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Vascularized composite allotransplantation (VCA) is the transplantation of multiple tissues such as skin, muscle, bone, nerve, and vessels, as a functional unit (i.e., hand or face) to patients suffering from major tissue trauma and functional deficits. Though the surgical feasibility has been optimized, issues regarding graft rejection remains. VCA rejection involves a diverse population of cells but is primarily driven by both donor and recipient lymphocytes, antigen-presenting cells, macrophages, and other immune as well as donor-derived cells. In addition, it is commonly understood that different tissues within VCA, such as the skin, elicits a stronger rejection response. Currently, VCA recipients are required to follow potent and lifelong immunosuppressing regimens to maximize graft survival. This puts patients at risk for malignancies, opportunistic infections, and cancers, thereby posing a need for less perilous methods of inducing graft tolerance. This review will provide an overview of cell populations and mechanisms, specific tissue involved in VCA rejection, as well as an updated scope of current methods of tolerance induction.
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Introduction

Trauma, burns, tumor removals, and congenital malformations can result in large volumetric soft tissue loss and present several clinical challenges. Patients have compromised quality of life, functional deficits, and, in some cases, permanent disability (1, 2). Such conditions necessitate complex surgical reconstruction. Current autologous approaches entail using local tissue rearrangements, flap transfers, and grafts; however, these options are limited by donor tissue availability, donor site morbidity, and the need for multiple surgical interventions (3). Functional and esthetic restoration can also be limited with such approaches. Vascularized composite allotransplantation (VCA) is an emerging reconstructive option that entails transplanting multiple, heterogenous tissues (e.g., skin, nerve, muscle, bone, vessels) as a functional, composite unit from donor to recipient. VCA holds strong promise for patients with severe defects and advanced reconstructive needs not amenable with standard reconstruction. Along with esthetic restoration, VCA also offers potential for restoration of functional, sensory tissues necessary for adapting and reintegrating transplanted tissues for functional use in recipients. Examples of complex tissues include face, extremities (e.g., hand, leg), genitourinary tissues, and trachea among many others (4). Despite its potential, VCA has multiple challenges that prevent its widespread clinical use.

A longstanding challenge for functional restoration of VCA grafts is reinnervation. While nerve repair and coaptation is a major requirement of VCA to enable functionalization of tissues dependent on motor and sensory function, it has also been found to promote immuno-inflammation post-transplantation (4, 5). Hence, potential avenues for adjunct treatments to address this neuroinflammatory challenge in VCA are of interest. For example, the commonly employed immunosuppressant tacrolimus has demonstrated beneficial neuroprotective effects (5). Further, composite grafts are more complex given the multi-tissue composition with varying immunogenic profiles between the different tissue types. With the varying functions and forms of these tissue types, the alloimmune responses have different presentations and levels of rejection that can be difficult to address (2, 6, 7). To mitigate rejection and ensure survival and maximal tolerance of VCA grafts, potent and long-term immunosuppression regimens are needed. These regimens are modeled after those used in solid organ transplants (SOTs) and are not tailored for the complexity of VCA grafts (8). These drugs, however, can have severe and potentially life-threatening side effects for patients including increased risk of opportunistic infections, malignancies, organ toxicity and dysfunction, and reinnervation challenges that can impact grafts’ functionality (6, 8, 9). To address these shortcomings, devising methods for regulating immunogenic responses and inducing immune tolerance can significantly advance the clinical implications of VCA. With this context, tolerance induction and reducing the intensity of immunosuppressive protocols and mitigating graft rejection have become increasingly active areas of investigation.

Herein, the present review will focus on the current understanding of acute and chronic rejection mechanisms in VCA, the immunogenicity of composite grafts, and how different immune cell populations contribute to VCA rejection. Methods and current progress on tolerance induction for VCA are also reviewed. Experimental animal models ranging from both small and large animals are discussed throughout for how they are used to examine the different types of immunosuppressive protocols, their technical feasibility, and potential tolerance induction methods (10). The pertinent next steps in the field from both scientific and clinical perspectives and implications for clinical translatability are also discussed.



VCA rejection

Similar to SOT, graft rejection in VCA is a significant concern. However, no non-invasive/systematic assays are available for the monitoring of cell markers that indicate VCA graft rejection (11). Fortunately, VCAs have the advantage of direct observation of the graft, allowing for easier identification of rejection. For clinical purposes, VCA rejection has been categorized into acute (occurring between days to months following the transplant) and chronic rejection (which can occur years after the transplant). Currently, acute rejection is more commonly reported, with an incidence rate of over 89%, compared to an incidence rate of 11% in chronic rejection of face and upper extremity transplant patients (12–14). It is unclear why acute rejection has a higher incidence rate in VCA than in SOT, but it has been hypothesized that it may be partly due to easier identification of rejection in VCA through visual monitoring (12). Though most episodes of acute rejection are reversible with prompt treatment, the number of acute rejection occurrences within a patient may predict or even contribute to the onset of chronic rejection and graft loss (15).


Acute rejection

Acute rejection occurs days or months following the transplant procedure, when an intense and rapid but typically reversible immune response is triggered against the transplanted tissue. This process predominantly involves cell-mediated rejection, which occurs through cytotoxic cells such as T cells. Therefore, current clinical immunosuppression regimens such as tacrolimus, steroids, and mycophenolate mofetil (MMF) predominantly target T cells (16). In addition, donor-specific antibodies (DSA) produced by plasma cells can also direct immune cells to attack the graft, and this is known as antibody-mediated rejection (AMR) (3). A Banff classification of AMR in kidney transplantation was defined in 2011, but no diagnostic criteria exist for VCA (17). Studies have proposed non-invasive biomarkers of rejection such as matrix metalloproteinase 3 (MMP3), CCL18, and CD1. Proteins of the MMP family are involved in the breakdown of extracellular matrix (18). MMP3 has been found to increase in levels following transplantation and peak during severe rejection of face and upper extremity, skin-containing VCA recipients, suggesting association between metallopeptidase activity and severe acute rejection (19–21). In addition, skin biopsies from bilateral limb transplantation show that antigen-presenting cells (APCs) expressing the chemokine CCL18, which binds to the CCR8 receptor, can recruit more T cells to the skin graft, resulting in accelerated skin rejection (22). Despite the need for further evidence, these biomarkers hold potential as candidates for non-invasive diagnostics in acute rejection of VCA.

The current standard monitoring and diagnostic for acute VCA rejection includes a visual inspection as well as skin biopsies. Older practices involved using additional distant transplants of the donor skin for monitoring and biopsy purposes (23). It was later observed that such non-vascularized grafts lost their monitoring potential over time due to differences in cell trafficking and immune responses as a result of different vasculature. As such, vascularized sentinel flaps placed in discreet locations such as the chest and the groin have been utilized instead (24). Upon visual examination, acute rejection is characterized by redness, maculopapular rash, edema, induration, lesion, and/or oral ulceration (12, 25). Since the clinical appearance of early rejection is not entirely specific and highly subjective, a skin biopsy is obtained and evaluated histologically using the Banff classification of skin rejection established in 2007 (26). The Banff classification characterizes the degree of rejection in terms of localization and intensity of the inflammatory infiltrate and presence of target cell injury (25). Five grades of rejection severity are defined using features including inflammatory cell infiltration with the involvement of epidermis and/or adnexal structures, epithelial apoptosis, dyskeratosis, and necrosis (Table 1) (27).


TABLE 1 The Banff 2007 working classification of skin-containing VCA pathology (27).
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Chronic rejection

Chronic rejection is the process of progressive loss of function in the graft, mediated by immune and potentially non-immune mechanisms (23, 27). It is typically irreversible and results in the gradual loss of function as well as accelerated aging of the graft (3).

The monitoring and diagnosis of chronic rejection is poorly defined due to the lack of understanding of chronic rejection as well as low incidences of chronic rejection at the moment. Neither the 2007 Banff classification of skin rejection nor the 2011 Banff classification of AMR in kidney transplantation include characteristics of chronic rejection in VCA (17, 27). There have been efforts to establish a definition of chronic rejection in VCA patients between the American Society of Reconstructive Transplantation and the International Society of Vascularized Composite Allotransplantation since 2018, but a specific diagnostic system has yet to be established (28). Despite the lack of standardized characteristics, there have been documented histologic and clinical features of chronic rejection including vascular narrowing, loss of adnexa, skin and muscle atrophy, fibrosis of deep tissue, myointimal proliferation of vessels, and nail changes (27). In general, graft vasculopathy seems to be a hallmark of chronic rejection in VCA (29). It is characterized by concentric vascular narrowing with intimal hyperplasia and adventitial scarring, ultimately resulting in necrosis of the graft (29, 30). Interestingly, studies have found isolated damage to skin or vascular structures (28). As such, it is hypothesized that there may be two phenotypes of chronic rejection, one that involves chronic immune-mediated arteriosclerotic change of the vasculature, and one that involves cellular rejection mechanisms and predominantly affects the skin (3).

Though limited, there have been studies in animal models such as rats and non-human primates, where chronic rejection was induced by periodically discontinuing or completely weaning animals from the immunosuppression treatment. An orthotopic hindlimb transplant model of VCA in rats was used in a study conducted by Unadkat et al. in 2010 to study the effects of multiple acute rejection episodes, each completely reversed with a combination treatment of cyclosporine (CsA) and dexamethasone. Results at postoperative day (POD) 90 showed that animals that went through repeated acute rejection demonstrated significant vascular lesions along with skin and muscle atrophy, upregulation of profibrotic gene expression, and fibrosis when compared to animals that did not go through acute rejection. Muscle atrophy with macrophage infiltration was seen after a few acute rejection episodes, with vasculopathy observed later. In addition, allograft bone was noted to be sclerotic and weak. This study demonstrated the first evidence of composite tissue vasculopathy and degeneration (CTVD) in VCA (15). A more recent study conducted by Puscz et al. in 2020 applied a rat allogeneic hindlimb transplant model used to study chronic rejection in solid organ transplants to imitate chronic rejection in VCA and identify potential markers (30). Rats were treated with immunosuppression only in case of acute skin rejection. This study was able to induce and detect significant intimal proliferation. In addition to allograft vasculopathy, the results also showed migration of immunological cells such as CD4+ and CD68+ cells, which are known to be major participants in the tissue remodeling processes during chronic rejection. This study also identified CXC ligands 9–11 as potential markers of chronic rejection through microarray analysis and subsequent qPCR (28). Elevated levels of CXCL11 was found in chronically rejected human face allografts (31), urinary CXCL9 and 10 were identified as potential biomarkers for subclinical rejection in kidney transplants (32), and CXCL9 was associated with rejection of liver allografts as well (33). Therefore, CXCL9, 10, and 11 may serve as potential biomarkers for chronic rejection in VCA. Despite many proposed hypotheses, there are still many uncertainties regarding the cellular mechanisms of chronic rejection in VCA, which require further evidence.

Acute and chronic rejections in VCA present formidable challenges in maintaining graft survival. The occurrence of acute and chronic rejection in VCA can vary based on several factors, though acute rejection is generally more common and tends to occur earlier in the post-transplant period compared to chronic rejection. Currently, acute rejection demands immediate attention and robust immunosuppressive interventions to prevent irreversible damage. Chronic rejection, with its insidious nature, necessitates a long-term perspective, focusing on sustained graft function and minimizing the impact of vasculopathy and fibrosis. As the work in exploring the immunogenicity of VCA progresses, understanding the cellular mechanisms in graft rejection can give valuable insight in how to effectively mitigate rejection.




