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Chronic Graft-versus-Host Disease is a life-threatening inflammatory condition that affects many patients after allogeneic hematopoietic stem cell transplantation. Although we have made substantial progress in understanding disease pathogenesis and the role of specific immune cell subsets, treatment options are still limited. To date, we lack a global understanding of the interplay between the different cellular players involved, in the affected tissues and at different stages of disease development and progression. In this review we summarize our current knowledge on pathogenic and protective mechanisms elicited by the major involved immune subsets, being T cells, B cells, NK cells and antigen presenting cells, as well as the microbiome, with a special focus on intercellular communication of these cell types via extracellular vesicles as up-and-coming fields in chronic Graft-versus-Host Disease research. Lastly, we discuss the importance of understanding systemic and local aberrant cell communication during disease for defining better biomarkers and therapeutic targets, eventually enabling the design of personalized treatment schemes.
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Introduction

For patients with hematologic malignancies, primary immunodeficiencies or bone marrow (BM) failure, allogeneic hematopoietic stem cell transfer (HSCT) is often the only option for curative treatment. This treatment, however, comes with a high risk of developing acute or chronic Graft-versus-Host Disease (GVHD). While acute GVHD (aGVHD) occurs early after transplantation and mainly affects the skin, liver and gut, chronic GVHD (cGVHD) establishes later after transplantation and is a heterogenous syndrome with multi-organ involvement. Patients typically require long-term treatment with immunosuppressive drugs and are faced with a high risk of mortality and severe impact on their quality of life. The pathogenesis of cGVHD involves multiple processes, which are complex and inter-dependent. Recently, a 3-phase model for cGVHD was proposed that involves early inflammation and tissue injury including thymic damage with loss of central and peripheral tolerance, subsequent chronic inflammation and dysregulated immunity and eventually aberrant tissue repair with fibrosis (1).




A diverse set of immune cellular players mediate cGVHD

Every phase of cGVHD involves a diverse set of immune cells, which exert several disease-promoting pathomechanisms. The precise interplay between these cell types and mechanisms on a systemic level as well as in the affected tissues is incompletely understood. In this review we give an overview of the different immune components involved in cGVHD pathogenesis and summarize our current knowledge about dysregulated cell composition, signaling and intercellular communication in cGVHD. Specifically, we address mechanisms and therapeutic potential of T cell regulated pathogenic signaling and give an overview of disturbances in the B cell compartment. We discuss the dual role of NK cells, touch upon the role of mixed chimerism of antigen presenting cells (APCs), macrophage polarization and structural cells as APC in disease pathogenesis, and outline immunomodulatory mechanisms mediated by the gastrointestinal microbiome in cGVHD.





Cellular crosstalk in cGVHD via extracellular vesicles – a new field of GVHD research

The different cell types involved in disease pathogenesis do not act as single entities but are communicating with each other to facilitate their effector functions. Extracellular vesicles (EVs) play a central role in immune cell crosstalk and represent an entirely new area for research in the context of GVHD.

All eukaryotic cells release EVs that contain a subset of proteins, lipids and nucleic acids, predominantly small RNA (smRNA), that are derived from the parent cell. These particles vary in generation method and size, including shedding microvesicles (1000-100nm) and exosomes (150-30nm) from multivesiculated bodies generated in the endocytic pathway. Therefore, EVs are heterogeneous and differ in their content and surface proteins. It is now well established that EVs play an important role in intercellular communication by transferring their contents between cells (2). They are also involved in numerous essential physiological processes, and vesicles from both non-immune and immune cells have important roles in immune regulation (3). EVs play a role in both innate (4) and adaptive immunity where they can have both pro- and anti-inflammatory capabilities, depending on their contents. They can serve as disease biomarkers for aGVHD, as recently shown by Lia et al (5), but are likely involved in several GVHD promoting mechanisms by facilitating cell-cell communication. EVs in GVHD have so far mostly been studied in the context of mesenchymal stem cell (MSC)-based therapy. Several mouse models and few studies in human subjects revealed that the immunomodulatory properties of MSC are largely mediated by their secretome, which includes EVs. These effects have recently been extensively reviewed in Doglio et al (6) and Lia et al (7). However, also immune cells themselves are releasing EVs that have the potential to exert autocrine and paracrine immunomodulatory effects. These mechanisms are this far understudied in GVHD. In the following chapters we summarize recent findings regarding EVs produced by a variety of immune cells which are known to be involved in the etiology of GVHD, discuss their effects and how they could shape the inflammatory environment during active GVHD.

The role of EVs in the pathophysiology of immunological disorders is an up-and-coming field for research, as they offer translational importance as prospective therapeutic targets, informative biological agents, and predictive disease biomarkers.






Novel mechanisms of T cell pathogenicity in cGVHD

The pathophysiology of cGVHD is complex and involves a plethora of different organ systems and cell types, and both innate and adaptive immune responses are involved. Especially in the second phase of cGVHD development with chronic inflammation and dysregulated immunity, adaptive immune responses are initiated and result in a loss of central and peripheral tolerance and the emergence of pathogenic T cells and B cells, causing auto- and alloimmune reactions. In this chapter we highlight novel players identified in pathogenic T cell signaling in cGVHD and how communication via EVs could contribute to pathogenic effects (Figure 1).




Figure 1 | Mechanisms and targeting of T cell pathogenicity in cGVHD. Pathogenic mechanisms in cGVHD include thymic injury and subsequent dysregulation of Treg responses and Th1/Th17 skewing. Pro-inflammatory signaling from other cell types promotes inflammation in target tissues. Increased numbers and signaling of Tfh additionally stimulate pathogenic B cell responses. The pathogenic role of mixed chimerism within TRM compartment and potential antigens for a specific allo-reaction remain topics of open investigation. Therapeutic agents in clinical use (green) or agents to reduce cGVHD in pre-clinical models (blue) targeting the different disease mechanisms are highlighted. Grey arrows indicate potential involvement of EV in pathological processes.






Th1/Th17 polarized T cells dominate inflammatory responses in cGVHD

Different subsets of CD4+ T cells have been reported to have crucial roles in disease development and maintenance. Principally, cGVHD is dominated by Th1/Th17-like immune responses, with a simultaneous loss of Treg function. Thymic injury during disease progression leads to diminished Treg generation and release of autoreactive T cells becoming IL-17A producing effectors (reviewed in (8)). Recently, Alawam et al. reported a failed recovery of medullary thymic epithelial cells as the main mechanism for impaired Treg development and escape of self-reactive conventional αβ T cells in mice after syngeneic BM transplantation (9). T cells with Th1/Th17 polarization are enriched in cGVHD target tissues such as the skin and liver (10, 11), and are thought to mediate chronic inflammation. The Th1/Th17 skewing in cGVHD target tissues is driven by mediators produced by other immune and stromal cells within these tissues. Thereby, the IL-12 cytokine family plays an important role, as IL-12 and IL-23 are the major drivers of Th1 polarization and Th17 maintenance (reviewed in (12)). The main cytokine sources are activated macrophages and dendritic cells in tissues, although IL-23 production by keratinocytes has been described in the context of skin inflammation (13, 14). Keratinocytes and other epithelial cells produce TGF-β, an important cytokine for Th17 as well as Treg polarization, wherein the former additionally requires the presence of IL-6 or IL-21 (15). IL-6 can be produced by many stromal and immune cell types, whereas IL-21 production is restricted to activated T cells.

Recently, Forcade et al. showed that cGVHD patients represent with elevated frequencies of CD146+ CCR5+ T cells, which have enhanced migration potential and Th1/Th17 features (16). The same study could show that TMP778, a small molecule inhibiting Th17 master transcription factor RORγt, alleviated murine cGVHD (16). Approaches to target Th1/Th17 cells to prevent or revert cGVHD have become a topic of increasing interest. A recent mouse study revealed a role for microRNA (miR) -31 in T cell pathogenicity in cGVHD. miR-31 deficient T cells displayed reduced Th17 differentiation and increased Treg generation through loss of HIF1α upregulation in allogeneic cells, leading to improved cutaneous and pulmonary cGVHD (17). Of note, HIF1α signaling is known to boost Th17 skewing in T cells and can be induced by TCR signaling upon target cells recognition, cytokine signaling, or hypoxia, which is a hallmark of inflamed tissues (reviewed in (18)). Pre-clinical findings show that ROCK2 inhibition reduces production of Th17 signature cytokines IL-17 and IL-21 in a STAT3-dependent manner, while increasing STAT5 signaling, thereby promoting Treg function (19, 20), have led to clinical studies testing ROCK2 inhibitors in GVHD, which we discuss later in this chapter.





Dysregulated regulatory T cells prompt failed tolerance

Dysregulated Treg immunity is another hallmark feature of cGVHD (21, 22). Failure to properly reconstitute the Treg compartment after HSCT results in loss of tolerance, allo- and autoimmunity and impaired control of immune responses (21, 22). Importantly, Treg expand in secondary lymphoid organs and subsequently migrate to peripheral tissues, where they suppress local inflammatory responses and prevent the early expansion of alloreactive effector cells (23, 24). Low-dose IL-2 therapy for Treg induction has shown beneficial effects on Treg numbers in cGVHD, albeit a considerable number of patients are unresponsive (25–27). A recent study demonstrated preferential activation of effector T cells over Tregs in a severely inflammatory environment and therefore suggested IL-2 treatment to be tailored to the immune status of each patient (28). Nicholls et al. investigated BM residing Tregs (BM-Treg) in the context of cGVHD, which failed to reconstitute properly and did not expand in response to IL-2 but rather IL-9. Importantly, BM-Treg depletion, while maintaining splenic Treg, resulted in exacerbated skin cGVHD (29). Type 1 adaptive regulatory cells (Tr1) are another type of Treg, characterized by absence of Foxp3 expression, high IL-10 production, and co-expression of CD49b and LAG-3 (30), and are crucial to control aGVHD in mice (31). In human cGVHD, the Tr1 subset was shown to be specifically enriched in patients with active disease compared to patients in remission, whereas the inverse was true for thymic Treg (32). However, the functional role of Tr1 in disease control needs to be further addressed. Over the past years post-transplant cyclophosphamide (PTCy) has emerged as a promising and effective treatment strategy to reduce the incidence of cGVHD. Although initially the effect was attributed to a general impairment of allo-reactive donor T cells, newer studies found a Treg-specific sparing effect (33–35). Comparing T cells in patient blood receiving PTCy with no PTCy regimens revealed a significantly delayed T cell reconstitution with a simultaneous increase in the proportion of Treg in the PTCy group (35). PTCy patients also displayed a higher level of inhibitory markers on both CD4+ and CD8+ cells, with reduced capacity for cytokine production after ex vivo stimulation, giving new insights into the mechanism of action of PTCy mediated cGVHD prevention.





Follicular helper T cells enable B cell pathogenicity

Another T cell subset critically implicated in cGVHD pathogenesis are follicular helper T cells (Tfh), a subset of CD4+ T cells located in the B cell follicle and expressing the transcription factor Bcl6 along with high levels of the chemokine receptor CXCR5 and programmed cell death protein-1 (PD-1), Tfh cells are crucial for initiating B cell-mediated disease mechanisms by enabling germinal center formation through IL-21 production, and increased Tfh numbers correlate with disease severity (36). ROCK2 inhibition in murine cGVHD, in addition to regulating the Th17/Treg balance, decreased the Tfh master transcription factor Bcl6 and consequently the frequency of Tfh (19). Another mouse study proposes Sirt-1 as a new cGVHD target, as T cell-specific Sirt-1 deficiency negatively affected Tfh generation, B cell activation and plasma cell differentiation, while simultaneously promoting Treg stability (37). Similarly, IL-39, a recently described IL-12 family cytokine, aggravated cGVHD in mice by promoting STAT1/STAT3 mediated CD4+ T cell activation and differentiation of germinal center B cells in mice after allogeneic (allo-)HSCT (38). This study described activated B cells, CD11b+ cells and CD8+ T cells as main IL-39 sources. However, there is so far no evidence for a pathogenic function of IL-39 in human GVHD.





