 10, 12–15), marked by higher expression of IFN-γ than found in the other clusters. IFN-γ strongly promotes innate and inflammatory responses and is associated with graft rejection (15–17). In particular, CD8+CD25hiCCR7low Teff/Tem (cluster 10) exhibited the highest expression of IFN-γ, and perforin compared to the other CD8+ Teff/Tem and was further distinguished from other effector T cell populations by increased granzyme B expression suggesting it has potent cytotoxic function (Figures 2B, C).




Figure 2 | High dimensional analysis on T cells in the spleen. (A) UMAP visualization of T cells classified into 18 clusters. (B) Left, heatmap showing the expressions of surface markers in Treg, CD4+/CD8+ Tnaïve, CD4+ and CD8+ Teff/Tem, CD8+CD62L+ T cells, and DN T cells. Right, heatmap demonstrating their expressions of cytokines, perforin, and granzyme B (C) Left, UMAP visualization of Granzyme B expression. Right, CD8+CD25hiCCR7low Teff/Tem (cluster 10) are distinguished from other effector T cell populations by increased Granzyme B expression.



To assess the dynamics of T cell populations during the post-transplant period we analyzed longitudinal changes in the proportion of T cell clusters in the spleen (Figures 3A, B). On day 1 post-transplant, DN TCRβ- T cells (cluster 18) were significantly increased in the allogeneic group (P<0.001). By day 3, the predominant CD8+ T cell populations were CD8+ Teff/Tem (cluster 12) and CD8+CD62L+ T cells (cluster 9), with these populations significantly more abundant in the allogeneic group compared to the syngeneic group (P=0.003 and P=0.005, respectively).




Figure 3 | Dynamic changes of T-cell clusters in the spleen following VCA. (A). Proportions of each cluster in each sample at four time points following transplant. (B). Bar graphs showing the proportions of the seven clusters at four time points post-transplant. Allogeneic recipients exhibited the early expansion of DN TCRβ- T cells (cluster 18) followed by CD8+ Teff/Tem (cluster 12) and CD8+CD62L+ T cells (cluster 9). Three distinct CD4+/CD8+ Teff/Tem clusters (clusters 6, 4, and 10) were increased on day 5 in allograft recipients, and the increase of CD8+CD25hiCCR7low Teff/Tem (cluster 10) in allograft recipients persisted through day 7 and was accompanied by marked expansion of CD8+CD25lowCCR7low Teff/Tem (cluster 15). *: P < 0.05, **: P < 0.01, ***: P < 0.001, ****: P < 0.0001 by Sidak’s multiple comparisons test.



In contrast, we noted subsequent increases in three distinct CD4+/CD8+ Teff/Tem clusters beginning on day 5 (clusters 6, 4, and 10) that were significantly increased in allograft recipients (P<0.001, P<0.001, P=0.006, respectively). Increases in CD8+CD25hiCCR7low Teff/Tem (cluster 10) in allograft recipients persisted through day 7 (P<0.001) and were accompanied by marked expansion of CD8+CD25lowCCR7low Teff/Tem (cluster 15) in the allogeneic group (P=0.001). T cells in cluster 15 showed lower expression of CD25, IFN-γ, perforin, and granzyme B compared to CD8+CD25hiCCR7low Teff/Tem (cluster 10) (Figure 2B), suggesting that CD8+CD25hiCCR7low Teff/Tem (cluster 10) transitioned to CD8+CD25lowCCR7low Teff/Tem (cluster 15).

Together these data indicate that VCA is characterized by a very early expansion of DN T cells in the spleen followed by a rapid increase in two populations of CD8+ T cells, one Teff/Tem population expressing IFN-γ, perforin and another, CD8+CD62L+ population expressing IFN-γ, TNF-α, and perforin. The most potent effector cell emerges in allograft recipients on day 5, peaks on day 7, and is CD8+CD27+CD28+CD25+, expressing high IFN-γ, perforin, and granzyme B. The CD4+ T cell response is slightly delayed by comparison and is marked by two CD4+CD28+CCR7+CD40L+TNF-α+ Teff/Tem populations that peak on day 5 and differ by CD25, CTLA-4, and IL-2 expression. Thus, the T cell response in VCA is rapid, dynamic, and dominated by CD8+ T cells.