Cellular mechanism of acute rejection

The strongest immune system activation occurs early following transplantation. The transplant procedure will result in a combination of ischemic injury that triggers innate immunity as well as the presentation of donor antigens by APCs to recipient T cells in the lymphoid organs, activating adaptive immunity (12). Though predominantly orchestrated by T-cell subpopulations, other cell types such as endothelial cells (ECs), B cells, and natural killer (NK) cells, have been shown to be involved in the process of acute graft rejection as well (3).


T cells

T cells are a major component of adaptive cell-mediated immunity and the main cell population involved in VCA rejection. They express highly organized molecular complexes divided into the central, peripheral, and distal regions on the cell surface to aid their functions. The central region contains the T-cell receptor (TCR) complex, co-stimulatory, and co-inhibitory molecules, which are the primary and secondary activation signals. The peripheral region is composed of adhesion molecules LFA-1-ICAM-1 and CD2-LFA-3, which support the binding between cells. The distal zone contains F-actin and phosphatase CD45 (34). There are two main subpopulations of T cells based on the glycoprotein expressed on their respective TCR: CD8+ cytotoxic T lymphocytes (CTL) and CD4+ T-helper (Th) cells.



T-cell activation

Both CD4+ and CD8+ T cells were noted to be present in rejected skin grafts as early as 1982. Overall, CD8+ T cells were more abundant in the epidermis and hair follicles, while CD4+ T cells were predominantly found in the graft dermis and graft bed (35). It was proposed that rejection can occur through a direct pathway of epithelial injury mediated by CD8+ CTLs, or an indirect pathway of T-cell-mediated endothelial microvascular injury (35). Antigen recognition can occur directly and indirectly as well. In the direct pathway of antigen recognition, CD4+ and CD8+ T cells recognize intact major histocompatibility complex (MHC) class II and class I alloantigen, respectively on the donor APCs (36). This concept has led to the passenger leukocyte theory, which proposes that allograft rejection is triggered by direct pathway recognition of donor dendritic cells (DC) that migrated from the allograft to host secondary lymphoid tissue (36). The indirect pathway is the conventional mechanism of presenting bacterial/virus antigens, where dendritic cells acquire a foreign antigen through endocytosis and process it into peptide fragments. The fragments are then presented on their cell surface as MHC molecules (36). The T cells will bind via the TCR and recognize the antigen as non-self, resulting in an MHC mismatch, and subsequently, a signaling cascade to activate three essential transcription factors: NFAT, AP-1, and NF-κB (34). In addition, it has been demonstrated that intact antigen could also be transferred between different cell types, suggesting the possibility of a semi-direct pathway where the direct pathway of T-cell recognition may occur in recipient dendritic cells (37) (Figure 1).
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FIGURE 1
Pathways of T-cell allorecognition. (A) In direct pathway, MHC class I and II alloantigen is recognized as intact proteins on the surface of donor APC by CD4+ or CD8+ recipient T cells. (B) In a semi-direct pathway, MHC alloantigen is acquired by recipient APC, but presented as an intact protein. (C) In indirect pathway, MHC alloantigen is acquired by recipient APC and presented as peptide fragments.


T cells express co-signaling receptors that, upon binding, are not able to activate T cells on their own but can significantly amplify or reduce the signaling induced by the TCR complex. They are strictly regulated due to their role in directing T-cell activation, expansion, and differentiation and ultimately T-cell fate. A co-stimulatory molecule is also required for T-cell activation. Upon activation, T cells begin proliferation, differentiation, as well as expansion of the differentiated T-cell population. Co-stimulatory molecules display great diversity in expression, structure, and function, with the most well described being CD28. It is constitutively expressed in both CD4+ and CD8+ T cells and binds to ligand B7-1 and B7-2, which is expressed on activated APCs (38). A number of co-stimulatory receptors including ICOS, CD226, OX-40, 401BB, and GITR have been identified to date (39). In contrast, co-inhibitory molecules control and contract the expanded T-cell population, thereby maintaining balance between tolerance and immunity. There are multiple co-inhibitory receptors including CTLA-4, programmed death-1 (PD-1), TIM-3, TIGIT, and LAG-3. These receptors play a critical role in the regulation of T-cell function. Regulatory T (Treg) cells typically express CTLA-1 and PD-1, which promote the suppressive functions of Treg cells (39). CTLA-4, or cytotoxic T lymphocyte-associated antigen-4, is structurally similar to CD28 and bind to the same ligands, B7-1 and B7-2, but with much higher affinity. This allows CTLA-4 to deplete CD28 ligands and subsequently prevent T-cell activation (39). The second co-inhibitory receptor PD-1 mediates inhibitory signals via ligands PD-L1 and PD-L2. It has been demonstrated that the PD-1 pathway plays an important role in autoimmune diseases (39).



CD8+ T cells

CTL bind to target cells and induce apoptosis in target cells through the secretion of perforins and granzymes. Upon activation via MHC mismatch and co-stimulation, CTLs will differentiate to recognize donor-specific antigens and express tissue homing receptors that direct them to attack allograft tissue. It has been commonly believed that CTLs are reliant on Th cells for their activation. However, it has been discovered that CTLs can differentiate into Tc1 and Tc2 cells and perform their cytotoxic functions possibly independent of Th cells as well (40). In addition to their cytotoxic functions, activated CTLs also have the ability to produce high levels of pro-inflammatory cytokines including IFN-γ. This cytokine has been shown to upregulate the expression of MHC molecules and enhance alloantigen presentation on target tissues. In addition, IFN-γ also enhances inflammation to stimulate non-specific effector cells such as macrophages and NK cells (40). CTLs can also secrete chemokines to recruit leukocytes into sites of inflammation as well as amplify tissue inflammation by stimulating neutrophil degranulation and monocyte superoxide production (40). Moreover, donor T resident memory cells (TRM), identified by the markers CD69, CD103, and cutaneous lymphocyte antigen (CLA), can also be found within the allograft. This population can endanger graft survival and has been associated with early onset of VCA rejection on POD 5 (41).



CD4+ T cells

Th cells’ main function is to produce cytokines to activate or modulate CTL, macrophage, and B-cell functions (3, 34). Within the Th cell subpopulations, Th 1, Th 17, and the regulatory T cells (Treg) cell populations should be noted for their effects in graft rejection/tolerance. Th1 secretes chemokines such as CXCL9, 10, and 11 are associated with chronic rejection, whereas Th 17 generates a chronically inflammatory environment which can also contribute to allograft rejection (3, 42). Treg cells (CD4+ CD25+ FoxP3+/CD127−) however, play a crucial role in establishing and maintaining immunological homeostasis and are essential for inducing tolerance to allografts (34, 43). They exert their immunosuppressive role through direct cell–cell interactions with target immune cells, or release immunosuppressive cytokines and anti-inflammatory molecules. Specifically, they can suppress the activation, proliferation, and effector function of reactive CD4+ or CD8+ T cells, NK cells, NK T cells, B cells, and APC (34). Treg has demonstrated abilities to induce tolerance, one example being preventing skin allograft rejection in humanized mouse models (44). Currently, the utilization of Treg in inducing tolerance in VCA is being heavily investigated.

Cellular infiltrates of human skin rejection samples in hand transplantation consist mostly of CD4+ and CD8+ T cells, with some B cells, macrophages, and histiocytes. Though CD4 expression did not correlate with cellular skin rejection, it did correlate with time after transplant in grade I rejection (45). It was found that stem cell-rich epidermal rete ridges, follicles, and dermal microvessels were the primary targets during acute rejection (46). Interestingly, over 90% of infiltrating lymphocytes in the epidermis and hair follicles were CD8+ and of donor origin, and lymphocytes of both donor and recipient accumulate near vasculature (12). In higher grade rejection, T cells are mostly activated with upregulation of genes associated with T-cell infiltration such as CD3D, CD3, CD4, CD8a; as well as T-cell co-stimulation such as CD28, TNFRSF4, ICOS, and TNFRSF9; Th1 chemokines such as CXCL9,10,11; and effector molecules including granzyme A, granzyme B, and granzyme K that are responsible for cytotoxicity (47). In terms of the antigen presentation pathway of T-cell activation, CD8+ T cells are activated predominantly through the direct pathway. While indirect pathway CD8 T-cell recognition of processed alloantigen is possible, it seems relevant only in the rejection of skin due to the processing and presentation of donor antigen by recipient endothelium (48). It has been demonstrated that the direct antigen-presenting pathway of CD4+ T cells occurs in the early stages of acute rejection and can contribute to allograft rejection by assisting the direct pathway of CD8+ T cells (48, 49).



Epithelial and follicular stem cells

Stem cells are the unspecialized cells within the human body and bear the potential to differentiate into various cell types. Both epithelial and follicular stem cells have been proposed as the primary target of graft rejection (46). They are both characterized by high developmental capacity, making them multipotent stem cells. Specifically, epithelial stem cells can differentiate into keratinocytes. Follicular stem cells have shown greater development capacity and are able to differentiate into keratinocytes, melanocytes, mesenchymal cells, neurons, glial cells, and have shown to contribute to angiogenesis (50, 51). Cutaneous stem cells such as epithelial and follicular stem cells play an important role in skin regeneration and have a complex interaction with skin-resident and infiltrating immune cells such as Tregs and macrophages. Tregs surrounding the hair follicles have shown to affect hair growth through regulating follicular stem cell activity, whereas macrophages have the effect of suppressing follicular stem cell activity (52, 53). It has been shown that follicular stem cells upregulate the expression of MHC class I and II under pathological conditions, thus increasing the potential for interactions between follicular stem cells and immune cells. This mechanism may play a role in alloimmunity and be the cause of skin being the most targeted tissue in VCA rejection (3, 54). Biopsies from facial transplant recipients showed lymphocyte accumulation in in epithelial stem cell-rich regions, where intra-epidermal and intra-follicular cells were the main targets of donor-derived T cells (46).



Endothelial cells

ECs form the single layer lining of all blood vessels and regulate exchanges between the bloodstream and the surrounding tissues (55). They also represent the interface between the allograft and recipient immunity following VCA, while acting as semi-professional antigen-presenting cells, making them one of the first targets of immune cells (56). They undergo direct and specific attack by MHC I and II recognizing NK cells, macrophages, and T cells, leading to endothelial cell lysis (56). Interestingly, ECs can activate and recruit lymphocytes through the upregulation of MHC class II and adhesion molecules such as E-selectin on the cell surface (46). Binding to the MHC II molecules in EC subsequently increases the secretion of IL-6, which then contributes to the expansion of Th17, which promotes inflammation, while reducing the immunosuppressive Tregs (57). E-selectin is responsible for trafficking leukocyte and allowing transendothelial migration of lymphocytes to the skin through the binding of CLA (3). In addition, increased IL-6 levels can initiate a signaling cascade that ultimately results in the disruption of the endothelial barrier crucial for the fluid, gas, and metabolic homeostasis of the graft (3). EC can further be involved in the cellular mediated rejection process in acute VCA rejection. This occurs as the allograft ECs present donor MHC molecules that are recognized by T cells, thereby triggering inflammatory pathways. Moreover, donor TRM, identified by the markers CD69, CD103, and CLA, can also be found within the allograft. This population can endanger graft survival and has been associated with early onset of VCA rejection on POD 5 (41). ECs have also demonstrated to be involved in AMR, though much less frequently in VCA than in SOT. C4d is a degradation product of the classic complement pathway and an immunological footprint of complement activation and antibody activity (58). The presence of C4d deposits is commonly associated with the presence of DSA in SOT and is a diagnostic criteria for classic AMR. Though it should be noted that unlike SOT, C4d deposits in VCA recipients were not associated with DSA, except for one confirmed case of AMR in which the C4d deposit was specific to the allograft and occurred in the presence of DSA (59, 60).