T cell targeting strategies are promising new therapeutic

The overall importance of dysregulated T cell activation and polarization of T cell subsets in cGVHD pathogenesis is underlined by the therapeutic efficacy of Ruxolitinib, a selective Janus kinase (JAK) 1/2 inhibitor. Blocking JAK/STAT signaling affects different aspects of T cell biology related to cGVHD pathogenesis, such as production of pro-inflammatory cytokines, proliferation and survival and the differentiation into IFN-γ and IL-17A producing cells (39). In September 2021, the FDA approved Ruxolitinib for cGVHD after failure of one or two lines of systemic therapy in adults and children >12 years, based on results of the REACH-3 (NCT03112603) trial (40). Additionally, the selective JAK1 inhibitor Itacitinib in combination with corticosteroids is currently tested as first line therapy for cGVHD (NCT03584516). As mentioned above, promising results for ROCK2 inhibition were obtained in pre-clinical models. Belumosudil, a selective ROCK2 antagonist, was tested for safety, tolerability, and activity in cGVHD patients in clinical studies (NCT02841995, NCT0344081) (41, 42). These studies included heavily pre-treated refractory patients having failed one or more previous lines of therapy and reported overall response rates (ORR) of > 70% (41) and > 60% (42), respectively, in all treatment groups, with limited cytotoxicity and improved quality-of-life. These results suggest Belumosudil therapy to be suitable for patients with treatment-refractory cGVHD, which resulted in FDA approval for cGVHD patients 12 years or older after failure of two or more prior systemic treatments in July 2021 (43).

Additional attempts to prevent the dissemination of allo- and autoreactive T cells include the depletion of naïve T cells before transplantation and blocking of T cell migration. Since mouse studies demonstrated exacerbated disease mediated by naïve T cells compared to memory T cells (44, 45), and naïve T cells numbers correlate with the later onset of cGVHD and are elevated in starting cGVHD in patients (46), clinical studies on the efficacy of naïve T cell depletion from the graft were conducted. Recently published results from three clinical trials (NCT00914940, NCT01858740, NCT02220985) revealed a very low rate of cGVHD in those patients (47). From 138 patients, 1% developed moderate-severe cGVHD and the 3-year GVHD-free, relapse-free survival was 68%, suggesting naïve T cell depletion could be a novel superior strategy of graft engineering (47). In mice, application of the S1P agonist FTY720, which blocks lymphocyte migration and traps naïve and effector T cells in lymph nodes, reduced cGVHD severity and fibrosis (48). Of note, according to a case report by Gauthier et. al, a patient with severe central nervous system GVHD was successfully treated with FTY720 (49).





Tissue T cell chimerism can drive inflammation

So far, efforts to uncover T cell pathogenicity in GVHD have focused on donor T cells. However, it has lately become evident that host-derived tissue-resident memory T cells (TRM) can survive the conditioning regimen and persist in GVHD target tissues, such as the skin and the gut (50–52). The presence of host TRM in other GVHD target tissues has this far not been reported but is likely due to the high abundance of TRM in tissues such as liver and lung (53, 54). In patients’ skin with active GVHD, these host-derived T cells were proliferative and produced effector cytokines (51, 52). Data obtained in a cutaneous GVHD humanized mouse model demonstrated that host TRM activated by donor APC are sufficient to induce a GVHD-like dermatitis (51). Host T cells with a resident phenotype could be found in increased numbers in the blood of aGVHD patients and were able to mediate keratinocyte damage in an ex vivo model (55). On the other hand, in murine GVHD models, mice receiving T cell depleted bone marrow usually don’t develop skin manifestation. This discrepancy may result from species differences in tissue resident T cell biology, and artifacts such as low abundance of antigen experienced TRM in laboratory mice compared to humans or pet store “dirty” mice (56). In fact, patients receiving T cell depleted PBSCT can still develop cutaneous aGVHD (57), underlining the importance to study disease mechanisms in human models to translate pre-clinical findings.

Host TRM in the skin were reported to have low replacement rates and persist in the skin at ranges of 5-95% 10 years after transplantation (52). Another study reports that 23% of patients display long-term skin T cell chimerism (50). Interestingly, in this study skin T cell chimerism occurred in 57% of patients with aGVHD, but only 12.5% of patients with cGVHD. Importantly, these studies demonstrated that a previous history of GVHD correlated with a loss of host TRM, indicating that host TRM might be preferentially targeted by infiltrating alloreactive donor T cells (50, 51). These data suggest that host TRM, while being dispensable for GVHD development, can contribute to GVHD related inflammation. However, the specific pathogenic mechanisms, and especially a potential role of host TRM in cGVHD pathology, must be further investigated. In the future, the development and use of TRM specific depletion models for specific organs should give clearer insights into the role of these cells in aGVHD and cGVHD.





EVs mediate T cell pathogenic signaling

EVs play a role in the development of T cells. Thymic epithelial cells have been shown to release EVs containing tissue restricted antigens (58) which are then presented to thymic cDCs for antigen presentation, contributing to the negative selection of T cells with specificity to self-antigens (58). In the context of cGVHD, this may have an important effect on the maintenance of central tolerance, due to potential changes in the type and content of EVs during thymic damage. More specifically, EVs containing molecules such as sphingosine-1-phosphatase lyase 1 (SGPL1), Rho GDP-dissociation inhibitor 1 (GDIR1), dedicator of cytokinesis protein 2 (DOCK2), and p21 protein-activated kinase 2 (PAK2) contribute to the polarization of CD4 or CD8 single positive thymocytes, aiding both maturation of T cells and thymic egress, but continue to contribute to T cell function in the periphery (59).

The ability of Tregs to enforce peripheral tolerance, and suppress Th1 cell responses, has been shown to be partly via nonautonomous gene silencing, mediated by miRNA-containing EVs (60). Indeed, Tregs are prolific producers of EVs that contain high levels of miRNA, the profile of which is distinct from those of Th1 and Th2 cells. Treg derived EVs can transfer specific sets of miRNA to conventional T cells, both in vitro and in vivo (60, 61). Compromised transfer of Treg EV miRNAs to conventional T cells (either via failed miRNA formation (Treg cell Dicer deficiency), or inhibited EV release (Rab27a- and Rab27b-deficient Tregs) has been shown to abrogate the capacity of Tregs to prevent disease in a colitis model, by specifically regulating Th1 cell responses (60). The specific role of Treg EV mRNA and proteins in modulating target cells in a context-dependent manner remains unknown, but seems likely to drive their immunomodulatory effects. Loss of Tregs and their tolerogenic function enables pro-inflammatory immune cells to perpetuate GVHD.

Overall, T cells remain the most studied immune cell subset in both aGVHD and cGVHD, as they are crucial for disease development and maintenance and the most obvious target for preventive and curative therapies. However, many studies focus on the blood, studying systemic disease effects. With our improved understanding of tissue immunity and the diverse phenotypes T cells can acquire in different organs, there is a need to investigate tissue-specific disease mechanisms. A recent study in a murine GVHD model demonstrated that disease is maintained in target organs solely by resident T cells and their progenitors (62), highlighting the need to develop tissue-targeting therapies.






Communication of immune cells in cGVHD – the role of B cells

The lymphoid system is known to be a target organ of cGVHD seen in lymphoid hypocellularity, functional asplenia and humoral immune deficiency (63–65). B cells have a substantiated role in cGVHD including dysregulation of the B cell compartment, aberrant B cell signaling pathways, production of allo- and autoantibodies and T – B cell interactions. Aberrant B cell homeostasis with reduced generation of BM B lymphoid progenitors (65–68), low frequencies of naïve and memory B cells (69, 70) and a regulatory B cell defect have been observed in cGVHD (Figure 2) (71). Here, we will give an overview of aberrant B cell subpopulations and B cell signaling in cGVHD and highlight abnormalities in T and B cell crosstalk.




Figure 2 | B cell compartment aberrations in cGVHD. B cell compartment aberrations include increases in memory B cells with exhausted phenotype, and in germinal center GC B cells promoted by increased Tfh signaling, where therapeutic benefit could be seen by monoclonal antibody blockade in mouse models. Hyperresponsive BCR signaling and autoantibody production, as well as production of pro-inflammatory cytokines further promotes disease pathogenesis, partly mediated by loss of Treg-controlled B cell help. Regulatory B cell functions are diminished, as well as certain memory subsets controlling infections. Ibrutinib inhibits the B cell survival regulating kinase BTK and additionally suppresses Th2 responses via blocking ITK. B cell derived EV signals regulating T cell and B cell activation could influence proinflammatory immune responses.






Aberrant B cell subpopulations and signaling pathways characterize cGVHD

Significantly higher relative numbers of CD19+CD21low B cells in patients with long-lasting or first diagnosis of cGVHD were reported and this B cell subpopulation significantly correlated with activity and severity of cGVHD (46, 69, 70, 72–75), respectively. In addition, CD19+CD21low B cells were elevated on day +100 after allo-HSCT in patients subsequently developing cGVHD (46). Khoder et al. further characterized the CD19+CD21low B cell subset demonstrating features of exhaustion, such as increased expression of multiple inhibitory receptors, altered expression of chemokine and adhesion molecules and poor proliferative response to a variety of stimuli (72). Further research with modern single-cell approaches combining antigen specificity and phenotype will elucidate whether the exhaustion results from constant antigen exposure or from of unspecific activation. It is also unclear whether exhausted B cells affect cGVHD pathogenesis, are a mere consequence of persistent inflammation or a cause of defective B cell reconstitution. A recent single cell study reported the expansion of CD27+ memory and CD11c+ atypical memory B cells in cGVHD patients, which can exhibit an exhausted phenotype. Trajectory analysis predicted that the cGVHD-expanded cluster develops along different trajectories compared to corresponding healthy control populations, bypassing tolerance checkpoints (76).

Both B cell receptor (BCR) signaling and B cell activation factor (BAFF) play key roles in determining B cell fate and survival. Multiple groups have shown that cGVHD is closely associated with aberrant BAFF levels (46, 67, 74, 77, 78), an activated B cell phenotype, and aberrant BAFF/B cell ratios (46, 67, 74, 78, 79). Excessive BAFF levels have been associated with increased proportions of CD27+ B cells, including both pre-germinal center (GC) CD27+CD38hiIgD+ and post-GC CD27+CD38hiIgD- B cells in patients with active cGVHD as compared to healthy individuals (78). B cells from cGVHD patients had significantly increased proliferative responses to B cell receptor (BCR) stimulation and resistance to apoptosis, resulting in the constant activation of B cells (80–82). BCR hyperresponsiveness is reportedly associated with increased expression of proximal signaling molecules including spleen tyrosine kinase (Syk) and B cell linker (BLNK) protein (81), an effect known to be mediated via increased BAFF levels. Activated CD27+ B cells from cGVHD patients are in an increased metabolic state with bigger size and protein content and are primed for survival via BAFF pathways (80). The Syk inhibitor Fostamatinib was recently tested in a Phase I clinical trial (NCT02611063) for cGVHD prophylaxis and as steroid-refactory cGVHD treatment (83). In both arms the proportion of post-GC plasmablas like B cells decreased in the early treatment phase (83). Bruton’s tyrosine kinase (BTK) is downstream of the BCR and required for tonic and antigen-dependent receptor signaling which regulates B cell survival (84). Ibrutinib, an FDA-approved drug for steroid-refractory cGVHD inhibits BTK in B cells, leading to reduced production of autoreactive antibodies but also inhibits a homologous enzyme in T cells, interleukin-2-inducible T cell kinase (ITK), leading to selective suppression of Th2 immune responses that may contribute to the pathogenesis of cGVHD (85, 86). However, recent results from the iNTEGRATE study (NCT02959944), evaulating first-line treatment of cGVHD with iburitinib-prednisone showed no benefit compared to placebo-prednisone treatment, which may be attributed to different patient cohorts and study desing or reflect different immune mechanisms active in steroid-refractory compared to untreated cGVHD (87). In mice with cGVHD combinatorial treatment with BTK and ITK was beneficial (88), warranting further studies to explore the benefit of combination therapy in humans.

Another hallmark of cGVHD is the lower frequency of CD19+CD27+ memory B cells (69, 70), whose reduced number is associated with the incidence of infectious complications after allo-HSCT (69, 70, 74). Of note, resolution of cGVHD correlated with expansion of CD19+CD27+ memory B cells (69). Using B cell rearrangement excision circle measurements, Glauzy et al. observed increased B cell replication but decreased overall B cell neogenesis in patients with aGVHD and cGVHD (67).

B cells can have regulatory properties that suppress rather than initiate cGVHD, and regulatory B (Breg) cells have been identified as a novel B cell subpopulation associated with cGVHD development (71, 89, 90). Compared to healthy individuals, cGVHD patients have decreased Breg cells defined as interleukin (IL)-10 secreting cells with reportedly different phenotypes. Khoder et al. defined B cells with immunoregulatory properties within both the CD19+IgM+CD27+ memory and CD19+CD24highCD38high transitional B cell compartments and observed a lower frequency of Breg cells in patients with cGVHD (89). Furthermore, Breg cells in these patients were less likely to produce IL-10 compared to Bregs from healthy donors. De Masson et al. observed enriched IL-10 production in both the CD24hiCD27+ and CD27hiCD38hi plasmablast B cell compartments (71). Patients with cGVHD had less CD24hiCD27+ B cells and IL-10–producing CD24hiCD27+ B cells and increased CD27hiCD38hi plasmablast frequencies, but decreased IL-10–producing plasmablasts (71).