3.3 IL-17 expressing double negative T cells emerge in allogeneic recipient lymph nodes very early after transplant

To detect potential differences between systemic and local immune response, and to compare the response to VCA in different lymphoid tissues, single-cell suspensions were prepared from the draining lymph nodes on days 1, 3, 5, and 7 post-transplant and stimulated with PMA/ionomycin as described above. After gating on live CD3+ cells, a UMAP was generated for 18 populations (Figure 4A). As shown in Figure 4B, eight clusters of CD4+ T cells, consisting of naive cells (clusters 4, 8), effector/memory (clusters 5–7), and regulatory T cells (clusters 1–3) are indicated on the heatmap while five clusters of CD8+ T cells, including naive cells (clusters 11–13) and effector/memory cells (clusters 9, 10) were identified. The predominant population in the lymph nodes were CD8+CD25lowCCR7low Tem (cluster 10) which showed high expression of IFN-γ and perforin and was significantly increased in recipients of allografts on day 7 post-transplant (P=0.001, Figures 4C, D).




Figure 4 | High dimensional analysis on T cells in the draining lymph nodes. (A). UMAP visualization of T cells classified into 18 clusters. (B). Left, heatmap showing the expressions of surface markers in Treg, CD4+/CD8+ Tnaïve, CD4+ and CD8+ Teff/Tem, CD8+CD62L+ T cells, and DN T cells. Right, heatmap demonstrating their expressions of cytokines, perforin, and granzyme B, (C). Proportions of each cluster in each sample at four time points post-transplant. The predominant population in the lymph nodes were CD8+CD25lowCCR7low Tem (cluster 10). (D). The allogeneic group showed significant increases in DN TCRβ- T cells (cluster 16) on day 1 and CD8+CD25lowCCR7low Tem (cluster 10) on day 7 compared to the syngeneic group. **: P < 0.01, ****: P < 0.0001 by Sidak’s multiple comparisons test. (E). Additional experiments presented that cluster 16 corresponded to TCRγδ+IL17A+, cluster 17 to TCRγδ-IL17A-, and cluster 18 to TCRγδ+IL17A- cells.



In addition, five distinct clusters of DN T cells were identified (clusters 14–18), amongst which clusters 16–18 were characterized by TCRβ- populations (Figure 4B). Cluster 16 (CD44hiCCR6hiCCR7lowCD27-) represented the largest proportion of the DN TCRβ- T cells (Figures 4A, C). To further investigate DN TCRβ-T cells, we analyzed the draining lymph nodes on day 1 post-transplant by incorporating an anti-TCRγδ antibody in our CyTOF panel. By comparing the expression of IL-17A, CD44, CD27, CCR6, and CCR7 in Figure 4B with their respective expression in Figure 4E, we determined that cluster 16 corresponded to TCRγδ+IL17A+, cluster 17 to TCRγδ-IL17A-, and cluster 18 to TCRγδ+IL17A- cells (Figure 4E). Cluster 16 (DN TCRβ-IL-17A+ T cells) showed a significant increase on day 1 in draining lymph nodes of the allogeneic group compared to the syngeneic group (P<0.001, Figure 4D). This finding suggests that IL-17A-expressing γδ T cells may initiate a rapid alloimmune response in recipients of VCA.