NK cells, B cells, and macrophages

Other effector cells including NK cells, B cells, and macrophages can also participate in acute VCA rejection. NK cells are effector lymphocytes of the innate immune system that typically mediate anti-tumor and anti-viral responses (61). They express low affinity Fc receptors such as CD16 and can detect antibody-coated target cells, thereby inducing antibody-dependent cytotoxicity through the secretion of perforin and granzyme B (62). NK cells also interact with other cells such as mediating DC homeostasis via IFN-γ and TNF-α, prime Th1 cells through IFN-γ secretion, as well as increasing IgG and IgM antibody production and facilitating immunoglobulin class switching in B cells (61, 63). It has been identified that ECs can express chemokine CX3CL-1 and direct cells that express C-X3-C motif receptor-1 (CX3CR-1) into sites of inflammation. NK cells then secrete IFN-γ, future driving the expression of CX3CL-1 in EC, creating a feedback loop. In addition, IFN-γ induces Th1 responses and increases reactive oxygen species (ROS) levels, resulting in endothelial damage in allografts (64, 65).

B cells are myeloid cells originating from the bone marrow. They have a variety of functions such as differentiating into antibody-producing plasma cells, sustaining long-term humoral immune memory, serving as APCs, organizing formation of tertiary-lymphoid organs (TLO), and secreting pro- and anti-inflammatory cytokines (66). The DSA produced by B cells can be classified into preexisting or de novo DSAs, which occur within 3 months following transplantation. The presence of preexisting DSAs may predispose the patient to AMR. However, AMR is observed less frequently, and inconsistently, within VCA patients (3). In addition, there has not been concrete evidence for de novo DSAs and their effect on VCA rejection. However, it was noted that one face transplant recipient with AMR showed persistent presence of Th17, which has been associated in the induction of B-cell activation and differentiation (67). Furthermore, another face transplant patient who experienced chronic rejection showed dermal infiltration of CD20+ B cells, which formed TLO, which can further drive the proliferation and differentiation of autoreactive B cells (68, 69).

VCA infiltrating macrophages have been shown to produce IL-18 and ROS. IL-18 triggers the secretion of IFN-γ, whereas ROS can trigger pro-apoptotic B-cell lymphoma-2 (Bcl-2) family proteins and impair mitochondria functions (64, 70, 71).




Tissue compartments of VCA

A VCA graft is often comprised of various types of tissues such as the skin, muscle, bone, vessels, nerves, tendons, and lymphatics. The concept of split rejection states that each has their own unique immune profile, causing them to interact with the recipient's immune system differently and reject at different times and intensities. These unique interactions are critical determinants of graft survival. Therefore, it is important to investigate the immunogenicity of each tissue type to understand the mechanisms of graft rejection and effectively find a method to induce tolerance.


Skin

The skin is a major component of VCA and acts as the first layer of defense that our bodies have against the outside environment. Conspicuously, it has a complex population of immune cells and antigens that trigger immune responses. This sets the stage for immune interactions between the donor tissue and the recipient's immune system, resulting in potential graft rejection. The skin contains several important immunocompetent cells within the two major structures—the epidermis and dermis. The epidermis houses skin-resident immune cells such as Langerhans cells (LCs), which are a subset tissue-resident macrophages that acquire a phenotype and functions similar to DC upon further differentiation in the skin (72, 73). γδ T cells, which are innate immune cells that permanently reside in mice, as well as CD8+ TRM cells can also be found in the skin (74). TRM cells have been identified in several non-lymphoid tissues and their longevity can vary between different tissues. Specifically in the skin, they can appear after the resolution of inflammation and persist for over a year in mice (75, 76). The deeper layer of the skin, the dermis, contains other specialized immune cell populations such as DC subpopulations, macrophages, mast cells, and γδ T cells and innate lymphoid cells (ILCs) (77).

It has been assumed that the immunologic basis of skin rejection involved CD4+ and CD8+ T-cell populations of recipient origin (35). However, a recent study conducted by Lian et al. found that during active rejection, immune cells found near target cell injury presented an immunophenotype typical of resident memory T cells and were of donor origin (46). As such, CD8+ T cells of both donor and recipient origin are the primary effector cells targeting epithelial and follicular stem cells and microvascular endothelium (3). T cells found in the skin express the skin-homing receptors CCR4 and CLA, with the majority of the population composed of T effector memory (TEM) cells identified to be CD62l− and CCR7−, and circulate between the blood and skin, but not lymph nodes (23). In addition, a central memory T (TCM) cell population that are CLA+, CD62l+, and CCR7+ were found, suggesting their ability to circulate between the skin, blood, as well as the lymph nodes (23). Due to the abundance of memory T cells accumulated throughout the recipient's life within the skin, this poses the potential for a potent response from TEMs following antigen presentation in VCA (23). The trafficking of memory T cells between the skin and draining lymph nodes have also been proposed as an explanation for the formation of TLO during rejection in VCA (11). TLOs are de novo lymphoid tissues containing clusters of T and B lymphocytes, and have been observed in chronic rejection of SOTs as well (11). Langerhans cells seem to maintain the immune homeostasis within the epidermis. They are not only efficient APCs, but have also been noted to induce the differentiation of naïve CD4+ T cells into Th2, Th17, and Th22, as well as priming/cross priming naïve CD8+ T cells (78–80). However, exposure to corticosteroids has been shown to increase the expression of TGF-β in Langerhans cells, thereby inducing the expansion of TREGs in the skin (81). TREGs typically exist within 5%–10% within the skin cell population and have an immunosuppressive effect in the skin as well. Skin-homing TREGs express CLA, CCR4, and CCR6 in addition to typical TREGs cell markers. They have been observed to proliferate in response to inflammation as well as downregulating inflammatory responses locally and en route to dermatotropic lymph nodes (e.g., inhibiting a stable binding between CD4+ T cells and APCs) (82, 83).

Historically, the skin has been viewed as the most immunogenic tissue within VCA due to the large donor-derived immune cell population carried within this tissue. As such, many studies solely focus on depicting the rejection mechanism of skin alone or in limb allografts (23, 47, 84, 85). However, recent studies in facial VCAs have identified the mucosal tissue as a main target of rejection as well, by consistently demonstrating more distinct microscopic changes indicative of acute rejection events when compared to skin biopsies, sometimes with a higher level of rejection in the mucosal tissues than in skin (3, 12, 86–89). As such, it has been proposed that the belief of skin being the primary target of acute rejection in VCA should perhaps be reevaluated, especially in the emergence of mucosa-containing allografts such as face, uterus and trachea.



Vessels

Vessels are an essential component of VCA, allowing the flow of blood and nutrients to sustain graft survival. Unfortunately, VCA recipients experience aggressive allograft vasculopathy that result in graft failure (90). This is likely a result of initiating injury upon recovery or reperfusion, as well as immune-mediated EC and vascular wall injury. The innate immune system begins with a response involving neutrophils and macrophages, followed by a T-cell-driven alloimmunity, leading to the remodeling of vessels. In hand transplantation, inward remodeling of the vessels is observed with medial scarring and reduced matrix turnover. Inflammation, adventitial scarring, and intimal hyperplasia ultimately results in luminal stenosis, thereby obstructing blood flow (91). Furthermore, there may be an issue with lymphatic drainage in VCAs with significant areas of skin as a result of edema. This could lead to the insufficient trafficking of T and B lymphocytes, causing inflammation, adipogenesis, and fibrosis, ultimately contributing to graft rejection (92).



Bone

A characteristic unique to VCA is the presence of vascularized bone within the graft. Interestingly, vascularized bone seems to contribute to a more tolerogenic environment for the graft than without bone, or even bone marrow cell infusions (93). However studies have shown that the tolerogenic effects of vascularized bone can be achieved using high graft to vascularized bone marrow mass ratios (94). This can result in a state known as “mixed chimerism,” in which the lymphohematopoietic system of the recipient comprises a mixture of both donor and recipient cells (95). Though it is important to note that such results have only been seen in animal studies, long-term stable mixed chimerism has not been achieved in human VCA recipients (11).



Muscle and nerve

VCA, particularly in face and limb transplants, typically contains a significant amount of muscle tissue within the transplant. However unlike in SOT, there have been fewer signs of rejection observed in the muscle tissue in VCA. There have been studies exploring the rejection of muscle in VCA in both humans and porcine models (90, 96). Lymphocyte infiltration was noted between muscle fibers, as well as varying degrees of hypotrophy and fatty degeneration. However, changes are likely due to denervation rather than rejection (11).




Tolerance induction in VCA

The ultimate ideal is creating a tolerant state within VCA recipients where recipients’ immune systems can accept both host and donor antigens as “self” (97). Tolerance refers to achieving a state of absent destructive immunologic responses in transplanted tissues. This definition can encompass additional components such as the lack of needing immunosuppression reagents, absence of lymphocyte infiltration, achieving donor-specific unresponsiveness, and lack of donor-specific alloantibodies (98). If donor-specific tolerance and functional recovery is achieved after immunosuppression discontinuation, VCA can be clinically used more broadly without the burden of immunosuppression and its effects (99, 100). Rodent models have been the primary models for percolating the basic mechanisms of alloimmune recognition and determining methods of tolerance induction; however, several studies have extended into large animal and non-human primate models as well. It must be noted that successful adaptation of tolerance protocols from murine models to larger animal models has been challenging, given differences in T-cell responses, MHC expression, and differences in mAb and co-stimulation blockade delivery across the models (97). Nonetheless, considerable progress has been made. Tolerance induction protocols may be classified across two categories: cell-based and pharmaceutical-based strategies. Cell-based approaches include using stem cells (e.g., bone marrow-derived cells) or immune cells (regulatory T cells, dendritic cells) along with a drug therapy regimen. Pharmaceutical-based therapies are currently the gold standard in VCA and are based off solid organ regimens. This entails an induction therapy followed by a multi-drug maintenance immunosuppression regimen (101). Many of these approaches have been promising in solid organ transplantation; however, in the applicability for VCA, these approaches can present long-term complications, especially when applying such tolerance induction approaches with deceased donor tissues. In the quest for achieving the ideal tolerant state, many of the strategies described have made considerable progress in achieving immunomodulation over long-term periods. To understand this further, different methodologies being explored for tolerance induction are discussed below.


Mixed chimerism

The concept of mixed chimerism relies on using non-myeloablative conditioning and hematopoietic stem cell (HSC) transplantation, which can allow both donor and recipient immune cells to co-exist without adverse immunologic reactions (102). Mixed chimerism offers the advantage of mitigating graft-vs.-host disease and mitigating the lack of immunocompetence as otherwise observed with full chimerism (103). Chimerism induction is achieved using conditioning. Recipients are conditioned (e.g., using irradiation, cell-depleting agents) to control alloreactivity and vacate areas for donor bone marrow cells to engraft in. While both myeloablative and non-myeloablative conditioning exist, myeloablative conditioning has several disadvantages such as toxicity, being more aggressive, preventing autologous hematologic recovery, and is associated with more graft-vs.-host disease occurrences (97).