Abnormal T and B cell interactions characterize cGVHD

Antigen presentation by activated B cells that have up-regulated major histocompatibility complex (MHC) and costimulatory molecules, such as CD80 and CD86, leads to CD4+ and CD8+ T cell activation and differentiation. Depending on the B cell subpopulation and the nature of the activation stimulus, B cells can also act as immunoregulatory cells that induce peripheral CD4+ and CD8+ T cell tolerance, inhibit dendritic cells, and induce and expand regulatory T (Treg) cells.

Amongst other mechanisms, cGVHD is mediated by abnormal CD4+ T and B cell interactions, due to the lack of donor-derived Treg cells (91, 92). B cells contribute to immune responses by antibody-mediated and antibody-independent mechanisms. Antibodies directed against Y-chromosome-encoded epitopes (H-Y antibodies) in male recipients of stem cell grafts from female donors developing cGVHD have been observed (93–95). The presence of auto-antibody-secreting B cells promoted by alloreactive donor CD4+ T cells is an important mediator of autoimmune features of cGVHD, suggesting that a loss of B cell tolerance is operative (92, 96, 97). A number of autoantibodies, including anti-nuclear antibodies (ANAs), anti–double-stranded DNA (anti-dsDNA), and anti-platelet-derived growth factor receptor (PDGFR)-α, have been found in association with cGVHD (98–102).

In a preclinical cGVHD model, B cells were required to induce cGVHD and associated bronchiolitis obliterans syndrome (BOS) (103). Of note, tissue fibrosis was observed only after secretion of high-affinity class-switched antibodies that activate immune responses and, in the case of cGVHD, cause severe damage to target tissues by activating complement or antibody-dependent cell-mediated cytotoxicity. Furthermore, in this well-established murine cGVHD model, donor T cell–derived Tfh cells were required for the activation of donor BM–derived B cells that differentiate into GC B cells, resulting in immunoglobulin deposition in BOS lesional tissue (104). Increased frequency of Tfh cells correlated with increased GC B cells, cGVHD, and BOS. Development of BOS was dependent upon T cells expressing the chemokine receptor CXCR5, to facilitate T cell trafficking to secondary lymphoid organ follicles. Tfh cells support the generation of GCs by providing signaling through IL-21, inducible T-cell co-stimulator (ICOS), and CD40 (105–108); blocking these factors by monoclonal antibodies hindered GC formation and cGVHD (104).

In a murine model, Deng et al. observed that cGVHD causes destruction of lymphoid follicles and absence of GCs in lymphoid tissues (109). Development of cGVHD did not require GC formation and was associated with the expansion of extrafollicular CXCR5-BCL6+PSGL1lowCD4+ T cells in GVHD target tissues (109). The same research group demonstrated that murine and human PSGL1lowCD4+ T cells from GVHD target tissues have features of B cell helpers with upregulated expression of PD1 and ICOS and production of IL-21 (110). Murine PSGL1lowCD4+ T cells from GVHD target tissues augmented B cell differentiation into plasma cells and production of autoantibodies via their PD1 interaction with PD-L2 on B cells. As mentioned before, the use of PTCy is increasingly applied to prevent cGVHD and a recent study in murine cGVHD suggests a critical role for Treg-B cell interactions in its effect. In this model PTCy, but not other prophylactic regimens inhibited initial alloreactive T cell responses, which led to increased Tregs and restored bone marrow B cell lymphogenesis (111).

Additional pathologic functions of B cells such as production of a large number of proinflammatory cytokines including IL-2, tumor necrosis factor (TNF)-α, IL-6, IL-12, and interferon-γ that activate immune cells such as T cells, macrophages, and natural killer (NK) cells have been shown to be involved in cGVHD pathogenesis (1, 8). Recently, Lv et al. observed that amongst other cells also activated B cells can produce IL-39, which might promote the expression of IL-39 receptors on CD4+ T cells (38). Overexpression of IL-39 promoted the aggravation of cGVHD development in two different murine models, suggesting a critical role of IL-39 in the pathogenesis of cGVHD (see previous chapter).

In conclusion, B cell subpopulations and their associated signaling pathways as well as coordinated T cell and B cell responses have a key role in the pathogenesis of cGVHD. Pharmaceutical attempts to restore B cell homeostasis and target rare, pathogenic B cell subpopulations offer a new opportunity to reverse dysregulation of adaptive immunity in cGVHD.





B cell-derived EVs regulate T cell activation

When stimulated with CD24 or IgM, B cells are able to transfer functional BCR to recipient B cells via EVs (112). This was demonstrated by Phan et al. in a murine knockout model, where donor cells expressing GFP were co cultured after stimulation with IgM and CD24 knockout cells, resulting in the transfer of lipids and functional BCR to recipient cells, allowing for recognition of antigen and response (112). EVs from ‘healthy’ B cells are an area of limited research, however, there are interesting findings from B cell malignancies. Chronic lymphoid leukemia (CLL) B cells stimulated with CD40 and IL-4 release EVs containing miR-363, which can be transferred to CD4+ T cells and has a repressive effect on expression of CD69, a marker of activation in T cells (113). In this way, not only can more prominent immunosuppressive cell types such as Tregs or DCs subdue effector cells, but B cells can also repress CD4+ T cells. Co-stimulatory CD40L from EVs has also been demonstrated to have an effect on B cell response (114), whereby CD4+ T cell derived EVs that contain CD40L in their cargo, rather than on their surface, aid in the efficacy of HBsAg vaccination, increasing B cell activation, proliferation, and antibody production without impacting the surface expression of CD40 or CD80 on B cells (115). While this type of response is beneficial in the context of vaccination, increased aberrant B cells and concomitant antibody production could lead to aggravation of cGVHD. EV transfer of microRNAs from T cells to B cells also affect the immune response. Indeed, EV transfer of miR-25-3p and miR-155-5p, alongside other miRNAs such as miR-20a-5p, resulted in the silencing of the phosphatase and tensin homologue (PTEN) and Bcl-2-interacting mediator of cell death (BIM) genes. Both are known to have a critical function in B cell biology and the germinal center reaction, suggesting their role in germinal center formation and antibody production (116). Therefore, future research is needed to determine if aberrant EV signaling from B cells are amplifying disease mechanisms in the context of cGVHD.

Substantial dysregulation in the B cell compartment, in subset composition, pro-inflammatory signaling and disturbed T cell crosstalk is a specific feature of cGVHD and not aGVHD and therefore is critically important to understand in order to prevent and effectively treat this specific disease manifestation after HSCT. Restoring T cell function impacts the B cell compartment and vice versa, however, multiple factors determine these interactions and although there are many promising therapies recently approved or in the pipeline, it is still hard to predict which patients respond best to which treatment. Investing research in robust biomarkers for both B and T cell dysregulation as the two major adaptive immune arms driving pathology will help to stratify patients and improve treatment plans.






NK cells communicating within the cGVHD microenvironment

Natural killer (NK) cells are the first reconstituted immune cells to appear after allo-HSCT (117). Additionally, donor-derived NK cell infusion is increasingly studied as a prophylactic measure after allo-HSCT to target residual cancer cells (118, 119). However, the role of NK cells in cGVHD is not clear (120), and may depend on various factors and interactions within the microenvironment (Figure 3).




Figure 3 | Dual role of NK cells in cGVHD pathogenesis. NK cells that reconstitute early after transplantation can acquire several properties that render them GVHD promoting or GVHD protective. Through lysis or suppression of T cells or APC in the circulation and in target tissues they can reduce inflammation. On the other hand, proinflammatory cytokine production and increased alloreactivity through a donor NK cell receptor (including KIR) repertoire can support disease pathology. Their interaction with mesenchymal stem cells (MSC) could modulate effects of MSC-based therapies. EV released from NK cells can induce Th1 polarization, thereby potentially contributing to cGVHD pathology. .






Activating and inhibitory NK cell receptors display dynamic expression patterns after HSCT and in cGVHD

Specific activity of NK cells is fine-tuned by expression of both activating and inhibitory receptors, which form a system of dynamic equilibrium that regulates NK cell responses (121). Among the various receptors present on NK cells, killer immunoglobulin-like receptors (KIR) (122) are a family of highly polymorphic receptors that includes members with both activating and inhibitory properties (123, 124). KIRs mostly recognize HLA class I molecules as their ligands (125, 126). KIR genotype mismatching was shown to increase cGVHD in HSCT patients undergoing myeloablative conditioning (127). Furthermore, KIR licensing status was significantly associated with cGVHD incidence in a univariate analysis (128).

Aside from KIRs, there is a wide variety of other NK cell receptors of both activating and inhibitory function. While not as polymorphic as KIRs, the genes coding for these receptors and their ligands harbor various important single nucleotide polymorphisms (SNPs) that can affect their function or expression (129), and may be associated with GVHD, including its chronic form (130). The natural cytotoxicity receptor (NCR) family includes three activating NK cell receptors: NKp46 (NCR1), NKp44 (NCR2), and NKp30 (NCR3) (131–133) with ligands that are not well defined (134–138). Another important NK cell receptor is DNAX Accessory Molecule-1 (DNAM-1), also known as CD226 (139). Its ligands are the adhesion proteins CD112 and CD155 (140). The CD92/NKG2 family includes both activating (e.g. NKG2C) and inhibitory receptors (e.g. NKG2A), encoded by genes located on chromosome 12 (141). The activating/inhibitory pair NKG2C/NKG2A is particularly important in NK cell maturation after HSCT. Interestingly, both receptors were shown to be downregulated in patients with extensive cGVHD (as compared to patients with no or mild cGVHD). However, the NKG2C/NKG2A ratio was decreased, suggesting a less activating profile of NK cells in patients developing extensive cGVHD (142).





NK cells communicate with other cGVHD cellular players

NK cells use their receptors and cytokine release to interact with other cells. They can stimulate maturation of APCs such as dendritic cells (DCs) by releasing TNF-α and IFN-γ and can also kill immature DCs via NKp30 and DNAM-1 receptors (143–145). Cytokine secretion by DCs themselves can promote cytotoxicity and cytokine production of NK cells (146). In mice, IFN-γ secretion by NK cells was able to promote differentiation from naïve CD4+ T cells to Th1 cells, which are important in cGVHD development (147–149). In both mice and humans, activated NK cells can specifically kill activated and proliferating CD4+ and CD8+ T cells in a perforin-dependent manner. This process is mediated by NK cell receptors NKG2D and DNAM-1, whose expression may be upregulated on activated T cells (150–152). NK cells can also suppress CD8+ T cells by releasing IL-10 (153, 154).

Mesenchymal stem cells (MSCs) are another cellular subpopulation known to interact with NK cells. A study on IL-2-activated NK cells showed that they can lyse MSCs, and this action likely involved NKp30, NKG2D, and DNAM-1 receptors. At the same time, MSCs inhibited proliferation of resting NK cells (155). The decreased NK cell proliferation corresponded with increased cytokine secretion and cytotoxicity, although some studies found these NK cell functions to be decreased instead (156–159). NK cell interactions with MSCs are of particular interest, due to the development of MSC-based treatment for cGVHD (160, 161). NK cells may also target APCs (162), which are important drivers of cGVHD, as described in the following chapter. This APC-killing effect is potentiated in the presence of activating KIR2DS1 receptor binding to HLA-C2 on APC surface (163). Another receptor playing a role in this interaction may be NKp46, which binds to ligands present on DCs, and absence of NKp46 on NK cells leads to significantly increased GVHD (164, 165). NK cell degranulation towards activated T cells was decreased when either NKG2D, NKp46, or DNAM-1 was blocked, and decreased degranulation was associated with increased risk for cGVHD and aGVHD (166). However, the beneficial role of cytotoxic NK cell activity may depend on the disease stage, as patients with late aGVHD and cGVHD have increased numbers CD56dim cytolytic NK cells (75). Whereas NK cell cytotoxic activity can protect against GVHD development, it was shown that NK cells producing pro-inflammatory cytokines can induce it. A GVHD-stimulating effect of IFN-γ and TNF-α production by NK cells contributed to GVHD in both mice and humans (167, 168).