4 Discussion

The clinical success of VCA has been hampered by the high incidence of acute rejection despite the use of intensive immunosuppressive regimens. Thus, it is important to develop more specific immunomodulatory approaches based on an improved mechanistic understanding of the immune response to composite tissue grafts. To elucidate the specific cell types responsible for initiating and mediating acute graft rejection in a murine hind limb model of VCA, we applied high-dimensional CyTOF analysis. This comprehensive approach enabled us to identify immune cell populations associated with graft rejection and create a temporal map of the immune response following VCA (Figure 5). Very early after transplant, DN TCRβ- T cells were significantly increased in both the spleen and draining lymph nodes of allogeneic recipients, and patrolling monocytes were prevalent in the spleen of allogeneic recipients. Subsequently, CD8+CD62L+ T cells and CD8+ Teff/Tem were significantly increased in the spleen of allogeneic recipients compared to syngeneic recipients, followed by significant increases in classical monocytes, CD4+ Teff/Tem, and CD8+ Teff/Tem in the spleens of allogeneic recipients. Thereafter, CD8+ Teff/Tem with the highest expression of IFN-γ, perforin, and granzyme B were significantly increased.




Figure 5 | Summary of the cell populations associated with rejection in VCA allografts. In the very early post-transplant period, DN TCRβ- T cells, including IL-17A+ γδ T cells, were significantly elevated in the spleen and draining lymph nodes of allogeneic recipients, and patrolling monocytes were abundant in the allogeneic spleen. Subsequently, CD8+CD62L+ T cells and CD8+ Teff/Tem cells were significantly increased in the spleens of allogeneic recipients compared to syngeneic recipients, followed by significant increases in classical monocytes, CD4+ Teff/Tem cells, and CD8+ Teff/Tem cells in the allogeneic spleen. Thereafter, CD8+ Teff/Tem cells expressing the highest levels of IFN-γ, perforin, and granzyme B became significantly more prevalent in the allogeneic spleen than in the syngeneic spleen. This figure was created with BioRender.com.



To date, experimental research in animal models of VCA has mainly focused on evaluating the efficacy of immunosuppressive therapies. Studies utilizing anti-CD4, anti-CD8, and anti-CD40L antibodies as key components of immunosuppressive strategies have demonstrated graft survival of 67 days (18) and over 200 days (19) post-transplantation in mice. Additionally, a combination of anti-CD45RB antibody and rapamycin has been shown to extend graft survival to 100 days (20). These findings indicate that robust systemic immunosuppressive regimens can lead to prolonged graft survival in mouse models. In contrast, several studies have explored the use of both systemic and localized immunosuppressive therapies. One study reported graft survival exceeding 300 days using microparticles containing TGF-β1, IL-2, and rapamycin as a drug delivery system, combined with systemic immunosuppression with tacrolimus and antilymphocyte serum (21). Fisher et al. achieved more than 200 days of graft survival with a regimen of tacrolimus, antilymphocyte serum, and microparticles containing CCL22 (22). These findings underscore the potential efficacy of localized immunosuppressive strategies, which are particularly applicable to VCA. We found an early increase in DN TCRβ- T cells, followed by an increase in CD8+ Teff/Tem in the draining lymph nodes, and in the spleen, suggesting that the regulation of local immune responses may be important in VCA. In addition, given that immunosuppressive strategies both in experimental models (18–20) and clinical practice (6, 7, 23) have focused on controlling conventional T cells, our findings are important because they showed that IL-17A-producing γδ T cells and classical monocytes increase very early after transplantation and are not specifically targeted by current immunosuppressive regimens. While there may be interactions between γδ T cells and classical monocytes, it is also possible that they are involved independently. Further investigation will be necessary to clarify their roles and elucidate the mechanisms of rejection in VCA.