The mixed chimerism approach was first introduced in 1988 by Sykes and Sachs as an approach for transplantation tolerance (104). This approach was previously applied successfully in renal transplant tolerance studies in both animal models and clinical trials, with variability in the durability ranging between transient and stable mixed chimerism (13, 105–109). Similar protocols for VCA grafts rendered split tolerance with skin rejection (100). The first report of a full accepted VCA graft was that of a porcine fasciocutaneous MHC-mismatched graft where all components including the skin were accepted, providing evidence of tolerance induction across MHC mismatches in a large, pre-clinical VCA animal model. This entailed T-cell depletion using CD3 immunotoxin, 100 cGy total body irradiation, HSC transplantation, and cyclosporine A treatment for 45 days. VCA was performed 85–150 days post-HSC transplantation or simultaneously when inducing mixed chimerism within 56 h of HSC transplantation. In both conditions, following immunosuppression withdrawal, no rejection across any tissue compartments (including skin) was noted 115–504 days post-transplantation (102, 110). It must be noted that this tolerance using mixed chimerism was obtained across a haploidentical MHC barrier where MHC Class I and Class II antigens were shared between donor and recipient. This presents a unique challenge for applying such protocols for VCA—the VCA allografts obtained from deceased donors have full MHC mismatching in contrast to the successful tolerance seen in renal transplants that have single-haplotype MHC mismatches. Although Leonard et al. (110) provide a VCA-relevant proof-of-concept large animal model, it is only across single-haplotype MHC mismatch inapplicable for VCA on a clinical scale. Thus, understanding the role of MHC antigen matching for inducing tolerance using mixed chimerism is a critical step for moving forward with establishing tolerance in VCAs. Further studies applied the same protocol in MHC Class I-matched/Class II-mismatched and MHC Class I-mismatched/Class II-matched in porcine vascularized skin flaps. This helped clarify whether sharing MHC Class I or Class II antigens influences tolerance using mixed chimerism, where only MHC Class II-mismatched chimeras were found to be tolerant whereas MHC Class I-mismatched animals showed skin rejection (84). Lellouch et al. build on these findings and report stable mixed chimerism across Class I mismatch using a porcine osteomyocutaneous VCA model. To address the MHC Class I mismatch rejection, the authors adjusted their regimen by increasing irradiation, adding co-stimulation blockade (CTLA4-Ig/belatacept), anti-IL6R mAb (tocilizumab), and vascularized donor bone marrow as the source of cells. Stable mixed chimerism and tolerance were found in three of five recipients up to an endpoint of 400 days using this adjusted regimen across Class I-mismatched VCAs. To determine the immune competency, three split-thickness grafts were added to the recipients at 150 days post-transplantation from autologous, VCA donor, and third-party (MHC-mismatched to both donor and recipient) animal sources. Interestingly, only the autologous and VCA donor grafts were accepted, indicating donor-specific tolerance (111). Achieving mixed chimerism in a clinical setting for VCA using such regimens has yet to be attempted.



Delayed tolerance

Delayed tolerance has been gaining traction for its potential application in VCA. Previously introduced for renal transplants, delayed tolerance involves delivery of conventional immunosuppression when recipients undergo transplantation followed by conditioning and delivering donor bone marrow transplants at a later time (112). This is a rather unique approach to achieving mixed chimerism, as inducing HSC engraftment and establishing mixed chimerism is attempted during the post-transplantation period whereby recipients’ immunologic milieu is largely pro-inflammatory and active toward donor antigens (112, 113). The concept of delayed tolerance however holds strong significance. Many of the conditioning regimens rely on conditioning days before transplantation, which makes these regimens selective for living donors only. To enable use of such tolerogenic protocols for deceased donors in the case of VCA, developing delayed tolerance induction protocols shows promise. This was investigated at Massachusetts General Hospital in non-human primates for solid organs, namely, kidneys and lungs, where a 4-month delay showed evidence of donor bone marrow transplantation engraftment, reduction in the inflammation, and evidence of mixed chimerism (97, 102). This approach was adopted for small and large VCA animal models. In 2020, Lellouch et al. attempted a delayed bone marrow transplantation in non-human primates (cynomolgus macaques) using hand or face VCA grafts. Interestingly, a 4-month maintenance immunosuppression rendered complications such as lymphoproliferative disorder in half of the recipients. A 2-month maintenance period was then applied which allowed recipients to progress toward the delayed tolerance induction timeline. However, authors report acute rejection in the 2–4 weeks post-transplantation and inability to induce mixed chimerism (113). Despite its many advantages, further work on establishing delayed tolerance for VCA remains elusive.



T-cell depletion

Alloreactive T-cell depletion has shown potential in promoting tolerance induction. Prior to conducting VCA, T-cell depletion is conducted. After allotransplantation, the T cells are repopulated. This approach has been effective in promoting allograft acceptance in both animal models and in humans (114). In some cases, selective T-cell inhibition with cyclosporine administration has resulted in long-term allograft survival and evidence of mixed chimerism in rats (7, 115) In 2020, using a fully MHC-mismatched orthotopic mouse hindlimb VCA model, Oh et al. showed promising outcomes by demonstrating a long survival outcome of over 210 days with alloreactive T-cell depletion, co-stimulatory blockade (CoB), and total body irradiation treatment prior to surgery (116). In a large animal model, Leonard et al. used T-cell depletion in combination with total body irradiation and HSC transplantation whereby no rejection was observed in the period of 115–504 days post-transplantation (110). Much of T-cell depletion relies on combinatory use with other tolerance induction methods.



Regulatory T-cell-mediated tolerance

Immune response regulation can also be modulated using regulatory T cells (Tregs), a T-helper cell subpopulation. While initially recognized as CD4+CD25+FoxP3+ T cells, the most common phenotype is CD4+CD25+CD127−FoxP3+. Tregs have become a mainstay in transplantation tolerance studies, given their ability to modulate self-tolerance and transplant rejection, though as such their use can have transient effects (101, 117). Tregs’ immunosuppressive mechanism of actions are multifold, where Tregs act through co-stimulatory pathways (e.g., CTLA4), anti-inflammatory agents (e.g., TGFβ), or cell–cell interactions with target immune cells (e.g., IL-2 removal) (101).

Many experimental studies have shown evidence of the association between Treg levels and improved VCA allograft survival. Bozulic et al. report that Tregs are important regulators in maintaining and promoting long-term composite tissue graft acceptance using rat hindlimb transplants where donor bone marrow transplantation, tacrolimus administration, and irradiation was used to induce tolerance. The skin of tolerant hindlimbs showed higher CD4+FoxP3+ infiltrates (118). In another study, Treg combined with vascularized bone marrow transplantation and co-stimulatory blockade and rapamycin treatment resulted in mixed chimerism and donor-specific tolerance in rats. Interestingly, the authors indicate that Treg infiltrates of recipient origin were detected, suggesting that Tregs potentially have a protective role for VCA rejection (119). Thus far, Treg regulation has not been extensively explored in tolerance induction studies using large MHC-mismatched VCA models. In 2022, Lellouch et al. reported no evidence of FOXP3+ cells in MHC Class I-mismatched swine VCA model (111). Previously, evidence of FOXP3+ cells was found in both porcine and canine haploidentical MHC-mismatched VCA models (110, 120). Using skin biopsies from human hand allografts six years post-transplantation, Eljaafari et al. report increased FOXP3+, TGFβ, and IL-10 expression indicating Treg presence in donor skin of allotransplant recipients (121). In an additional human hand VCA study, 104 skin biopsies from three recipients were taken over the course of 6 years post-transplant. FOXP3+ expression was found in tissues with severe rejection (122). Despite this progress, the mechanisms underpinning Treg immunomodulation for tolerance induction in VCA still remain largely unexplored.

For clinical applications, using Tregs relies on two potential approaches: (1) patient-derived ex vivo Treg culturing and expansion followed by reinfusion back into patients, and (2) Treg induction using IL-2/IL-2 complexes, rapamycin, and other agents that can suppress alloreactive T cells (117, 123, 124). For patient-derived Tregs, genetically modified Tregs, including antigen-specific chimeric antigen receptor (CAR)-Tregs, have been proposed for VCA. CAR-Tregs can specifically target donor cells’ MHC Class I and have previously been applied in proof-of-concept studies and clinical trials for both kidney and liver transplantation (101). Approaches to induce Treg differentiation from naïve T cells have also been recently explored in rodent VCA models. In a rat hindlimb, Fisher and colleagues designed microparticles that release TGFβ1, rapamycin, and IL-2 (TRI). This TRI-releasing microparticle treatment in combination with short-term immunosuppression resulted in allograft survival without the need for long-term immunosuppression, reduced anti-inflammatory marker expressions, and increased Treg-associated cytokines (125).



Co-stimulatory blockade

CoB involves blocking T-cell activation and clonal expansion, and inflammatory cytokine release (126). CoB delivery through CTLA4-Ig to block T-cell co-stimulation has been developed (e.g., abatacept, belatacept) to help overcome potential immunogenic reactions (116, 127). This method alters the co-stimulation between antigen-presenting cells and T cells. For example, belatacept targets the CD28:CD80/CD86 pathway and has been clinically used in combination with low-dose immunosuppression for hand and face transplants. The mechanisms of belatacept reduce T-cell activation, alloreactivity, and help enhance allograft survival (101, 126, 127). CoB has been emerging as a promising alternative to calcineurin inhibitors previously employed in organ transplants, which have been found to have deleterious side effects. Previously, in a non-primate forearm VCA model, CoB using CTLA4-Ig showed increased allograft survival and reduced presence of donor-specific antigens relative to conventional methods (127). Combination of different tolerance induction methods where CoB, along with bone marrow transplantation and irradiation, were applied has reportedly induced long-term acceptance of VCA grafts in both rat and mouse models (128–130). CoB with bone marrow transplantation alone has also been effective in inducing mixed chimerism and tolerance in rodent models (116). In some small and large VCA models, CoB using anti-CD154 with CTLA4-Ig also increased survival (99). While effective, CoB use remains as an additional component to the existing immunosuppression regimens for VCA.



Vascularized bone marrow transplantation

Given the multi-tissue composition of VCA grafts, a unique feature is establishing a vascularized bone marrow transplant component. Bone marrow hosts a variety of cell types including endothelial cells, fibroblasts, osteoblasts, and stromal cells. Upon transplantation, the vascularized bone marrow can produce bone marrow cells and act as a niche for HSC reconstitution. This approach can also allow a low-dose immunosuppression maintenance regimen, though the implications of such an approach have not been reported for long-term outcomes (101, 131). Using a rat hindlimb osteomyocutaneous flap model, long-term establishment of tolerance and chimerism was evident when vascularized bone marrow transplantation was coupled with tacrolimus and partial myeloablative treatment (132). Lin et al. report long-term graft survival of rat mystacial pad VCA transplantation in recipients that received vascularized bone marrow along with antilymphocyte serum, tacrolimus, and rapamycin (133). In a non-human primate partial face transplant model, a VCA graft containing vascularized bone rendered increased survival up to 430 days and without evidence of rejection, relative to a VCA graft without vascularized bone in which survival was up to only 7 days (134). The specific mechanisms underlying the potential modulatory effects that vascularized bone marrow offers have yet to be assessed; however, many of these studies show the promising role vascularized bone marrow might play in inducing tolerance in VCA grafts.