NK cell reconstitution dynamics impact cGVHD development

Due to their rapid reconstitution after HSCT (117), NK cell count reaches its normal numbers after one month as compared to T cells, whose numbers are usually still low three months post-transplant (117, 169). However, the circulating NK cells as late as three months post-transplant are mostly of the CD56bright subset, constituting nearly 40% of all NK cells in the transplanted patient, compared to only 10-15% in healthy individuals (whose NK cells are mostly of the CD56dim subset) (170). CD56bright NK cells are characterized by high expression of the inhibitory receptor NKG2A. CD56bright cells in post-transplant patients are also reported to have unusually impaired IFN-γ secretion (169, 171).

Presence of T cells in the graft seems to have a positive effect on reconstituted NK cells and their development, as it increases their cytokine production and cytotoxicity (167, 172). However, both cellular subsets seem to have a different effect on cGVHD development, as e.g. donor-derived naïve T cells can increase the risk of cGVHD (47). While T cells can exacerbate GVHD, NK cells are able to suppress it. Low reconstitution levels of NK cells were linked to a poorer outcome in cGVHD patients (173) and low numbers of reconstituting NK cells as well as a dysfunctional phenotype is associated with aGVHD relapse in patients receiving PTCy (174). One of the possible mechanisms behind this is lysis of alloreactive T cells, mediated by NK cell receptor NKG2D. This process leads to killing by induction of FasL-mediated apoptosis and degranulation. This occurs possibly due to increased expression of an NKG2D ligand on alloreactive T cells during aGVHD, as well as trafficking of NK cells to GVHD-affected tissues driven by chemokine release (175, 176). However, this mechanism has not been verified specifically in cGVHD patients as of yet. Interestingly, a study on mice showed that even residual recipient NK cells could prevent aGVHD by targeting T cells in a minor antigen mismatch setting (177). The CD56bright NK cells were observed to be decreased in patients developing cGVHD (46, 178–180). Lauener et al. demonstrated that HSCT patients later developing cGVHD already displayed with lower levels of CD56bright cells at day 100 compared to GVHD-free HSCT patients (181), suggesting a causal involvement of this subset in cGVHD. However, it is so far unclear what causes the loss of CD56bright cells in patients prior to cGVHD and how this could be prevented. Interestingly, patients receiving PTCy have delayed T and NK cell reconstitution with a higher proportion of immature CD56bright CD16- NK cells compared to patients receiving conventional GVHD prophylaxis (174, 182). In a cohort of haplo-HSCT transplanted an increased ratio of CD56brightCD16- immature NK cells to CD56brightCD16+ mature NK cells was correlated with the development of cGVHD (182), suggesting that the protective effect of the CD56bright population depends on the maturation status. A higher proportion of CD56bright cells is also partly responsible for the therapeutic effects of extracorporeal photopheresis (ECP) treatment in cGVHD (183). The protective effect of CD56bright NK cells may be due to their ability to suppress effector T cells in a contact-dependent manner (184). This may be mediated by NCR receptors NKp44 and NKp46, although not all studies support this (181, 184). This regulatory NK cell subset was also described to be perforin+, Granzyme B+ and NKp46 +  (181).





NK-cell derived EVs can polarize T cells

Activated NK cell-derived EVs (NK-EV) also have potential for a direct effect on cells, whereby EVs containing cytotoxic molecules such as perforin or FasL (185) have been shown to exhibit antitumoral effects. However, NK-EV miRNA have also been demonstrated to play a functional role in the polarization of a CD4+ T cell response. EVs containing miR-10b-5p and miR-92a-3p were shown to downregulate GATA3 mRNA, the Th2 signature transcription factor; resulting in an increase of Th1-like cells producing Interferon gamma IFN-γ, and Interleukin-2 in vitro (186). In vivo this would exacerbate or sustain the pro-inflammatory shift seen in cGVHD.

The dual role of NK cells via cytotoxicity and production of pro-inflammatory cytokines, as well as complicated interactions between T cells and reconstituted NK cells, may be responsible for discrepant results of studies on NK cell in human GVHD development. It is hypothesized that significant pre-activation of NK cells can lead to their GVHD-inducing character to prevail over their T cell killing capabilities (120). Although the role of NK cells in GVHD is not entirely clear, many studies have reported that early reconstitution of NK cells is associated with favorable outcomes, suggesting that by maximizing NK cell functions, HSCT outcomes could be improved (187).






Antigen presenting cells as disease drivers in cGVHD

Professional APCs are a heterogeneous group of immune cells, that are highly efficient in processing and presenting antigens to promote an adaptive immune response. Major populations of APCs in human tissues include DCs, macrophages and - to a lesser extent - cells of the B-lineage. Together with co-stimulatory signals upon formation of an immunological synapse, APC may activate CD4+ T cells by exogenous antigen presented via MHC-II, and cytotoxic T cells via presentation of endogenous antigen on MHC-I (Figure 4).




Figure 4 | APCs as cGVHD disease drivers. APC are instrumental in cGVHD development through presentation of allo-antigens to T cells and production of pro-inflammatory cytokines. Antibodies targeting these mechanisms are in clinical use (in green). Structural cells, such as epithelial cells can obtain MHC class II antigen-presenting properties presenting allo-antigen in the gut of mice. In cGVHD macrophages with M2 polarization are expanded and contribute to tissue fibrosis, which in mouse models could be ameliorated by pirfenidone. There are several lines of evidence that EV release by APC mediate processes implicated in cGVHD pathology.






Host and donor APC can initiate pathologic T cell responses in acute and chronic GVHD

In the context of HSCT, host (tissue) antigens can be presented by host APCs both via MHC-I and MHC-II or, indirectly, cross-presented by donor APCs via MHC-I (188–191). With this in mind, several studies around the turn of the millennium have focused on investigating the presence of resident host APCs that survive conditioning and have the ability to initiate GVHD. Interestingly, during pre-transplant conditioning, the APC compartment of barrier tissues remains fairly unaffected, and replacement with donor APCs after HSCT is incomplete (192–194). Together with the presence of remaining recipient tissue-resident T cells (51, 52), this results in mixed chimerism of both APC and lymphocyte populations within tissues after HSCT. Indeed, due to their capacity to present host allo-antigens, host APCs are required for initiation of GVHD responses in tissues (195, 196). However, the majority of APCs in GVHD lesions were found to be of donor origin (197, 198), suggesting a prominent role for host APCs in the propagation of inflammation by cytotoxic T cell activation.

In consequence, preventive and therapeutic strategies for GVHD have focused both on depletion of host APCs, for example by pre-transplant conditioning regimens containing alemtuzumab (CAMPATH) (199), and the modulation of donor APC cytokine responses, including IL-6-blockade with tocilizumab (200). We have above discussed the effects of Ruxolitinib on pathogenic T cell signaling, however this drug also can modulate APC function. Ruxolitinib impairs human DC activation and DC-mediated T cell activation (201), thereby additionally benefiting therapeutic effects.

Regarding specific APC types in GVHD inflammation, there is a redundancy as to which cells can initiate GVHD. In skin, host Langerhans cells are potent activators of donor cytotoxic T cells (202) and cutaneous aGVHD results in replacement by donor LCs, suggesting activation and migration (194). However, LC are not essential to murine GVHD and in the absence of LCs, other APC subsets may drive inflammation (203).

In murine models of cutaneous and pulmonary cGVHD the infiltration of M2-polarized donor F4/80+ macrophages preceded disease development and blocking this infiltration with anti-CSF-1R antibody significantly reduced cGVHD in both organs (198). Expansion of myeloid cells expressing the type-2 macrophage marker CD163 in steroid refractory aGVHD (204), and CD207+ donor-derived macrophages in cGVHD-affected tissues (198), suggest overall M2-polarization of GVHD macrophages. Although macrophage polarization profiles have not been formally investigated in GVHD subtypes in humans, the high plasticity of macrophages to exert both pro-inflammatory and pro-fibrotic functions could indicate a role in non-classical GVHD subtypes. Of note, Adams et al. recently demonstrated that BM-derived MHC class II+ macrophages are critical mediators of neuroinflammation in a cGVHD mouse model (205). During murine skin aGVHD, a distinct donor-derived macrophage population expands, and maintains a proinflammatory phenotype even after GVHD resolution, leading to a loss of tolerance and Treg suppressive capacity, which might further prime chronic inflammation and fibrosis (206). Du et al. treated mice with cGVHD with the antifibrotic small molecule Pirfenidone, which was FDA-approved for treating idiopathic pulmonary fibrosis. This resulted in reduced donor BM-derived M2 macrophage infiltration, decreased expression of pro-fibrotic TGF-beta, and reduced lung fibrosis (207).

Compared to macrophages, DCs show more rapid engraftment and increased donor chimerism after HSCT (208). Common DC subsets in human tissues include conventional DCs (cDCs) and plasmacytoid DCs (pDCs) (209). While cDC were shown to be a critical donor APC presenting allo-antigen after HSCT (210), recovery of donor pDCs early after HSCT reduces GVHD (211, 212).





Antigen presentation by non-professional APC contributes to inflammation

Finally, more recently, non-hematopoietic cells have come into focus as cells that can develop antigen-presenting ability under specific conditions. This includes keratinocytes (213), fibroblasts (214), alveolar epithelial cells and intestinal epithelial cells, the latter of which were found to initiate lethal gastrointestinal GVHD by MHC class II-presentation of allo-antigens (215). Koyama et al. demonstrate in a mouse model of GI-GVHD that IL-12 from ileal macrophages, IFN-γ from lymphocytes, as well as sensing of microbiota-derived TLR ligands induces MHC-II upregulation on intestinal epithelial cells, which then present allo-antigens to donor T cells to induce lethal GVHD (215). This study already highlights the complex interactions with the microbiome in GVHD target organs at barrier sites, which will be discussed in the next chapter.

Apart from antigen presentation, non-hematopoietic cells, specifically fibroblasts are involved in cGVHD pathogenesis as main executors of tissue fibrosis by excessive production of extracellular matrix and collagen deposition in response to chronic inflammation. Interestingly, a recent report demonstrates that fibrosis could by amplified through EV signaling. Dermal fibroblasts that were exposed to cGVHD patient derived EVs displayed significantly higher levels of fibrosis mediator TGF-β compared to healthy EV exposure (216). Another preliminary study in a small cohort of cGVHD patients found significantly increased miRNA miR-29-3p in patient EVs, which was predicted to regulate hub genes involved in TGF- β signaling and fibrotic processes, such as type I collagens or MMP2 (217).





EVs regulate antigen presentation

EVs also play a key role in antigen presentation, whereby EVs released by APCs carry surface MHC Class-I and MHC Class-II molecules and can directly stimulate CD8+ and CD4+ T cells, respectively (218, 219). The capacity of EVs to stimulate T cells, including naïve T cells, can be enhanced by their interaction with DCs. The presence of specific adhesion molecules that are involved in EV binding to DCs, such as integrins and ICAM1, depends on the lineage and activation stage of the parent cells (220). Indeed, EVs released by LPS-treated DCs bear more MHC Class-II and exhibit a more potent T-cell stimulatory function than EVs secreted by immature DCs. Indeed, mature DC EVs transfer the ability to activate naïve T cells to non-professional APCs (221, 222). A percentage of the acquired EVs remain on the surface of the target cell, whereas the rest are internalized by phagocytosis or micropinocytosis. Immature DCs internalize EVs more efficiently than mature DCs, whereas mature DCs retain more EVs on the cell surface (223). Once internalized by DCs, the EV-derived peptide-MHC (p-MHC) complexes can be degraded by the APCs and used as a source of peptide to interact indirectly with T-cells. p-MHC complexes of EVs attached (or fused) to APC surfaces can also be presented directly to T-cells without the need for p-MHC reprocessing, through a mechanism known as cross-presentation (222). The finding that optimal T-cell stimulation occurs when EVs transfer p-MHC complexes to mature DCs indicates that the acceptor APCs provide the required costimulatory molecules that are absent in the EVs (224). There are several lines of evidence suggesting that, following allograft transplantation, cross-presentation of recipient’s APCs with donor MHC molecules could be mediated through EV transfer (225).

Professional and non-professional antigen presenting cells were shown to provide either pro- or anti-inflammatory functions in GVHD, depending on the specific cell type and context. Notably, APC can drive GVHD using different mechanisms including direct priming of T cells, release of EV and contribution to the cytokine milieu. As such, APC are promising targets in therapeutic modulation of T cell responses in GVHD.