Of interest, DN TCRβ- T cells exhibited a specific increase in allogeneic recipients very early after transplantation. Our results suggest that IL-17A+ DN T cells present in the lymph node are a subset of γδ T cells. Various γδ T cell subsets, including Vγ 1, 4, 5, 6, and 7, have been reported (24). Among these, the murine Vγ4 subset, characterized by IL-17A+CD44+CCR6+ expression, is known to localize to lymph nodes (24). The phenotype of the DN T cells were identified in the lymph nodes of VCA recipients (IL-17A+CD44hiCCR6hiCD27-), align with those of the Vγ4 subset. IL-17A+ γδ T cells are recognized for their role in the early stages of the inflammatory response (25). Our studies show that γδ T cells may be a sentinel T cell in VCA. Indeed, IL-17A is a key mediator of tissue inflammation in various autoimmune diseases and transplantation. A direct role for γδ T cells in T-cell mediated rejection has been demonstrated in a murine model of heart transplantation. This role is primarily associated with their production of IL-17A, which accelerates rejection by inhibiting Treg expansion (26). Furthermore, studies using a murine model of skin transplant showed that IL-17A-producing γδ T cells may contribute to the accumulation of mature DCs in draining lymph nodes (27), thereby regulating the function of αβ T cells and facilitating the cross-priming of CD8+ T cells (27, 28). These mechanisms may also be relevant to the pathogenesis of rejection in VCA.

Focusing on myeloid cells, we identified monocyte dynamics associated with VCA rejection. Monocytes represent a heterogeneous population of immune cells involved in a range of inflammatory processes (29–31). Patrolling monocytes are present in both homeostatic and inflamed tissues and perform a specialized form of immune homeostasis. They initiate acute inflammatory responses and contribute to tissue remodeling, partly through their ability to engage in extensive intravascular crawling or patrolling, which allows them to rapidly respond to inflammatory stimuli (32, 33). Classical monocytes, on the other hand, are typically recruited from the circulation to inflammatory sites, in many cases via their high expression of CCR2, where they produce inflammatory cytokines and differentiate into proinflammatory macrophages (34). This study demonstrated a significant increase in patrolling monocytes very early post-transplant, followed by an expansion of classical monocytes in allogeneic recipients, suggesting that patrolling monocytes were involved in the early response to alloantigen, with the majority subsequently being replaced by classical monocytes. Furthermore, in unpublished studies we have demonstrated that the absence of CCR2 contributes to significantly improved allograft survival. Consequently, Ly6ChiCCR2hiCX3CR1low classical monocytes were significantly associated with allograft rejection in VCA.

While DN TCRβ- T cells were the earliest T cells shown to expand in allograft recipients, there were subsequent increases in CD8+CD62L+ T cells and CD8+ Teff/Tem in the spleens of allogeneic recipients. CD8+CD62L+ T cells are likely to differentiate into central memory T cells due to their high expression of CD62L (35). CD8+ Teff/Tem which increased along with CD8+CD62L+ T cells expressed relatively low levels of cytokines, whereas CD8+CD25hiCCR7low Teff/Tem, which were significantly increased in allogeneic recipients later, showed the highest expression of IFN-γ, perforin, and granzyme B. Additionally, CD4+ Teff/Tem showed a significant increase in allogeneic recipients at the timing when CD8+CD25hiCCR7low Teff/Tem began to increase. These findings suggest that CD8+ Teff/Tem with low cytokine expression increased early after transplantation, while more cytotoxic CD8+ Teff/Tem expanded later, likely with the assistance of CD4+ Teff/Tem.

While CyTOF is a highly powerful tool for high-dimensional single-cell analysis, it does have certain limitations (36, 37). For example, issues related to antibody specificity and sensitivity may arise, potentially affecting the accuracy of marker detection. In addition, data drop-outs—where low-abundance proteins may not be consistently detected—and clustering biases introduced during computational analysis can influence the interpretation of cellular subsets and differentiation trajectories. Moreover, CyTOF is based on single-cell suspensions and therefore inherently lacks spatial context. For understanding critical spatial relationships between immune cells and tissue architecture, such as graft infiltration and immune cell localization, complementary technologies like spatial transcriptomics and imaging mass cytometry can be highly valuable (38–40). The combined use of CyTOF with these spatial approaches has the potential to yield more effective and comprehensive analytical results.

In conclusion, the comprehensive approach using CyTOF enabled us to identify unexpected immune cell populations associated with rejection in VCA. Therapeutics that specifically target IL-17A-producing γδ T cells and classical monocytes may be particularly effective in controlling rejection in VCA recipients.
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