Discussion

Currently, it is widely accepted that skin is the most immunogenic tissue in VCA, making it a prioritized target in VCA rejection studies. However, it has been demonstrated that mucosal tissue can be just as—if not more—immunogenic than skin. This contradiction provokes an interest in the many more unknowns left to explore in VCA. For instance, an additional component is considering non-skin-containing VCA grafts. While much of VCA rejection studies have focused on skin-bearing VCA grafts due to the split tolerance phenotype, extending into studies that explore immunogenicity and characterize rejection and tolerance in non-skin-bearing tissues can broaden the domain of VCA in this regard (102). The current diagnostic methods for rejection in VCA are largely dependent on the rejection of skin (e.g., visual assessment of the graft skin and the Banff classification of skin rejection). However, this will no longer offer an accurate assessment of rejection if the allograft does not contain skin. This poses the need for a diagnostic that is widely applicable to the various types of tissue within VCA. For instance, the transplantation of structures such as face, uterus, and trachea, would show signs of rejection in the mucosa, subsequently making the current diagnostic either inaccurate or inapplicable. As VCA procedures expand to include more diverse allograft structures, it may be interesting to consider non-skin-containing VCA grafts in the future. While much of VCA rejection studies have focused on skin-bearing VCA grafts due to the split tolerance phenotype, extending into studies that explore immunogenicity and characterize rejection and tolerance in non-skin-bearing tissues can broaden the scope of VCA in this regard (102). To achieve this, a more comprehensive understanding of rejection mechanisms and biomarkers is required. For example, the current description of muscle and mechanisms of vasculopathy in VCA rejection is largely based on cardiac transplantation since VCA allografts available for such studies are limited in comparison to SOT. Therefore, it would be beneficial to conduct more research into the molecular mechanisms of both acute and chronic rejection.

In terms of animal models, both small and large models have yielded considerable progress and knowledge on the immunogenicity and immune tolerance mechanisms in VCA as outlined in the previous sections. A well-recognized challenge is the significant difference between small and large VCA models where translation from small animals to pre-clinical-relevant models or clinical scale has been unsuccessful. Protocols for applying calcineurin inhibitors and donor stem cell transplantation, for example, showed promising outcomes in mice but failed in applying tolerance induction for larger models (135). Some considerations for future studies include recognizing that allo-specific memory B and T cells can form in both large animal and humans due to prior antigen exposure, whereas this feature is not observed in mice. High amounts of alloreactive memory T cells are found in primates as opposed to mice (136). Expression of MHC Class II antigens are also varied between large animals and humans relative to rodents, indicating that many protocols must be validated in their translation from rodent studies to larger models prior to considering for clinical applications (135). Despite the disadvantages, small models offer technical feasibility and establishing potential proof-of-concept evidence. Large animal models hold pre-clinical relevance and have closer alignment with humans in terms of anatomy.

Tolerance induction for VCA has been a rapidly developing area where multiple methods have been tested. The use of both cell-based and pharmaceutical-based approaches shows promise. Many methods—such as co-stimulatory blockade, T-cell depletion, Treg modulation, vascularized bone marrow transplantation, and delayed tolerance—have been used in various combinations to maximize allograft survival. The multi-component approach to induce tolerance reflects the complexity of tolerance induction for multi-tissue VCA grafts, different from solid organs. While much progress has been made for tolerance induction methods for VCA, there are many areas of further investigation required before its clinical applications. The use of exosomes presents an exciting future perspective for tolerance induction. These extracellular vesicles can potentially act as markers of graft failure for both solid organ transplants and VCAs given that they release genetic, protein, and lipid content post-transplantation. Additional studies have also examined exosomes in both donor and recipients to identify their role in moderating tolerance and graft rejection (137). Studies using rodent models have shown that exosomes derived from donor stem cells increase VCA graft survival times, show no rejection signs, and increase donor cell chimerism (138, 139). Mesenchymal stem cells and adipose-derived stem cells have been of considerable interest for their immunomodulatory properties (140).

Many protocols exclusively use radiation as part of their conditioning regimens. Myeloablation methods can pose risks for patients and give rise to potential hematological and infective complications when applied clinically (81). Given that VCA grafts are derived from deceased donors, tolerance induction methods will also require further work in reducing pre-conditioning times than would be used for solid organ transplantations that can otherwise rely on a living donor pool. Successful tolerance induction for VCA may entail using immunosuppression short-term, low toxicity for patients, and same-day or minimal time for pre-conditioning (126). In the ultimate goal of achieving immune tolerance, while much work remains in both basic science and clinical protocol development, the future of VCA looks promising.



Author contributions

JS: Conceptualization, Data curation, Writing – original draft, Writing – review & editing. AA: Data curation, Writing – original draft, Writing – review & editing. FB: Data curation, Writing – review & editing. SH: Supervision, Writing – review & editing.



Funding

The authors declare that no financial support was received for the research, authorship, and/or publication of this article.



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.



References

1. Eun SC. Facial transplantation surgery. Arch Plast Surg. (2014) 41:174–80. doi: 10.5999/aps.2014.41.2.174

2. Iske J, Nian Y, Maenosono R, Maurer M, Sauer IM, Tullius SG. Composite tissue allotransplantation: opportunities and challenges. Cell Mol Immunol. (2019) 16:343–9. doi: 10.1038/s41423-019-0215-3

3. Knoedler L, Knoedler S, Panayi AC, Lee CAA, Sadigh S, Huelsboemer L, et al. Cellular activation pathways and interaction networks in vascularized composite allotransplantation. Front Immunol. (2023) 14:1179355. doi: 10.3389/fimmu.2023.1179355

4. Adil A, Xu M, Haykal S. Recellularization of bioengineered scaffolds for vascular composite allotransplantation. Front Surg. (2022) 9:843677. doi: 10.3389/fsurg.2022.843677

5. Shah AM, Aral IM, Zamora R, Gharpure N, El-Dehaibi F, Zor F, et al. Peripheral nerve repair is associated with augmented cross-tissue inflammation following vascularized composite allotransplantation. Front Immunol. (2023) 14:1151824. doi: 10.3389/fimmu.2023.1151824

6. Colazo JM, Evans BV, Farinas AF, Al-Kassis S, Duvall CL, Thayer WP. Applied bioengineering in tissue reconstruction, replacement, and regeneration. Tissue Eng Part B Rev. (2019) 25:259–90. doi: 10.1089/ten.teb.2018.0325

7. Siemionow MZ, Kulahci Y, Bozkurt M. Composite tissue allotransplantation. Plast Reconstr Surg. (2009) 124:e327. doi: 10.1097/PRS.0b013e3181bf8413

8. Brazio PS, Rodriguez ED, Bartlett ST, Barth RN. Reconstructive transplantation: what can we learn from solid organ transplantation? In: Brandacher G, editor. The Science of Reconstructive Transplantation. New York: Springer (2015). p. 33–44. doi: 10.1007/978-1-4939-2071-6_3

9. Brandacher G. Vascularized composite allotransplantation: a field is maturing. Curr Opin Organ Transplant. (2018) 23:559. doi: 10.1097/MOT.0000000000000574

10. Siemionow MZ, Zor F. 11—vascularized composite allotransplantation. In: Farhadieh RD, Bulstrode NW, Mehrara BJ, Cugno S, editors. Plastic Surgery—Principles and Practice. Sydney: Elsevier (2022). p. 131–45. doi: 10.1016/B978-0-323-65381-7.00011-3

11. Kaufman CL, Marvin MR, Chilton PM, Hoying JB, Williams SK, Tien H, et al. Immunobiology in VCA. Transpl Int. (2016) 29:644–54. doi: 10.1111/tri.12764

12. Fischer S, Lian CG, Kueckelhaus M, Strom TB, Edelman ER, Clark RA, et al. Acute rejection in vascularized composite allotransplantation. Curr Opin Organ Transplant. (2014) 19:531–44. doi: 10.1097/MOT.0000000000000140

13. Kueckelhaus M, Fischer S, Seyda M, Bueno EM, Aycart AM, Alhefzi M, et al. Vascularized composite allotransplantation: current standards and novel approaches to prevent acute rejection and chronic allograft deterioration. Transpl Int. (2016) 29:655–62. doi: 10.1111/tri.12652

14. Milek D, Reed LT, Echternacht SR, Shanmugarajah K, Cetrulo Jr CL, Lellouch AG, et al. A systematic review of the reported complications related to facial and upper extremity vascularized composite allotransplantation. J Surg Res. (2023) 281:164–75. doi: 10.1016/j.jss.2022.08.023

15. Unadkat JV, Schneeberger S, Horibe EH, Goldbach C, Solari MG, Washington KM, et al. Composite tissue vasculopathy and degeneration following multiple episodes of acute rejection in reconstructive transplantation. Am J Transplant. (2010) 10:251–61. doi: 10.1111/j.1600-6143.2009.02941.x

16. Petruzzo P, Kanitakis J, Testelin S, Pialat JB, Buron F, Badet L, et al. Clinicopathological findings of chronic rejection in a face grafted patient. Transplantation. (2015) 99:2644–50. doi: 10.1097/TP.0000000000000765

17. Mengel M, Sis B, Haas M, Colvin RB, Halloran PF, Racusen LC, et al. Banff 2011 meeting report: new concepts in antibody-mediated rejection. Am J Transplant. 12, 563–70 (2012). doi: 10.1111/j.1600-6143.2011.03926.x

18. MMP3 Matrix Metallopeptidase 3 [Homo Sapiens (human)]—Gene—NCBI. Available online at: https://www.ncbi.nlm.nih.gov/gene/4314.