Microbiome-mediated effects in cGVHD

The gut microbiome is defined as the genetic and functional profile of the microbes residing in the gut. Together, these microbes encode over three million genes, providing a much wider variety and flexibility than the 23,000 protein-coding genes of the human genome (226, 227). The microbiota have gained increasing attention for its influence on human health and disease, and has been shown to influence the epithelial mucus layer, promote development of lymphoid structures, function in activation and differentiation of lymphocyte populations and balance the production of IgA and antimicrobial peptides (228) (Figure 5).




Figure 5 | Microbiome-mediated effects in cGVHD. GVHD development in the gut is associated with a disturbed microbiome. In cGVHD decreased microbial diversity with reduced Faecalibacterium and increased Akkermansia and Streptococcus species are reported, whereas high abundance of Lachnoclostridium is protective. Microbial metabolites are critical mediators of gut immune responses. Butyrate promotes Treg and regeneration of epithelial cells. Trp metabolites derived from microbes can protect the epithelium via IL-22 induction and microbial or tissue cell derived Trp metabolites promote Treg differentiation. Paneth cells in the gut produce antimicrobial peptides, and are targets of destruction by alloreactive T cells, leading to impaired host defense. Damaged epithelial cells have defective oxygen utilization, leading to loss of physiologic hypoxia in GVHD which drives microbial dysbiosis. Microbiota can release EV that modulate host immune responses.






Mycobiome dysbiosis occurs after allo-HSCT

The microbiome comprises bacteria, fungi and viruses, however in the context of GVHD studies mostly focus on the bacterial microbiome. We are only beginning to understand the role of the mycobiome in aGVHD. In a retrospective study of 153 allo-HSCT recipients, patients with intestinal Candida spp colonization showed significantly more grade II-IV aGVHD (229). Rolling et al. profiled mycobiota dynamics in allo-HSCT patients and found stable overall fungal diversity, but high day to day variance. Interestingly, stable expansion of Candida parapsilosis complex species in fungal cultures associated with higher transplant related mortality (230). It remains to be determined if there is causal role for fungi in the development or promotion of aGVHD and cGVHD.





Gut microbiota composition influences GVHD development

The bacterial microbiome has emerged as a key player in GVHD development and progression. It has long been postulated that germ-free mice have prolonged survival compared to conventional mice after allo-BMT (231, 232). However, this was recently challenged by a study showing that after allo-BMT, germ free mice displayed greater GVHD then age-matched littermates kept in specific pathogen free conditions, indicating that the microbiome itself can mitigate GVHD (233). There is a plethora of studies demonstrating that the gut microbiota, through their metabolites, are able to influence host immune responses, and that loss or gain of certain bacterial taxa may influence GVHD pathology. The importance for microbiota on GVHD development is covered in detail in recent excellent reviews (234, 235).The composition of the microbiome at the time of transplant or post-transplant can impact the outcome and risk for developing aGVHD and cGVHD. Numerous studies have shown that the severity of GVHD after allo-HSCT is associated with decreased microbial diversity of the GI tract, with a particular loss of commensal anaerobes (236–238). Seike et al. recently discovered that dysbiosis in the gut of allo-BMT mice is a consequence of a defective oxygen utilization by intestinal epithelial cells, caused by pathogenic T cell attack, leading to a loss of physiologic hypoxia (233). In this model, dysbiosis before transplantation did not affect GI-GVHD severity, arguing that dysbiosis is more a consequence than a cause for GI-GVHD. In a case-control study with collected stool samples, Markey et al. showed that a reduction in Faecalibacterium and an increase in Akkermansia and Streptococcus was associated with development of cGVHD (239). In the same study, increased abundance of Lachnoclostridium and Clostridium at day +100 after transplantation was associated with better prognosis and cGvHD-free survival (239). For aGVHD, several studies have indicated that increased abundance of Lachnospiraceae is associated to reduced risk and increased overall survival of aGVHD (238, 240, 241). It is not well understood yet how GVDH prophylaxis with PTCy affects the microbiome, however cyclophosphamide-microbiome interactions have been studied in the context of cancer. In antibiotic treated mice the anti-cancer activity of cyclophosphamide was reduced, suggesting a crucial involvement of the microbiome in the immunomodulatory activity of the drug (242). Dallière et al. demonstrated that in mice Enterococcus hirae translocate to secondary lymphoid organs during cyclophosphamide treatment, leading to an increase in intratumoral CD8+:Treg ratios, while Barnesiella intestihominis facilitates the infiltration of IFN-γ producing γδ T cells (243). How dysbiosis in HSCT patients is affected by PTCy and whether there are any implications for host immune responses and GVHD pathobiology must be addressed in future studies.





Microbial metabolites affect the epithelium and host immunity

The commensal bacteria influence host immunity through direct interactions with the epithelium, or via metabolites. Short chain fatty acids produced by anaerobic bacterial fermentation of dietary fibers in the colon have been implicated in mediating epithelial layer integrity and optimal immune cell homeostasis in the gut. Of these, butyrate produced by Firmicutes such as Clostridia, modulate immune cell phenotypes and composition, and in particular the skewing towards Tregs at the expense of Th17 (244). This has important implications, as an over-weight of Th17 cells can drive chronic GI GVHD due to production of profibrotic cytokines (245). Butyrate also contributes to epithelial cell regeneration. A study by Mathewson et al, demonstrated that administration of butyrate or a probiotic cocktail of 17 Clostridiales species to allo-BMT mice led to amelioration of GVHD through improved epithelial layer integrity (246). Similarly, administration of selective antibiotics that preserve the presence of butyrate-producing bacteria lead to reduced GVHD mortality in allo-HSCT patients (247). In line with these finding, a lower plasma concentration of butyrate and propionate on day 100 was observed in patients that developed cGVHD (239). However, there is conflicting data as another study has shown abundance of butyrate-producing bacteria in patients developing steroid-refractory cGVHD (248).

Among other metabolites, the essential amino acid tryptophan is metabolized to kynurenin by the enzyme indoleamine 2,3-dioxygenase (IDO), expressed in intestinal epithelial cells and immune cells. A significant proportion of tryptophane is also metabolized to tryptamine and indole metabolites through tryptophanase and decarboxylase enzymes, via the Lactobacillus and Clostridia genus (249). Tryptophane metabolites interact with the nuclear transcription factor aryl hydrocarbon receptor, which leads to increased production of the epithelial protective cytokine IL-22 by ILC3s (250). Probiotic administration of Lactobacillus was shown to reduce GVHD in a mouse model (236), and another mouse study showed that oral administration of the indole metabolite indole-3-carboxaldehyde reduced gut epithelial damage and reduced overall GVHD pathology and mortality (251). The mechanism was demonstrated to involve Lactobacillus and ILC3s (252). In addition, tryptophane metabolism through IDO also promotes Treg differentiation (253), and has been associated with suppression of GVHD in animal models (254).

Maintenance of an optimal bacterial diversity is governed by multiple external and intrinsic factors. Within intestinal crypts, specialized cells with antimicrobial functions, the Paneth cells, play a role in maintaining the homeostatic balance between host and the microbiome. Upon pre-conditioning prior to allo-HSCT, the epithelium may be damaged, and loss of crypt structures has been associated to delayed recovery from GVHD and steroid-refractory GVHD (255–257). The disruption of crypts is accompanied by fewer Paneth cells, that produce essential anti-microbial peptides and growth factors necessary for maintenance of intestinal stem cells. Crypt destruction was recently demonstrated to be mediated in an IFN-γ-dependent mechanism by alloreactive T cells that invade the crypt structures early after transplantation (258, 259).





Microbiota-derived EVs regulate host immunity

The immune modulating effects of EVs are not constrained to self-cells. Microbiota have also been found to excrete EVs, which are more akin to shedding microvesicles. These outer-inner membrane vesicles (O-IMVs) have been described by Pérez-Cruz et al., which in their study derived from several pathogenic Gram-negative bacteria and contain cytoplasmic components (260). Like EVs, these particles display and encompass host cell proteins and nucleic acids, which are known to elicit an immune response (260). Contrarily, EVs produced by beneficial microbes such as Clostridium butyricum polarize macrophages into an anti-inflammatory phenotype, aiding in treatment and remission of a murine colitis model (261). Though the potential exists for anti-inflammatory O-IMVs, the dysregulation of the various microbiomes as a result of cGVHD may shift towards pathogenic microbes and exacerbate disease. Further research is necessary to investigate these effects in pre-clinical models and patients.

The described studies highlight the potential of manipulating the bacterial composition or metabolites to not only promote epithelial regeneration, but to also promote an immune cell composition that may ameliorate and prevent the damage caused by alloreactive donor T cells, thus indicating that manipulation of bacterial metabolites can be exploited clinically. Therapeutic strategies in terms of cGVHD should involve prebiotics or probiotics that skew the balance in favor of bacterial strains that provide beneficial metabolites and out-compete strains with an unfavorable impact. Alternatively, the use of fecal transplantations, that has been shown to ameliorate GVHD in patients with steroid-refractory aGVHD (262), may be considered.






Discussion




Understanding cellular networks within cGVHD-affected tissue will pave the way forward to apply precision medicine

In this review we summarized current knowledge about disease mediating signaling in different cell types involved in the pathogenesis of cGVHD. Disease complexity and heterogeneity is reflected by the involvement of different cellular players described here, displaying multiple options for inter-and intracellular signaling that can either promote or inhibit cGVHD. While compartmentalization of the immune system into different cell types within specific organs is useful study single mechanisms, in disease all the described pathways can be active in the given tissue and organism at the same time. The difficulty lies in the deconvolution of these signaling networks, to find targets for effective preventive and therapeutic treatments.

A lot of our knowledge about cellular disease mechanisms comes from mouse studies. With the advance of (spatial) single-cell technologies we are gaining a better understanding of human tissue- and disease specific pathways driving certain phenotypes (263–266). However, there is high variability between patients, and at present markers to predict therapy response or disease outcome are lacking.

In the age of precision medicine, we require reliable biomarkers for patient stratification to determine the best possible treatment for every individual patient. The collection of large-scale open-source OMICs data from patient cohorts all over the globe is increasing, as is the development of sophisticated bioinformatic tools to predict cell-cell communication and tissue organization in homeostasis and inflammation (267–271). With the rapid improvement of deep learning methods, biologists and clinicians have the tools at hand to better understand cGVHD pathology from a systems perspective and uncover disease-associated processes that have high therapeutic potential and can be tailored to the patients’ specific immune status (272).

As lately discussed in the NIH Consensus document on personalized treatment for cGVHD (273), it will be crucial to understand the connection between clinical effects and the underlying biological mechanisms in cGVHD therapies currently in use, which will also allow the development of new, refined therapeutic approaches. Importantly, the authors emphasize the need for conducting clinical trials for first line treatment without the concomitant use of glucocorticoids, which hamper the investigation of disease-modulating effects of the used therapeutics in those trials (273). Close monitoring of patients during treatment with intensive sample collection and biological analysis will be necessary to improve our understanding of cGVHD pathogenesis, and definition of reliable biomarkers which can be used to design personalized treatment schemes (273). Ultimately, a better understanding of immune cellular crosstalk and its regulation in cGVHD will lead to the development of better drugs and therapies and improve the life of patients.





Studying cellular crosstalk via EVs is a new way forward in cGVHD diagnosis, patient stratification and development of therapeutics

Collectively, the studies highlighted in this review demonstrate that the activities of EVs can affect wide ranging immunoregulatory functions on a variety of immune cells which are known to be involved in the etiology of GVHD, including modulating antigen presentation, immune activation, immune suppression, immune surveillance, and intercellular communication, via both direct and indirect mechanisms. Given the ubiquitous involvement of EVs in immunomodulation, their translational potential as biologically relevant biomarkers and as novel therapeutics offers an exciting area for future discovery in the GVHD field. Despite this however, many questions remain unanswered and will be the focus of immediate research, particularly to decipher their precise roles in post-HSCT immune cell crosstalk and regulation. As a field in its relative infancy, fundamental questions remain about the best way to isolate, characterize and study EVs, including the effect of variation in sample collection, storage protocols and cell manipulation on EV productivity and molecular cargo. This in turn influences comparability between GvHD studies, which are already made challenging due to the heterogeneity in sample cohorts in terms of HSCT conditioning, prophylaxis and GvHD therapies. Many of these questions around best standardization in EV research are the topic of intense scrutiny by the International Society of Extracellular Vesicle (ISEV) specialist task force groups. Moving towards future EV research, there will be much focus on the heterogeneity of EV populations themselves, including those produced by single immune cell types, as well as the variation in EV populations in the circulation and how these can be traced back to immune cell of origin. Given the key advancements in our understanding of the role of EVs in immune cell crosstalk, as well as the complexity of the immune system, immune cell derived EVs look to be an area of intense research and development in future years.