19. Kollar B, Shubin A, Borges TJ, Tasigiorgos S, Win TS, Lian CG, et al. Increased levels of circulating MMP3 correlate with severe rejection in face transplantation. Sci Rep. (2018) 8:14915. doi: 10.1038/s41598-018-33272-7

20. Kollar B, Uffing A, Borges TJ, Shubin AV, Aoyama BT, Dagot C, et al. MMP3 is a non-invasive biomarker of rejection in skin-bearing vascularized composite allotransplantation: a multicenter validation study. Front Immunol. (2019) 10:2771. doi: 10.3389/fimmu.2019.02771

21. Shubin AV, Kollar B, Dillon ST, Pomahac B, Libermann TA, Riella LV. Blood proteome profiling using aptamer-based technology for rejection biomarker discovery in transplantation. Sci Data. (2019) 6:314. doi: 10.1038/s41597-019-0324-y

22. Borges TJ, Abarzua P, Gassen RB, Kollar B, Lima-Filho M, Aoyama BT, et al. T cell-attracting CCL18 chemokine is a dominant rejection signal during limb transplantation. Cell Rep Med. (2022) 3:100559. doi: 10.1016/j.xcrm.2022.100559

23. Leonard DA, Amin KR, Giele H, Fildes JE, Wong JKF. Skin immunology and rejection in VCA and organ transplantation. Curr Transplant Rep. (2020) 7:251–9. doi: 10.1007/s40472-020-00310-1

24. Horner BM, Ferguson KK, Randolph MA, Spencer JA, Carlson AL, Hirsh EL, et al. In vivo observations of cell trafficking in allotransplanted vascularized skin flaps and conventional skin grafts. J Plast Reconstr Aesthetic Surg. (2010) 63:711–9. doi: 10.1016/j.bjps.2009.01.036

25. Kueckelhaus M, Fischer S, Lian CG, Bueno EM, Marty F, Tullius SG, et al. Utility of sentinel flaps in assessing facial allograft rejection. Plast Reconstr Surg. (2015) 135:250. doi: 10.1097/PRS.0000000000000797

26. Stead TS, Brydges HT, Laspro M, Onuh OC, Chaya BF, Rabbani PS, et al. Minimally and non-invasive approaches to rejection identification in vascularized composite allotransplantation. Transplant Rev. (2023) 37:100790. doi: 10.1016/j.trre.2023.100790

27. Cendales LC, Kanitakis J, Schneeberger S, Burns C, Ruiz P, Landin L, et al. The Banff 2007 working classification of skin-containing composite tissue allograft pathology. Am J Transplant. (2008) 8:1396–400. doi: 10.1111/j.1600-6143.2008.02243.x

28. Kaufman CL, Kanitakis J, Weissenbacher A, Brandacher G, Mehra MR, Amer H, et al. Defining chronic rejection in vascularized composite allotransplantation—the American Society of Reconstructive Transplantation and International Society of Vascularized Composite Allotransplantation chronic rejection working group: 2018 American Society of Reconstructive Transplantation meeting report and white paper research goals in defining chronic rejection in vascularized composite allotransplantation. SAGE Open Med. (2020) 8(1):205031212094042. doi: 10.1177/2050312120940421

29. Kollar B, Pomahac B, Riella LV. Novel immunological and clinical insights in vascularized composite allotransplantation. Curr Opin Organ Transplant. (2019) 24:42. doi: 10.1097/MOT.0000000000000592

30. Puscz F, Dadras F, Dermietzel A, Jacobsen F, Lehnhardt M, Behr B, et al. A chronic rejection model and potential biomarkers for vascularized composite allotransplantation. PLoS One. (2020) 15:e0235266. doi: 10.1371/journal.pone.0235266

31. Krezdorn N, Lian CG, Wells M, Wo L, Tasigiorgos S, Xu S, et al. Chronic rejection of human face allografts. Am J Transplant. (2019) 19:1168–77. doi: 10.1111/ajt.15143

32. Blydt-Hansen TD, Gibson IW, Gao A, Dufault B, Ho J. Elevated urinary CXCL10-to-creatinine ratio is associated with subclinical and clinical rejection in pediatric renal transplantation. Transplantation. (2015) 99:797. doi: 10.1097/TP.0000000000000419

33. Raschzok N, Reutzel-Selke A, Schmuck RB, Morgul MH, Gauger U, Prabowo KA, et al. CD44 and CXCL9 serum protein levels predict the risk of clinically significant allograft rejection after liver transplantation. Liver Transplant. (2015) 21:1195–207. doi: 10.1002/lt.24164

34. Cano RLE, Lopera HDE. Introduction to T and B lymphocytes. In: Anaya JM, Shoenfeld Y, Rojas-Villarraga A, Levy RA, Cervera R, editors. Autoimmunity: From Bench to Bedside. Bogota: El Rosario University Press (2013). p. 77–96.

35. Bhan AK, Mihm MC, Dvorak HF. T cell subsets in allograft rejection. In situ characterization of T cell subsets in human skin allografts by the use of monoclonal antibodies. J Immunol. (1982) 129:1578–83. doi: 10.4049/jimmunol.129.4.1578

36. Siu JHY, Surendrakumar V, Richards JA, Pettigrew GJ. T cell allorecognition pathways in solid organ transplantation. Front Immunol. (2018) 9:2548. doi: 10.3389/fimmu.2018.0254

37. Knight SC, Iqball S, Roberts MS, Macatonia S, Bedford PA. Transfer of antigen between dendritic cells in the stimulation of primary T cell proliferation. Eur J Immunol. (1998) 28:1636–44. doi: 10.1002/(SICI)1521-4141(199805)28:05%3C1636::AID-IMMU1636%3E3.0.CO;2-9

38. Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation and co-inhibition. Nat Rev Immunol. (2013) 13:227–42. doi: 10.1038/nri3405

39. Schnell A, Bod L, Madi A, Kuchroo VK. The yin and yang of co-inhibitory receptors: toward anti-tumor immunity without autoimmunity. Cell Res. (2020) 30:285–99. doi: 10.1038/s41422-020-0277-x

40. Bueno V, Pestana JOM. The role of CD8+ T cells during allograft rejection. Braz J Med Biol Res. (2002) 35:1247–58. doi: 10.1590/S0100-879X2002001100001

41. Li XC, Kloc M, Ghobrial RM. Memory T cells in transplantation—progress and challenges. Curr Opin Organ Transplant. (2013) 18:387–92. doi: 10.1097/MOT.0b013e3283626130

42. Hemdan NYA, Birkenmeier G, Wichmann G, El-Saad AMA, Krieger T, Conrad K, et al. Interleukin-17-producing T helper cells in autoimmunity. Autoimmun Rev. (2010) 9:785–92. doi: 10.1016/j.autrev.2010.07.003

43. Fisher JD, Zhang W, Balmert SC, Aral AM, Acharya AP, Kulahci Y, et al. In situ recruitment of regulatory T cells promotes donor-specific tolerance in vascularized composite allotransplantation. Sci Adv. (2020) 6:eaax8429. doi: 10.1126/sciadv.aax8429

44. Sagoo P, Ali N, Garg G, Nestle FO, Lechler RI, Lombardi G. Human regulatory T cells with alloantigen specificity are more potent inhibitors of alloimmune skin graft damage than polyclonal regulatory T cells. Sci Transl Med. (2011) 3:83ra42. doi: 10.1126/scitranslmed.3002076

45. Hautz T, Zelger B, Grahammer J, Grahammer J, Krapf C, Amberger A, et al. Molecular markers and targeted therapy of skin rejection in composite tissue allotransplantation. Am J Transplant. (2010) 10:1200–9. doi: 10.1111/j.1600-6143.2010.03075.x

46. Lian CG, Bueno EM, Granter SR, Laga AC, Saavedra AP, Lin WM, et al. Biomarker evaluation of face transplant rejection: association of donor T cells with target cell injury. Mod Pathol. (2014) 27:788–99. doi: 10.1038/modpathol.2013.249

47. Win TS, Crisler WJ, Dyring-Andersen B, Lopdrup R, Teague JE, Zhan Q, et al. Immunoregulatory and lipid presentation pathways are upregulated in human face transplant rejection. J Clin Invest. (2021) 131:e135166. doi: 10.1172/JCI135166

48. Valujskikh A, Lantz O, Celli S, Matzinger P, Heeger PS. Cross-primed CD8+ T cells mediate graft rejection via a distinct effector pathway. Nat Immunol. (2002) 3:844–51. doi: 10.1038/ni831

49. Valujskikh A, Zhang Q, Heeger PS. CD8 T cells specific for a donor-derived, self-restricted transplant antigen are nonpathogenic bystanders after vascularized heart transplantation in Mice1. J Immunol. (2006) 176:2190–6. doi: 10.4049/jimmunol.176.4.2190

50. Babakhani A, Hashemi P, Mohajer Ansari J, Ramhormozi P, Nobakht M. In vitro differentiation of hair follicle stem cell into keratinocyte by simvastatin. Iran Biomed J. (2019) 23:404–11. doi: 10.29252/ibj.23.6.404

51. Yang R, Liu F, Wang J, Chen X, Xie J, Xiong K. Epidermal stem cells in wound healing and their clinical applications. Stem Cell Res Ther. (2019) 10:229. doi: 10.1186/s13287-019-1312-z

52. Ali N, Zirak B, Rodriguez RS, Pauli ML, Truong H, Lai K, et al. Regulatory T cells in skin facilitate epithelial stem cell differentiation. Cell. (2017) 169:1119–29.e11. doi: 10.1016/j.cell.2017.05.002

53. Wang ECE, Dai Z, Ferrante AW, Drake CG, Christiano AM. A subset of TREM2+ dermal macrophages secretes oncostatin M to maintain hair follicle stem cell quiescence and inhibit hair growth. Cell Stem Cell. (2019) 24:654–69.e6. doi: 10.1016/j.stem.2019.01.011

54. Koçer SS, Djurić PM, Bugallo MF, Simon SR, Matic M. Transcriptional profiling of putative human epithelial stem cells. BMC Genomics. (2008) 9:359. doi: 10.1186/1471-2164-9-359

55. Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. Blood vessels and endothelial cells. Molecular Biology of the Cell. 4th ed. New York: Garland Science (2002).

56. Kummer L, Zaradzki M, Vijayan V, Arif R, Weigand MA, Immenschuh S, et al. Vascular signaling in allogenic solid organ transplantation—the role of endothelial cells. Front Physiol. (2020) 11:443. doi: 10.3389/fphys.2020.00443

57. Lion J, Taflin C, Cross AR, Robledo-Sarmiento M, Mariotto E, Savenay A, et al. HLA class II antibody activation of endothelial cells promotes Th17 and disrupts regulatory T lymphocyte expansion. Am J Transplant. (2016) 16:1408–20. doi: 10.1111/ajt.13644

58. Sabnis SG, Koss MN, Ross WB, Pavlova Z. Chapter 29—non-neoplastic kidney. In: Weidner N, Cote RJ, Suster S, Weiss LM, editors. Modern Surgical Pathology. 2nd ed. W.B. Saunders (2009). p. 979–1042. doi: 10.1016/B978-1-4160-3966-2.00029-1

59. Moris D, Cendales LC. Sensitization and desensitization in vascularized composite allotransplantation. Front Immunol. (2021) 12:682180. doi: 10.3389/fimmu.2021.682180

60. Petruzzo P, Kanitakis J, Badet L, Pialat J-B, Boutroy S, Charpulat R, et al. Long-term follow-up in composite tissue allotransplantation: in-depth study of five (hand and face) recipients. Am J Transplant. (2011) 11:808–16. doi: 10.1111/j.1600-6143.2011.03469.x

61. Abel AM, Yang C, Thakar MS, Malarkannan S. Natural killer cells: development, maturation, and clinical utilization. Front Immunol. (2018) 9:1869. doi: 10.3389/fimmu.2018.01869

62. Sánchez-Martínez D, Azaceta G, Muntasell A, Núñez D, Gálvez EM, Naval J, et al. Human NK cells activated by EBV+ lymphoblastoid cells overcome anti-apoptotic mechanisms of drug resistance in haematological cancer cells. OncoImmunology. (2015) 4:e991613. doi: 10.4161/2162402X.2014.991613

63. Yoneda O, Imai T, Goda S, Inoue H, Yamauchi A, Okazaki T, et al. Fractalkine-mediated endothelial cell injury by NK cells. J Immunol. (2000) 164:4055–62. doi: 10.4049/jimmunol.164.8.4055

64. Friedman O, Carmel N, Sela M, Jabal AA, Inbal A, Hamou MB, et al. Immunological and inflammatory mapping of vascularized composite allograft rejection processes in a rat model. PLoS One. (2017) 12:e0181507. doi: 10.1371/journal.pone.0181507

65. Umehara H, Bloom ET, Okazaki T, Nagano Y, Yoshie O, Imai T. Fractalkine in vascular biology. Arterioscler Thromb Vasc Biol. (2004) 24:34–40. doi: 10.1161/01.ATV.0000095360.62479.1F

66. Karahan GE, Claas FHJ, Heidt S. B cell immunity in solid organ transplantation. Front Immunol. (2016) 7:686. doi: 10.3389/fimmu.2016.00686

67. Borges TJ, O'Malley JT, Wo L, Murakami N, Smith B, Azzi J, et al. Codominant role of interferon-γ– and interleukin-17–producing T cells during rejection in full facial transplant recipients. Am J Transplant. (2016) 16:2158–71. doi: 10.1111/ajt.13705

68. Corsiero E, Delvecchio FR, Bombardieri M, Pitzalis C. B cells in the formation of tertiary lymphoid organs in autoimmunity, transplantation and tumorigenesis. Curr Opin Immunol. (2019) 57:46–52. doi: 10.1016/j.coi.2019.01.004

69. Morelon E, Petruzzo P, Kanitakis J. Chronic rejection in vascularized composite allotransplantation. Curr Opin Organ Transplant. (2018) 23:582. doi: 10.1097/MOT.0000000000000571

70. Okamura H, Kashiwamura S, Tsutsui H, Yoshimoto T, Nakanishi K. Regulation of interferon-γ production by IL-12 and IL-18. Curr Opin Immunol. (1998) 10:259–64. doi: 10.1016/S0952-7915(98)80163-5

71. Amin KR, Wong JKF, Fildes JE. Strategies to reduce ischemia reperfusion injury in vascularized composite allotransplantation of the limb. J. Hand Surg. (2017) 42:1019–24. doi: 10.1016/j.jhsa.2017.09.013

72. Hoeffel G, Wang Y, Greter M, See P, Teo P, Malleret B, et al. Adult Langerhans cells derive predominantly from embryonic fetal liver monocytes with a minor contribution of yolk sac–derived macrophages. J Exp Med. (2012) 209:1167–81. doi: 10.1084/jem.20120340

73. Ginhoux F, Tacke F, Angeli V, Bogunovic M, Loubeau M, Dai X, et al. Langerhans cells arise from monocytes in vivo. Nat Immunol. (2006) 7:265–73. doi: 10.1038/ni1307

74. Kabashima K, Honda T, Ginhoux F, Egawa G. The immunological anatomy of the skin. Nat Rev Immunol. (2019) 19:19–30. doi: 10.1038/s41577-018-0084-5

75. Mackay LK, Stock AY, Ma JZ, Jones CM, Kent SJ, Mueller SN, et al. Long-lived epithelial immunity by tissue-resident memory T (TRM) cells in the absence of persisting local antigen presentation. Proc Natl Acad Sci U S A. (2012) 109:7037–42. doi: 10.1073/pnas.1202288109

76. Gebhardt T, Wakim LM, Eidsmo L, Reading PC, Heath WR, Carbone FR. Memory T cells in nonlymphoid tissue that provide enhanced local immunity during infection with herpes simplex virus. Nat Immunol. (2009) 10:524–30. doi: 10.1038/ni.1718

77. Matejuk A. Skin immunity. Arch Immunol Ther Exp (Warsz). (2018) 66:45–54. doi: 10.1007/s00005-017-0477-3

78. Mathers AR, Janelsins BM, Rubin JP, Tkacheva OA, Shufesky WJ, Watkins SC, et al. Differential capability of human cutaneous dendritic cell subsets to initiate Th17 responses. J Immunol. (2009) 182, 921–33. doi: 10.4049/jimmunol.182.2.921

79. Fujita H, Nograles KE, Kikuchi T, Gonzalez J, Carucci JA, Krueger JG. Human Langerhans cells induce distinct IL-22-producing CD4+ T cells lacking IL-17 production. Proc Natl Acad Sci U S A. (2009) 106:21795–800. doi: 10.1073/pnas.0911472106

80. Furio L, Briotet I, Journeaux A, Billard H, Péguet-Navarro J. Human Langerhans cells are more efficient than CD14−CD1c+ dermal dendritic cells at priming naive CD4+ T cells. J Invest Dermatol. (2010) 130:1345–54. doi: 10.1038/jid.2009.424

81. Glucocorticosteroids modify Langerhans cells to produce TGF-β and expand regulatory T cells. J Immunol. (2011) 186(1):103–12. doi: 10.4049/jimmunol.1002485

82. Dudda JC, Perdue N, Bachtanian E, Campbell DJ. Foxp3+ regulatory T cells maintain immune homeostasis in the skin. J Exp Med. (2008) 205:1559–65. doi: 10.1084/jem.20072594

83. Tadokoro CE, Shakhar G, Shen S, Ding Y, Lino AC, Maraver A, et al. Regulatory T cells inhibit stable contacts between CD4+ T cells and dendritic cells in vivo. J Exp Med. (2006) 203:505–11. doi: 10.1084/jem.20050783

84. Shanmugarajah K, Powell H, Leonard DA, Mallard C, Albritton A, Harrington E, et al. The effect of MHC antigen matching between donors and recipients on skin tolerance of vascularized composite allografts. Am J Transplant. (2017) 17:1729–41. doi: 10.1111/ajt.14189

85. Sarhane KA, Khalifian S, Ibrahim Z, Cooney DS, Hautz T, Lee WPA, et al. Diagnosing skin rejection in vascularized composite allotransplantation: advances and challenges. Clin Transplant. (2014) 28:277–85. doi: 10.1111/ctr.12316

86. Kauke M, Safi A, Zhegibe A, Haug V, Kollar B, Nelms L, et al. Mucosa and rejection in facial vascularized composite allotransplantation: a systematic review. Transplantation 104, 2616 (2020). doi: 10.1097/TP.0000000000003171

87. Kauke M, Safi A, Palmer WJ, Kollar B, Nelms L, Tchiloemba B, et al. Dynamic maxillary sinus changes of facial vascularized composite allotransplants. Plast Reconstr Surg. (2021) 147:722–7. doi: 10.1097/PRS.0000000000007673

88. Kauke M, Tchiloemba B, Haug V, Kollar B, Safi A, Pomahac B. Partial loss of nasal tissue in a facial vascularized composite allograft patient. Plast Reconstr Surg Glob Open. (2020) 8:e3038. doi: 10.1097/GOX.0000000000003038

89. Kauke-Navarro M, Tchiloemba B, Haug V, Kollar B, Diehm Y, Safil A, et al. Pathologies of oral and sinonasal mucosa following facial vascularized composite allotransplantation. J Plast Reconstr Aesthet Surg. (2021) 74:1562–71. doi: 10.1016/j.bjps.2020.11.028

90. Kaufman CL, Ouseph R, Blair B, Kutz JE, Tsai TM, Scheker LR, et al. Graft vasculopathy in clinical hand transplantation. Am J Transplant. (2012) 12:1004–16. doi: 10.1111/j.1600-6143.2011.03915.x

91. Wong C, Ganz P, Miller L, Kobashigawa J, Schwarzkopf A, Kaeper HV, et al. Role of vascular remodeling in the pathogenesis of early transplant coronary artery disease: a multicenter prospective intravascular ultrasound study. J Heart Lung Transplant. (2001) 20:385–92. doi: 10.1016/S1053-2498(00)00230-8

92. Zampell J, Aschen S, Weitman E, Yan A, Elhadad S, De Brot Andrade M, et al. Regulation of adipogenesis by lymphatic fluid stasis part I: adipogenesis, fibrosis, and inflammation. Plast Reconstr Surg. (2012) 129:825–34. doi: 10.1097/PRS.0b013e3182450b2d

93. Infused bone marrow fails to prevent vascularized composite allograft rejection in nonhuman primate. Am J Transpl. (2015) 15(7):2011–2. doi: 10.1111/ajt.13268

94. A novel rat full-thickness hemi-abdominal wall/hindlimb osteomyocutaneous combined flap: influence of allograft mass and vascularized bone marrow content on vascularized composite allograft survival. Transpl Int. (2014) 9:977–86. doi: 10.1111/tri.12364

95. Sachs DH, Kawai T, Sykes M. Induction of tolerance through mixed chimerism. Cold Spring Harb Perspect Med. (2014) 4:a015529. doi: 10.1101/cshperspect.a015529

96. Kuo Y, Sacks JM, Lee WPA, Wu W, Kueh N, Yao S, et al. Porcine heterotopic composite tissue allograft transplantation using a large animal model for preclinical studies. Chang Gung Med J. (2006) 29:268–74.16924888

97. Messner F, Etra JW, Dodd-o JM, Brandacher G. Chimerism, transplant tolerance, and beyond. Transplantation. (2019). 103:1556. doi: 10.1097/TP.0000000000002711

98. Leventhal JR, Mathew JM. Outstanding questions in transplantation: tolerance. Am J Transplant. (2020) 20:348–54. doi: 10.1111/ajt.15680

99. Huang W-C, Lin J-Y, Wallace CG, Wei F-C, Liao S-K. Improving the safety of tolerance induction: chimerism and cellular co-treatment strategies applied to vascularized composite allografts. J Immunol Res. (2012) 2012:e107901. doi: 10.1155/2012/107901

100. Leonard DA, Kurtz JM, Cetrulo CLJ. Vascularized composite allotransplantation: towards tolerance and the importance of skin-specific immunobiology. Curr Opin Organ Transplant. (2013) 18:645. doi: 10.1097/MOT.0000000000000022

101. Huelsboemer L, Kauke-Navarro M, Reuter S, Stoegner VA, Feldmann J, Hirsch T, et al. Tolerance induction in vascularized composite allotransplantation—a brief review of preclinical models. Transpl Int. (2023) 36:10955. doi: 10.3389/ti.2023.10955

102. Cetrulo CL, Ng ZY, Winograd JM, Eberlin KR. The advent of vascularized composite allotransplantation. Clin Plast Surg. (2017) 44:425–9. doi: 10.1016/j.cps.2016.12.007

103. Cetrulo CLJ, Drijkoningen T, Sachs DH. Tolerance induction via mixed chimerism in vascularized composite allotransplantation: is it time for clinical application? Curr Opin Organ Transplant. (2015) 20:602. doi: 10.1097/MOT.0000000000000248

104. Sykes M, Sachs DH. Mixed allogeneic chimerism as an approach to transplantation tolerance. Immunol Today. (1988) 9:23–7. doi: 10.1016/0167-5699(88)91352-7

105. Lellouch AG, Ng ZY, Kurtz JM, Cetrulo CL. Mixed chimerism-based regimens in VCA. Curr Transplant Rep. (2016) 3:390–4. doi: 10.1007/s40472-016-0124-7

106. Elias N, Cosimi AB, Kawai T. Clinical trials for induction of renal allograft tolerance. Curr Opin Organ Transplant. (2015) 20:406. doi: 10.1097/MOT.0000000000000211

107. Kawai T, Cosimi AB, Spitzer TR, Tolkoff-Rubin N, Suthanthiran M, Saidman SL, et al. HLA-mismatched renal transplantation without maintenance immunosuppression. N Engl J Med. (2008) 358:353–61. doi: 10.1056/NEJMoa071074