Author contributions

GS and LMG conceptualized the manuscript. LMG, KJS, PŁ, JS, SJB, ESU, KB-K, HTG, REC, MI, and GS wrote the manuscript. LMG drafted figures and edited the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by COST (European Cooperation in Science and Technology). www.cost.eu - COST Action 17138 EUROGRAFT. KB-K and PŁ are also supported by a grant from the National Science Centre (Poland): 2018/31/NZ2/03065. REC is supported by the Newcastle Hospitals Charity and a Mallinckrodt Investigator Initiated Research (IIR) Award. KJS is supported by The Pathological Society of Great Britain.




Acknowledgments

Figures were created using Biorender.





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.





References

1. Cooke, KR, Luznik, L, Sarantopoulos, S, Hakim, FT, Jagasia, M, Fowler, DH, et al. The biology of chronic graft-versus-Host disease: A task force report from the national institutes of health consensus development project on criteria for clinical trials in chronic graft-versus-Host disease. Biol Blood Marrow Transplant (2017) 23:211–34. doi: 10.1016/j.bbmt.2016.09.023

2. Kowal, J, Arras, G, Colombo, M, Jouve, M, Morath, JP, Primdal-Bengtson, B, et al. Proteomic comparison defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes. Proc Natl Acad Sci (2016) 113:E968–977. doi: 10.1073/pnas.1521230113

3. Noren Hooten, N, Torres, S, Mode, NA, Zonderman, AB, Ghosh, P, Ezike, N, et al. Association of extracellular vesicle inflammatory proteins and mortality. Sci Rep (2022) 12:14049. doi: 10.1038/s41598-022-17944-z

4. Chen, Z, Larregina, AT, and Morelli, AE. Impact of extracellular vesicles on innate immunity. Curr Opin Organ Transplant (2019) 24:670–8. doi: 10.1097/MOT.0000000000000701

5. Lia, G, Di Vito, C, Bruno, S, Tapparo, M, Brunello, L, Santoro, A, et al. Extracellular vesicles as biomarkers of acute graft-vs.-Host disease after haploidentical stem cell transplantation and post- transplant cyclophosphamide. Front Immunol (2021) 12:816231. doi: 10.3389/fimmu.2021.816231

6. Doglio, M, Crossland, RE, Alho, AC, Penack, O, Dickinson, AM, Stary, G, et al. Cell-based therapy in prophylaxis and treatment of chronic graft-versus-host disease. Front Immunol (2022) 13:1045168. doi: 10.3389/fimmu.2022.1045168

7. Lia, G, Di Vito, C, Cerrano, M, Brunello, L, Calcaterra, F, Tapparo, M, et al. Extracellular vesicles after allogeneic hematopoietic cell transplantation: Emerging role in post-transplant complications. Front Immunol (2020) 11:422. doi: 10.3389/fimmu.2020.00422

8. Zeiser, R, and Blazar, BR. Pathophysiology of chronic graft-versus-Host disease and therapeutic targets. N Engl J Med (2017) 377:2565–79. doi: 10.1056/NEJMra1703472

9. Alawam, AS, Cosway, EJ, James, KD, Lucas, B, Bacon, A, Parnell, SM, et al. Failures in thymus medulla regeneration during immune recovery cause tolerance loss and prime recipients for auto-GVHD. J Exp Med (2022) 219:e20211239. doi: 10.1084/jem.20211239

10. Brüggen, MC, Klein, I, Greinix, H, Bauer, W, Kuzmina, Z, Rabitsch, W, et al. Diverse t-cell responses characterize the different manifestations of cutaneous graft-versus-host disease. Blood (2014) 123:290–9. doi: 10.1182/blood-2013-07-514372

11. Malard, F, Bossard, C, Brissot, E, Chevallier, P, Guillaume, T, Delaunay, J, et al. Increased Th17/Treg ratio in chronic liver GVHD. Bone Marrow Transplant (2014) 49:539–44. doi: 10.1038/bmt.2013.215

12. Bastian, D, Wu, Y, Betts, BC, and Yu, XZ. The IL-12 cytokine and receptor family in graft-vs.-Host disease. Front Immunol (2019) 10:988. doi: 10.3389/fimmu.2019.00988

13. Li, H, Yao, Q, Mariscal, AG, Wu, X, Hülse, J, Pedersen, E, et al. Epigenetic control of IL-23 expression in keratinocytes is important for chronic skin inflammation. Nat Commun (2018) 9:1420. doi: 10.1038/s41467-018-03704-z

14. Yoon, J, Leyva-Castillo, JM, Wang, G, Galand, C, Oyoshi, MK, Kumar, L, et al. IL-23 induced in keratinocytes by endogenous TLR4 ligands polarizes dendritic cells to drive IL-22 responses to skin immunization. J Exp Med (2016) 213:2147–66. doi: 10.1084/jem.20150376

15. Bettelli, E, Carrier, Y, Gao, W, Korn, T, Strom, TB, Oukka, M, et al. Reciprocal developmental pathways for the generation of pathogenic effector TH17 and regulatory t cells. Nature (2006) 441:235–8. doi: 10.1038/nature04753

16. Forcade, E, Paz, K, Flynn, R, Griesenauer, B, Amet, T, Li, W, et al. An activated Th17-prone t cell subset involved in chronic graft-versus-host disease sensitive to pharmacological inhibition. JCI Insight (2017) 2:e92111. doi: 10.1172/jci.insight.92111

17. Wu, Y, Mealer, C, Schutt, S, Wilson, CL, Bastian, D, Sofi, MH, et al. MicroRNA-31 regulates t-cell metabolism via HIF1α and promotes chronic GVHD pathogenesis in mice. Blood Adv (2022) 6:3036–52. doi: 10.1182/bloodadvances.2021005103

18. Tao, JH, Barbi, J, and Pan, F. Hypoxia-inducible factors in t lymphocyte differentiation and function. a review in the theme: Cellular responses to hypoxia. Am J Physiol Cell Physiol (2015) 309:C580–589. doi: 10.1152/ajpcell.00204.2015

19. Flynn, R, Paz, K, Du, J, Reichenbach, DK, Taylor, PA, Panoskaltsis-Mortari, A, et al. Targeted rhoassociated kinase 2 inhibition suppresses murine and human chronic GVHD through a Stat3-dependent mechanism. Blood (2016) 127:2144–54. doi: 10.1182/blood-2015-10-678706

20. Zanin-Zhorov, A, Weiss, JM, Nyuydzefe, MS, Chen, W, Scher, JU, Mo, R, et al. Selective oral ROCK2 inhibitor down-regulates IL-21 and IL-17 secretion in human t cells via STAT3-dependent mechanism. Proc Natl Acad Sci U.S.A. (2014) 111:16814–9. doi: 10.1073/pnas.1414189111

21. Zorn, E, Kim, HT, Lee, SJ, Floyd, BH, Litsa, D, Arumugarajah, S, et al. Reduced frequency of FOXP3+ CD4+CD25+ regulatory t cells in patients with chronic graft-versus-host disease. Blood (2005) 106:2903–11. doi: 10.1182/blood-2005-03-1257

22. Matsuoka, K, Kim, HT, McDonough, S, Bascug, G, Warshauer, B, Koreth, J, et al. Altered regulatory t cell homeostasis in patients with CD4+ lymphopenia following allogeneic hematopoietic stem cell transplantation. J Clin Invest (2010) 120:1479–93. doi: 10.1172/jci41072

23. Nguyen, VH, Zeiser, R, Dasilva, DL, Chang, DS, Beilhack, A, Contag, CH, et al. In vivo dynamics of regulatory t-cell trafficking and survival predict effective strategies to control graft-versus-host disease following allogeneic transplantation. Blood (2007) 109:2649–56. doi: 10.1182/blood-2006-08-044529

24. Edinger, M, Hoffmann, P, Ermann, J, Drago, K, Fathman, CG, Strober, S, et al. CD4+CD25+ regulatory t cells preserve graft-versus-tumor activity while inhibiting graft-versus-host disease after bone marrow transplantation. Nat Med (2003) 9:1144–50. doi: 10.1038/nm915

25. Whangbo, JS, Kim, HT, Mirkovic, N, Leonard, L, Poryanda, S, Silverstein, S, et al. Dose-escalated interleukin-2 therapy for refractory chronic graft-versus-host disease in adults and children. Blood Adv (2019) 3:2550–61. doi: 10.1182/bloodadvances.2019000631

26. Koreth, J, Matsuoka, K, Kim, HT, McDonough, SM, Bindra, B, Alyea, EP, et al. Interleukin-2 and regulatory t cells in graft-versus-host disease. N Engl J Med (2011) 365:2055–66. doi: 10.1056/NEJMoa1108188

27. Koreth, J, Kim, HT, Jones, KT, Lange, PB, Reynolds, CG, Chammas, MJ, et al. Efficacy, durability, and response predictors of low-dose interleukin-2 therapy for chronic graft-versus-host disease. Blood (2016) 128:130–7. doi: 10.1182/blood-2016-02-702852

28. Meguri, Y, Asano, T, Yoshioka, T, Iwamoto, M, Ikegawa, S, Sugiura, H, et al. Responses of regulatory and effector t-cells to low-dose interleukin-2 differ depending on the immune environment after allogeneic stem cell transplantation. Front Immunol (2022) 13:891925. doi: 10.3389/fimmu.2022.891925

29. Nicholls, J, Cao, B, Le Texier, L, Xiong, LY, Hunter, CR, Llanes, G, et al. Bone marrow regulatory t cells are a unique population, supported by niche-specific cytokines and plasmacytoid dendritic cells, and required for chronic graft-Versus-Host disease control. Front Cell Dev Biol (2021) 9:737880. doi: 10.3389/fcell.2021.737880

30. Gagliani, N, Magnani, CF, Huber, S, Gianolini, ME, Pala, M, Licona-Limon, P, et al. Coexpression of CD49b and LAG-3 identifies human and mouse t regulatory type 1 cells. Nat Med (2013) 19:739–46. doi: 10.1038/nm.3179

31. Zhang, P, Lee, JS, Gartlan, KH, Schuster, IS, Comerford, I, Varelias, A, et al. Eomesodermin promotes the development of type 1 regulatory t (T(R)1) cells. Sci Immunol (2017) 2:eaah7152. doi: 10.1126/sciimmunol.aah7152

32. Talvard-Balland, N, Sutra Del Galy, A, Michonneau, D, Le Buanec, H, Chasset, F, Robin, M, et al. Expansion of circulating CD49b(+)LAG3(+) type 1 regulatory t cells in human chronic graft-versus- host disease. J Invest Dermatol (2021) 141:193–197.e192. doi: 10.1016/j.jid.2020.04.018

33. Kanakry, CG, Ganguly, S, Zahurak, M, Bolaños-Meade, J, Thoburn, C, Perkins, B, et al. Aldehyde dehydrogenase expression drives human regulatory t cell resistance to posttransplantation cyclophosphamide. Sci Transl Med (2013) 5:211ra157. doi: 10.1126/scitranslmed.3006960

34. Wachsmuth, LP, Patterson, MT, Eckhaus, MA, Venzon, DJ, Gress, RE, and Kanakry, CG. Posttransplantation cyclophosphamide prevents graft-versus-host disease by inducing alloreactive t cell dysfunction and suppression. J Clin Invest (2019) 129:2357–73. doi: 10.1172/jci124218

35. Zhao, C, Bartock, M, Jia, B, Shah, N, Claxton, DF, Wirk, B, et al. Post-transplant cyclophosphamide alters immune signatures and leads to impaired t cell reconstitution in allogeneic hematopoietic stem cell transplant. J Hematol Oncol (2022) 15:64. doi: 10.1186/s13045-022-01287-3

36. Forcade, E, Kim, HT, Cutler, C, Wang, K, Alho, AC, Nikiforow, S, et al. Circulating t follicular helper cells with increased function during chronic graft-versus-host disease. Blood (2016) 127:2489–97. doi: 10.1182/blood-2015-12-688895

37. Daenthanasanmak, A, Iamsawat, S, Chakraborty, P, Nguyen, HD, Bastian, D, Liu, C, et al. Targeting sirt-1 controls GVHD by inhibiting t-cell allo-response and promoting treg stability in mice. Blood (2019) 133:266–79. doi: 10.1182/blood-2018-07-863233

38. Lv, K, Hu, B, Xu, M, Wan, L, Jin, Z, Xu, M, et al. IL-39 promotes chronic graft-versus-host disease by increasing t and b cell pathogenicity. Exp Hematol Oncol (2022) 11:34. doi: 10.1186/s40164-022-00286-x

39. Spoerl, S, Mathew, NR, Bscheider, M, Schmitt-Graeff, A, Chen, S, Mueller, T, et al. Activity of therapeutic JAK 1/2 blockade in graft-versus-host disease. Blood (2014) 123:3832–42. doi: 10.1182/blood-2013-12-543736

40. Zeiser, R, Polverelli, N, Ram, R, Hashmi, SK, Chakraverty, R, Middeke, JM, et al. Ruxolitinib for glucocorticoid-refractory chronic graft-versus-Host disease. N Engl J Med (2021) 385:228–38. doi: 10.1056/NEJMoa2033122

41. Cutler, C, Lee, SJ, Arai, S, Rotta, M, Zoghi, B, Lazaryan, A, et al. Belumosudil for chronic graft-versushost disease after 2 or more prior lines of therapy: the ROCKstar study. Blood (2021) 138:2278–89. doi: 10.1182/blood.2021012021

42. Jagasia, M, Lazaryan, A, Bachier, CR, Salhotra, A, Weisdorf, DJ, Zoghi, B, et al. ROCK2 inhibition with belumosudil (KD025) for the treatment of chronic graft-Versus-Host disease. J Clin Oncol (2021) 39:1888–98. doi: 10.1200/jco.20.02754

43. Przepiorka, D, Le, RQ, Ionan, A, Li, RJ, Wang, YH, Gudi, R, et al. FDA approval summary: Belumosudil for adult and pediatric patients 12 years and older with chronic GvHD after two or more prior lines of systemic therapy. Clin Cancer Res (2022) 28:2488–92. doi: 10.1158/1078-0432.Ccr-21-4176

44. Zhang, P, Wu, J, Deoliveira, D, Chao, NJ, and Chen, BJ. Allospecific CD4(+) effector memory t cells do not induce graft-versus-host disease in mice. Biol Blood Marrow Transplant (2012) 18:1488–99. doi: 10.1016/j.bbmt.2012.07.009

45. Zheng, H, Matte-Martone, C, Li, H, Anderson, BE, Venketesan, S, Tan, SH, et al. Effector memory CD4+ t cells mediate graft-versus-leukemia without inducing graft-versus-host disease. Blood (2008) 111:2476–84. doi: 10.1182/blood-2007-08-109678

46. Greinix, HT, Kuzmina, Z, Weigl, R, Körmoczi, U, Rottal, A, Wolff, D, et al. CD19+CD21low b cells and CD4+CD45RA+CD31+ t cells correlate with first diagnosis of chronic graft-versus-host disease. Biol Blood Marrow Transplant (2015) 21:250–8. doi: 10.1016/j.bbmt.2014.11.010

47. Bleakley, M, Sehgal, A, Seropian, S, Biernacki, MA, Krakow, EF, Dahlberg, A, et al. Naive t-cell depletion to prevent chronic graft-Versus-Host disease. J Clin Oncol (2022) 40:1174–85. doi: 10.1200/jco.21.01755

48. Ryu, J, Jhun, J, Park, MJ, Baek, JA, Kim, SY, Cho, KH, et al. FTY720 ameliorates GvHD by blocking t lymphocyte migration to target organs and by skin fibrosis inhibition. J Transl Med (2020) 18:225. doi: 10.1186/s12967-020-02386-w

49. Gauthier, J, Vermersch, P, Chauvet, P, Varlet, P, Coiteux, V, Magro, L, et al. Successful treatment with fingolimod of graft-versus-host disease of the central nervous system. Blood Adv (2018) 2:10–3. doi: 10.1182/bloodadvances.2017011478

50. de Almeida, GP, Lichtner, P, Eckstein, G, Brinkschmidt, T, Chu, CF, Sun, S, et al. Human skin-resident host t cells can persist long term after allogeneic stem cell transplantation and maintain recirculation potential. Sci Immunol (2022) 7:eabe2634. doi: 10.1126/sciimmunol.abe2634

51. Divito, SJ, Aasebø, AT, Matos, TR, Hsieh, PC, Collin, M, Elco, CP, et al. Peripheral host t cells survive hematopoietic stem cell transplantation and promote graft-versus-host disease. J Clin Invest (2020) 130:4624–36. doi: 10.1172/jci129965

52. Strobl, J, Pandey, RV, Krausgruber, T, Bayer, N, Kleissl, L, Reininger, B, et al. Long-term skin-resident memory t cells proliferate in situ and are involved in human graft-versus-host disease. Sci Transl Med (2020) 12:eabb7028. doi: 10.1126/scitranslmed.abb7028

53. Bartsch, LM, Damasio, MPS, Subudhi, S, and Drescher, HK. Tissue-resident memory t cells in the liver-unique characteristics of local specialists. Cells (2020) 9:2457. doi: 10.3390/cells9112457

54. Teijaro, JR, Turner, D, Pham, Q, Wherry, EJ, Lefrançois, L, and Farber, DL. Cutting edge: Tissue-retentive lung memory CD4 t cells mediate optimal protection to respiratory virus infection. J Immunol (2011) 187:5510–4. doi: 10.4049/jimmunol.1102243

55. Strobl, J, Gail, LM, Kleissl, L, Pandey, RV, Smejkal, V, Huber, J, et al. Human resident memory t cells exit the skin and mediate systemic Th2-driven inflammation. J Exp Med (2021) 218:e20210417. doi: 10.1084/jem.20210417

56. Beura, LK, Hamilton, SE, Bi, K, Schenkel, JM, Odumade, OA, Casey, KA, et al. Normalizing the environment recapitulates adult human immune traits in laboratory mice. Nature (2016) 532:512–6. doi: 10.1038/nature17655

57. Fischer, A, Jakubowski, AA, Lacouture, ME, Hollmann, TJ, Drucker, AM, Maloy, M, et al. Histopathologic features of cutaneous acute graft-Versus-Host disease in t-Cell-Depleted peripheral blood stem cell transplant recipients. Am J Dermatopathol (2015) 37:523–9. doi: 10.1097/dad.0000000000000357

58. Skogberg, G, Lundberg, V, Berglund, M, Gudmundsdottir, J, Telemo, E, Lindgren, S, et al. Human thymic epithelial primary cells produce exosomes carrying tissue-restricted antigens. Immunol Cell Biol (2015) 93:727–34. doi: 10.1038/icb.2015.33

59. Lundberg, V, Berglund, M, Skogberg, G, Lindgren, S, Lundqvist, C, Gudmundsdottir, J, et al. Thymic exosomes promote the final maturation of thymocytes. Sci Rep (2016) 6:36479. doi: 10.1038/srep36479

60. Okoye, IS, Coomes, SM, Pelly, VS, Czieso, S, Papayannopoulos, V, Tolmachova, T, et al. MicroRNAcontaining t-regulatory-cell-derived exosomes suppress pathogenic t helper 1 cells. Immunity (2014) 41:89–103. doi: 10.1016/j.immuni.2014.05.019

61. Torri, A, Carpi, D, Bulgheroni, E, Crosti, MC, Moro, M, Gruarin, P, et al. Extracellular MicroRNA signature of human helper t cell subsets in health and autoimmunity. J Biol Chem (2017) 292:2903–15. doi: 10.1074/jbc.M116.769893

62. Sacirbegovic, F, Günther, M, Greco, A, Zhao, D, Wang, X, Zhou, M, et al. Graft-versus-host disease is locally maintained in target tissues by resident progenitor-like t cells. Immunity (2023) 56:369–385.e366. doi: 10.1016/j.immuni.2023.01.003

63. Hakim, FM. The immune system: effector and target of graft-versus-host-disease. In:  HJ Deeg, and SJ Burakoff, editors. Graft-vs.-Host disease. Marcel Dekker, New York (1997). p. 257–89.

64. Kalhs, P, Panzer, S, Kletter, K, Minar, E, Stain-Kos, M, Walter, R, et al. Functional asplenia after bone marrow transplantation. a late complication related to extensive chronic graft-versus-host disease. Ann Intern Med (1988) 109:461–4. doi: 10.7326/0003-4819-109-6-461

65. Storek, J, Witherspoon, RP, Webb, D, and Storb, R. Lack of b cells precursors in marrow transplant recipients with chronic graft-versus-host disease. Am J Hematol (1996) 52:82–9. doi: 10.1002/(sici)1096-8652(199606)52:2<82::Aid-ajh3>3.0.Co;2-1

66. Fedoriw, Y, Samulski, TD, Deal, AM, Dunphy, CH, Sharf, A, Shea, TC, et al. Bone marrow b cell precursor number after allogeneic stem cell transplantation and GVHD development. Biol Blood Marrow Transplant (2012) 18:968–73. doi: 10.1016/j.bbmt.2012.03.005

67. Glauzy, S, Soret, J, Fournier, I, Douay, C, Moins-Teisserenc, H, Peffault de Latour, R, et al. Impact of acute and chronic graft-versus-host disease on human b-cell generation and replication. Blood (2014) 124:2459–62. doi: 10.1182/blood-2014-05-573303

68. Kolupaev, OV, Dant, TA, Bommiasamy, H, Bruce, DW, Fowler, KA, Tilley, SL, et al. Impaired bone marrow b-cell development in mice with a bronchiolitis obliterans model of cGVHD. Blood Adv (2018) 2:2307–19. doi: 10.1182/bloodadvances.2017014977

69. Greinix, HT, Pohlreich, D, Kouba, M, Körmöczi, U, Lohmann, I, Feldmann, K, et al. Elevated numbers of immature/transitional CD21- b lymphocytes and deficiency of memory CD27+ b cells identify patients with active chronic graft-versus-host disease. Biol Blood Marrow Transplant (2008) 14:208–19. doi: 10.1016/j.bbmt.2007.10.009

70. Lawitschka, A, Gueclue, ED, Januszko, A, Körmöczi, U, Rottal, A, Fritsch, G, et al. National institutes of health-defined chronic graft-vs.-Host disease in pediatric hematopoietic stem cell transplantation patients correlates with parameters of long-term immune reconstitution. Front Immunol (2019) 10:1879. doi: 10.3389/fimmu.2019.01879

71. de Masson, A, Bouaziz, JD, Le Buanec, H, Robin, M, O'Meara, A, Parquet, N, et al. CD24(hi)CD27⁺ and plasmablast-like regulatory b cells in human chronic graft-versus-host disease. Blood (2015) 125:1830–9. doi: 10.1182/blood-2014-09-599159

72. Khoder, A, Alsuliman, A, Basar, R, Sobieski, C, Kondo, K, Alousi, AM, et al. Evidence for b cell exhaustion in chronic graft-versus-Host disease. Front Immunol (2017) 8:1937. doi: 10.3389/fimmu.2017.01937

73. Malard, F, Labopin, M, Yakoub-Agha, I, Chantepie, S, Guillaume, T, Blaise, D, et al. Rituximab-based first-line treatment of cGVHD after allogeneic SCT: results of a phase 2 study. Blood (2017) 130:2186–95. doi: 10.1182/blood-2017-05-786137

74. Rozmus, J, Kariminia, A, Abdossamadi, S, Storer, BE, Martin, PJ, Lee, SJ, et al. Comprehensive b cell phenotyping profile for chronic graft-versus-Host disease diagnosis. Biol Blood Marrow Transplant (2019) 25:451–8. doi: 10.1016/j.bbmt.2018.11.007

75. Schultz, KR, Kariminia, A, Ng, B, Abdossamadi, S, Lauener, M, Nemecek, ER, et al. Immune profile differences between chronic GVHD and late acute GVHD: results of the ABLE/PBMTC 1202 studies. Blood (2020) 135:1287–98. doi: 10.1182/blood.2019003186

76. Poe, JC, Fang, J, Zhang, D, Lee, MR, DiCioccio, RA, Su, H, et al. Single-cell landscape analysis unravels molecular programming of the human b cell compartment in chronic GVHD. JCI Insight (2023) 8:e169732. doi: 10.1172/jci.insight.169732

77. Sarantopoulos, S, Stevenson, KE, Kim, HT, Bhuiya, NS, Cutler, CS, Soiffer, RJ, et al. High levels of b-cell activating factor in patients with active chronic graft-versus-host disease. Clin Cancer Res (2007) 13:6107–14. doi: 10.1158/1078-0432.Ccr-07-1290