108. Kawai T, Sachs DH, Sprangers B, Spitzer TR, Saidman SL, Zorn E, et al. Long-term results in recipients of combined HLA-mismatched kidney and bone marrow transplantation without maintenance immunosuppression. Am J Transplant. (2014) 14:1599–611. doi: 10.1111/ajt.12731

109. Leonard DA, Kurtz JM, Cetrulo CL. Achieving immune tolerance in hand and face transplantation: a realistic prospect? Immunotherapy. (2014) 6:499–502. doi: 10.2217/imt.14.29

110. Leonard DA, Kurtz JM, Mallard C, Albritton A, Duran-Struuck R, Farkash EA, et al. Vascularized composite allograft tolerance across MHC barriers in a large animal model. Am J Transplant. (2014) 14:343–55. doi: 10.1111/ajt.12560

111. Lellouch AG, Andrews AR, Saviane G, Ng ZY, Schol IM, Goutard M, et al. Tolerance of a vascularized composite allograft achieved in MHC class-I-mismatch swine via mixed chimerism. Front Immunol. (2022) 13:829406. doi: 10.3389/fimmu.2022.829406

112. Yamada Y, Benichou G, Cosimi AB, Kawai T. Tolerance induction after organ transplantation, “delayed tolerance”, via the mixed chimerism approach: planting flowers in a battle field. Chimerism. (2012) 3:24. doi: 10.4161/chim.20096

113. Lellouch AG, Ng ZY, Rosales IA, Schol IM, Leonard DA, Gama A, et al. Toward development of the delayed tolerance induction protocol for vascularized composite allografts in nonhuman primates. Plast Reconstr Surg. (2020) 145:757e. doi: 10.1097/PRS.0000000000006676

114. Hettiaratchy S, Melendy E, Randolph MA, Coburn RC, Neville Jr DM, Sachs DH, et al. Tolerance to composite tissue allografts across a major histocompatibility barrier in miniature swine. Transplantation. (2004) 77:514. doi: 10.1097/01.TP.0000113806.52063.42

115. Siemionow MZ, Izycki DM, Zielinski M. Donor-specific tolerance in fully major histocompatibility major histocompatibility complex mismatched limb allograft transplants under an anti-αβ T-cell receptor monoclonal antibody and cyclosporine A protocol. Transplantation. (2003) 76:1662. doi: 10.1097/01.TP.0000105343.49626.6F

116. Oh BC, Furtmüller GJ, Fryer ML, Guo Y, Messner F, Krapf J, et al. Vascularized composite allotransplantation combined with costimulation blockade induces mixed chimerism and reveals intrinsic tolerogenic potential. JCI Insight. (2020) 5(7):e128560. doi: 10.1172/jci.insight.128560

117. Kauke-Navarro M, Knoedler S, Panayi AC, Knoedler L, Noel OF, Pomahac B. Regulatory T cells: liquid and living precision medicine for the future of VCA. Transplantation. (2023) 107:86. doi: 10.1097/TP.0000000000004342

118. Bozulic LD, Wen Y, Xu H, Ildstad ST. Evidence that FoxP3+ regulatory T cells may play a role in promoting long-term acceptance of composite tissue allotransplants. Transplantation. (2011) 91:908. doi: 10.1097/TP.0b013e31820fafb4

119. Lin J, Tsai F, Wallace CG, Huang W, Wei F, Liao S. Combined treatment with regulatory T cells and vascularized bone marrow transplantation creates mixed chimerism and induces donor-specific tolerance to vascularized composite allografts without cytoreductive conditioning. Chimerism. (2013) 4:20–2. doi: 10.4161/chim.23349

120. Mathes D, Chang J, Hwang B, Graves S, Storer B, Butts-Miwongtum T, et al. Simultaneous transplantation of hematopoietic stem cells and a vascularized composite allograft leads to tolerance. Transplantation. (2014) 98:131. doi: 10.1097/TP.0000000000000204

121. Eljaafari A, Badet L, Kanitakis J, Ferrand C, Farre A, Petruzzo P, et al. Isolation of regulatory T cells in the skin of a human hand-allograft, up to six years posttransplantation. Transplantation. (2006) 82:1764. doi: 10.1097/01.tp.0000250937.46187.ca

122. Hautz T, Brandacher G, Zelger B, Müller HG, Lee AWP, Fuchs D, et al. Indoleamine 2,3-dioxygenase and Foxp3 expression in skin rejection of human hand allografts. Transplant Proc. (2009) 41:509–12. doi: 10.1016/j.transproceed.2009.01.008

123. Issa F, Wood KJ. The potential role for regulatory T-cell therapy in vascularized composite allograft transplantation. Curr Opin Organ Transplant. (2014) 19:558. doi: 10.1097/MOT.0000000000000139

124. Sarhane KA, Tuffaha SH, Broyles JM, Ibrahim AE, Khalifian S, Baltodano P, et al. A critical analysis of rejection in vascularized composite allotransplantation: clinical, cellular and molecular aspects, current challenges, and novel concepts. Front Immunol. (2013) 4:406. doi: 10.3389/fimmu.2013.00406

125. Fisher JD, Balmert SC, Zhang W, Schweizer R, Schnider JT, Komatsu C, et al. Treg-inducing microparticles promote donor-specific tolerance in experimental vascularized composite allotransplantation. Proc Natl Acad Sci U S A. (2019) 116:25784–9. doi: 10.1073/pnas.1910701116

126. Yang JH, Johnson AC, Colakoglu S, Huang CA, Mathes DW. Clinical and preclinical tolerance protocols for vascularized composite allograft transplantation. Arch Plast Surg. (2021) 48:703–13. doi: 10.5999/aps.2021.00927

127. Freitas AM, Samy KP, Farris AB, Leopardi FV, Song M, Stempora L, et al. Studies introducing costimulation blockade for vascularized composite allografts in nonhuman primates. Am J Transplant. (2015) 15:2240–9. doi: 10.1111/ajt.13379

128. Foster RD, Pham S, Li S, Aitouche A. Long-term acceptance of composite tissue allografts through mixed chimerism and CD28 blockade. Transplantation. (2003) 76:988. doi: 10.1097/01.TP.0000079827.91675.A3

129. Ravindra KV, Xu H, Bozulic LD, Song DD, Ildstad ST. The need for inducing tolerance in vascularized composite allotransplantation. J Immunol Res. (2012) 2012:e438078. doi: 10.1155/2012/438078

130. Tung TH, Mackinnon SE, Mohanakumar T. Combined treatment with CD40 costimulation blockade, T-cell depletion, low-dose irradiation, and donor bone marrow transfusion in limb allograft survival. Ann Plast Surg. (2005) 55:512. doi: 10.1097/01.sap.0000182651.68061.5a

131. Schneeberger S, Gorantla VS, Brandacher G, Zeevi A, Demetris AJ, Lunz JG, et al. Upper-extremity transplantation using a cell-based protocol to minimize immunosuppression. Ann Surg. (2013) 257:345. doi: 10.1097/SLA.0b013e31826d90bb

132. Huang W-G, Lin J-Y, Wallace CG, Chuang W-Y, Wei F-C, Liao S-K. Vascularized bone grafts within composite tissue allotransplants can autocreate tolerance through mixed chimerism with partial myeloablative conditioning: an experimental study in rats. Plast Reconstr Surg. (2010) 125:1095. doi: 10.1097/PRS.0b013e3181d0ab80

133. Lin C-H, Anggelia MR, Cheng H-Y, Hsieh Y-H, Chuang W-Y, Yang H-Y, et al. The intragraft vascularized bone marrow induces secondary donor-specific mystacial pad allograft tolerance. Front Immunol. (2022) 13:1059271. doi: 10.3389/fimmu.2022.1059271

134. Barth RN, Rodriguez ED, Mundinger GS, Nam AJ, Ha JS, Hui-Chou H, et al. Vascularized bone marrow-based immunosuppression inhibits rejection of vascularized composite allografts in nonhuman primates. Am J Transplant. (2011) 11:1407–16. doi: 10.1111/j.1600-6143.2011.03551.x

135. Graves S, Mathes D, Storb R. Induction of tolerance towards solid organ allografts using hematopoietic cell transplantation in large animal models. OBM Transplant. (2019) 3:1–23. doi: 10.21926/obm.transplant.1903080

136. Nadazdin O, Boskovic S, Murakami T, Tocco G, Smith R, Colvin RB, et al. Host alloreactive memory T cells influence tolerance to kidney allografts in nonhuman primates. Sci Transl Med. (2011) 3:86ra51. doi: 10.1126/scitranslmed.3002093

137. Saravanan PB, Kalivarathan J, Khan F, Shah R, Levy MF, Kanak MA. Exosomes in transplantation: role in allograft rejection, diagnostic biomarker, and therapeutic potential. Life Sci. (2023) 324:121722. doi: 10.1016/j.lfs.2023.121722

138. Chen Z, Xue S, Zhang S, Cheng K, Ye Q. Exosomes from donor-derived adipose mesenchymal stem cells prolong the survival of vascularized composite allografts. J Cell Physiol. (2021) 236:5895–905. doi: 10.1002/jcp.30274

139. Plock JA, Schnider JT, Schweizer R, Zhang W, Tsuji W, Waldner M, et al. The influence of timing and frequency of adipose-derived mesenchymal stem cell therapy on immunomodulation outcomes after vascularized composite allotransplantation. Transplantation. (2017) 101:e1. doi: 10.1097/TP.0000000000001498

140. Cheng H-Y, Anggelia MR, Lin C-H, Wei F-C. Toward transplantation tolerance with adipose tissue-derived therapeutics. Front Immunol. (2023) 14:1111813. doi: 10.3389/fimmu.2023.1111813



OPS/images/frtra-03-1350546-g001.jpg
Direct Pathway B Semi-Direct Pathway c Indirect Pathway

TCR  MHC, T8 Mg TR M
P
Reclplem Re{_:lgéﬂm Reclpxem
Teell Lymph Node' Lymph Node: Lymph Node
Donor APC Recipient APC
Recipient APC
Donor Donor Donor
Antlgen Amlgen Amlgen

Allograﬁ Cells Allograft Cells Allograft Cells





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Immunogenicity and tolerance induction in vascularized composite allotransplantation

		Introduction



		VCA rejection



		Acute rejection



		Chronic rejection











		Cellular mechanism of acute rejection



		T cells



		T-cell activation



		CD8+ T cells



		CD4+ T cells



		Epithelial and follicular stem cells



		Endothelial cells



		NK cells, B cells, and macrophages











		Tissue compartments of VCA



		Skin



		Vessels



		Bone



		Muscle and nerve











		Tolerance induction in VCA



		Mixed chimerism



		Delayed tolerance



		T-cell depletion



		Regulatory T-cell-mediated tolerance



		Co-stimulatory blockade



		Vascularized bone marrow transplantation











		Discussion



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Transplantation

Immunogenicity and tolerance
induction in vascularized
composite allotransplantation









OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Transplantation





OPS/images/frtra-03-1350546-t001.jpg
Rejection
grade
Grade 0

Histopathologic characteristics

No or rare cellular infiltration

Grade 1

Mild perivascular dermal infiltration, no involvement of the
epidermis

Grade 1T

Moderate to severe perivascular infiltration, potential mild
epidermal, and/or adnexal involvement

Grade 11T

Infltration into epidermis, epithelial apoptosis, dyskeratosis,
and/or keratinolysis

Grade IV

Frank necrosis of epidermis o other skin structures