78. Sarantopoulos, S, Stevenson, KE, Kim, HT, Cutler, CS, Bhuiya, NS, Schowalter, M, et al. Altered b-cell homeostasis and excess BAFF in human chronic graft-versus-host disease. Blood (2009) 113:3865–74. doi: 10.1182/blood-2008-09-177840

79. Kuzmina, Z, Krenn, K, Petkov, V, Körmöczi, U, Weigl, R, Rottal, A, et al. CD19(+)CD21(low) b cells and patients at risk for NIH-defined chronic graft-versus-host disease with bronchiolitis obliterans syndrome. Blood (2013) 121:1886–95. doi: 10.1182/blood-2012-06-435008

80. Allen, JL, Fore, MS, Wooten, J, Roehrs, PA, Bhuiya, NS, Hoffert, T, et al. B cells from patients with chronic GVHD are activated and primed for survival via BAFF-mediated pathways. Blood (2012) 120:2529–36. doi: 10.1182/blood-2012-06-438911

81. Allen, JL, Tata, PV, Fore, MS, Wooten, J, Rudra, S, Deal, AM, et al. Increased BCR responsiveness in b cells from patients with chronic GVHD. Blood (2014) 123:2108–15. doi: 10.1182/blood-2013-10-533562

82. Poe, JC, Jia, W, Su, H, Anand, S, Rose, JJ, Tata, PV, et al. An aberrant NOTCH2-BCR signaling axis in b cells from patients with chronic GVHD. Blood (2017) 130:2131–45. doi: 10.1182/blood-2017-05-782466

83. Lin, C, DiCioccio, RA, Haykal, T, McManigle, WC, Li, Z, Anand, SM, et al. A phase i trial of SYK inhibition with fostamatinib in the prevention and treatment of chronic graft-Versus-Host disease. Transplant Cell Ther (2023) 29:179.e171–179.e110. doi: 10.1016/j.jtct.2022.12.015

84. Shinners, NP, Carlesso, G, Castro, I, Hoek, KL, Corn, RA, Woodland, RT, et al. Bruton's tyrosine kinase mediates NF-kappa b activation and b cell survival by b cell-activating factor receptor of the TNF-r family. J Immunol (2007) 179:3872–80. doi: 10.4049/jimmunol.179.6.3872

85. Dubovsky, JA, Beckwith, KA, Natarajan, G, Woyach, JA, Jaglowski, S, Zhong, Y, et al. Ibrutinib is an irreversible molecular inhibitor of ITK driving a Th1-selective pressure in t lymphocytes. Blood (2013) 122:2539–49. doi: 10.1182/blood-2013-06-507947

86. Dubovsky, JA, Flynn, R, Du, J, Harrington, BK, Zhong, Y, Kaffenberger, B, et al. Ibrutinib treatment ameliorates murine chronic graft-versus-host disease. J Clin Invest (2014) 124:4867–76. doi: 10.1172/jci75328

87. Miklos, DB, Abu Zaid, M, Cooney, JP, Albring, JC, Flowers, M, Skarbnik, AP, et al. Ibrutinib for first-line treatment of chronic graft-Versus-Host disease: Results from the randomized phase III integrate study. J Clin Oncol (2023) 41:1876–87. doi: 10.1200/jco.22.00509

88. Palaniyandi, S, Strattan, E, Kumari, R, Mysinger, M, Hakim, N, Kesler, MV, et al. Combinatorial inhibition of tec kinases BTK and ITK is beneficial in ameliorating murine sclerodermatous chronic graft versus host disease. Bone Marrow Transplant (2023). doi: 10.1038/s41409-023-02001-8

89. Khoder, A, Sarvaria, A, Alsuliman, A, Chew, C, Sekine, T, Cooper, N, et al. Regulatory b cells are enriched within the IgM memory and transitional subsets in healthy donors but are deficient in chronic GVHD. Blood (2014) 124:2034–45. doi: 10.1182/blood-2014-04-571125

90. Le Huu, D, Matsushita, T, Jin, G, Hamaguchi, Y, Hasegawa, M, Takehara, K, et al. Donor-derived regulatory b cells are important for suppression of murine sclerodermatous chronic graft-versus-host disease. Blood (2013) 121:3274–83. doi: 10.1182/blood-2012-11-465658

91. Radojcic, V, Pletneva, MA, Yen, HR, Ivcevic, S, Panoskaltsis-Mortari, A, Gilliam, AC, et al. STAT3 signaling in CD4+ t cells is critical for the pathogenesis of chronic sclerodermatous graft-versus-host disease in a murine model. J Immunol (2010) 184:764–74. doi: 10.4049/jimmunol.0903006

92. Zhang, C, Todorov, I, Zhang, Z, Liu, Y, Kandeel, F, Forman, S, et al. Donor CD4+ t and b cells in transplants induce chronic graft-versus-host disease with autoimmune manifestations. Blood (2006) 107:2993–3001. doi: 10.1182/blood-2005-09-3623

93. Miklos, DB, Kim, HT, Miller, KH, Guo, L, Zorn, E, Lee, SJ, et al. Antibody responses to h-y minor histocompatibility antigens correlate with chronic graft-versus-host disease and disease remission. Blood (2005) 105:2973–8. doi: 10.1182/blood-2004-09-3660

94. Miklos, DB, Kim, HT, Zorn, E, Hochberg, EP, Guo, L, Mattes-Ritz, A, et al. Antibody response to DBY minor histocompatibility antigen is induced after allogeneic stem cell transplantation and in healthy female donors. Blood (2004) 103:353–9. doi: 10.1182/blood-2003-03-0984

95. Nakasone, H, Tian, L, Sahaf, B, Kawase, T, Schoenrock, K, Perloff, S, et al. Allogeneic HY antibodies detected 3 months after female-to-male HCT predict chronic GVHD and nonrelapse mortality in humans. Blood (2015) 125:3193–201. doi: 10.1182/blood-2014-11-613323

96. McDonald-Hyman, C, Turka, LA, and Blazar, BR. Advances and challenges in immunotherapy for solid organ and hematopoietic stem cell transplantation. Sci Transl Med (2015) 7:280rv282. doi: 10.1126/scitranslmed.aaa6853

97. Patriarca, F, Skert, C, Sperotto, A, Zaja, F, Falleti, E, Mestroni, R, et al. The development of autoantibodies after allogeneic stem cell transplantation is related with chronic graft-vs-host disease and immune recovery. Exp Hematol (2006) 34:389–96. doi: 10.1016/j.exphem.2005.12.011

98. Fujii, H, Cuvelier, G, She, K, Aslanian, S, Shimizu, H, Kariminia, A, et al. Biomarkers in newly diagnosed pediatric-extensive chronic graft-versus-host disease: a report from the children's oncology group. Blood (2008) 111:3276–85. doi: 10.1182/blood-2007-08-106286

99. Kuzmina, Z, Gounden, V, Curtis, L, Avila, D, Rnp, TT, Baruffaldi, J, et al. Clinical significance of autoantibodies in a large cohort of patients with chronic graft-versus-host disease defined by NIH criteria. Am J Hematol (2015) 90:114–9. doi: 10.1002/ajh.23885

100. Kuzmina, Z, Greinix, HT, Weigl, R, Körmöczi, U, Rottal, A, Frantal, S, et al. Significant differences in bcell subpopulations characterize patients with chronic graft-versus-host disease-associated dysgammaglobulinemia. Blood (2011) 117:2265–74. doi: 10.1182/blood-2010-07-295766

101. Olivieri, A, Cimminiello, M, Corradini, P, Mordini, N, Fedele, R, Selleri, C, et al. Long-term outcome and prospective validation of NIH response criteria in 39 patients receiving imatinib for steroid-refractory chronic GVHD. Blood (2013) 122:4111–8. doi: 10.1182/blood-2013-05-494278

102. Svegliati, S, Olivieri, A, Campelli, N, Luchetti, M, Poloni, A, Trappolini, S, et al. Stimulatory autoantibodies to PDGF receptor in patients with extensive chronic graft-versus-host disease. Blood (2007) 110:237–41. doi: 10.1182/blood-2007-01-071043

103. Srinivasan, M, Flynn, R, Price, A, Ranger, A, Browning, JL, Taylor, PA, et al. Donor b-cell alloantibody deposition and germinal center formation are required for the development of murine chronic GVHD and bronchiolitis obliterans. Blood (2012) 119:1570–80. doi: 10.1182/blood-2011-07-364414

104. Flynn, R, Du, J, Veenstra, RG, Reichenbach, DK, Panoskaltsis-Mortari, A, Taylor, PA, et al. Increased t follicular helper cells and germinal center b cells are required for cGVHD and bronchiolitis obliterans. Blood (2014) 123:3988–98. doi: 10.1182/blood-2014-03-562231

105. Ozaki, K, Spolski, R, Feng, CG, Qi, CF, Cheng, J, Sher, A, et al. A critical role for IL-21 in regulating immunoglobulin production. Science (2002) 298:1630–4. doi: 10.1126/science.1077002

106. Vu, F, Dianzani, U, Ware, CF, Mak, T, and Gommerman,,JL. ICOS, CD40, and lymphotoxin beta receptors signal sequentially and interdependently to initiate a germinal center reaction. J Immunol (2008) 180:2284–93. doi: 10.4049/jimmunol.180.4.2284

107. Zotos, D, Coquet, JM, Zhang, Y, Light, A, D'Costa, K, Kallies, A, et al. IL-21 regulates germinal center b cell differentiation and proliferation through a b cell-intrinsic mechanism. J Exp Med (2010) 207:365–78. doi: 10.1084/jem.20091777

108. Choi, YS, Kageyama, R, Eto, D, Escobar, TC, Johnston, RJ, Monticelli, L, et al. ICOS receptor instructs t follicular helper cell versus effector cell differentiation via induction of the transcriptional repressor Bcl6. Immunity (2011) 34:932–46. doi: 10.1016/j.immuni.2011.03.023

109. Deng, R, Hurtz, C, Song, Q, Yue, C, Xiao, G, Yu, H, et al. Extrafollicular CD4(+) t-b interactions are sufficient for inducing autoimmune-like chronic graft-versus-host disease. Nat Commun (2017) 8:978. doi: 10.1038/s41467-017-00880-2

110. Kong, X, Zeng, D, Wu, X, Wang, B, Yang, S, Song, Q, et al. Tissue-resident PSGL1loCD4+ t cells promote b cell differentiation and chronic graft-versus-host disease-associated autoimmunity. J Clin Invest (2021) 131:e135468. doi: 10.1172/jci135468

111. Sumii, Y, Kondo, T, Ikegawa, S, Fukumi, T, Iwamoto, M, Nishimura, MF, et al. Hematopoietic stem cellderived tregs are essential for maintaining favorable b cell lymphopoiesis following posttransplant cyclophosphamide. JCI Insight (2023) 8:e162180. doi: 10.1172/jci.insight.162180

112. Phan, HD, Longjohn, MN, Gormley, DJB, Smith, RH, Dang-Lawson, M, Matsuuchi, L, et al. CD24 and IgM stimulation of b cells triggers transfer of functional b cell receptor to b cell recipients Via extracellular vesicles. J Immunol (2021) 207:3004–15. doi: 10.4049/jimmunol.2100025

113. Smallwood, DT, Apollonio, B, Willimott, S, Lezina, L, Alharthi, A, Ambrose, AR, et al. Extracellular vesicles released by CD40/IL-4-stimulated CLL cells confer altered functional properties to CD4+ t cells. Blood (2016) 128:542–52. doi: 10.1182/blood-2015-11-682377

114. Wang, J, Wang, L, Lin, Z, Tao, L, and Chen, M. More efficient induction of antitumor t cell immunity by exosomes from CD40L gene-modified lung tumor cells. Mol Med Rep (2014) 9:125–31. doi: 10.3892/mmr.2013.1759

115. Lu, J, Wu, J, Xie, F, Tian, J, Tang, X, Guo, H, et al. CD4(+) t cell-released extracellular vesicles potentiate the efficacy of the HBsAg vaccine by enhancing b cell responses. Adv Sci (2019) 6:1802219. doi: 10.1002/advs.201802219

116. Fernandez-Messina, L, Rodriguez-Galan, A, de Yebenes, VG, Gutierrez-Vazquez, C, Tenreiro, S, Seabra, MC, et al. Transfer of extracellular vesicle-microRNA controls germinal center reaction and antibody production. EMBO Rep (2020) 21:e48925. doi: 10.15252/embr.201948925

117. Ogonek, J, Kralj Juric, M, Ghimire, S, Varanasi, PR, Holler, E, Greinix, H, et al. Immune reconstitution after allogeneic hematopoietic stem cell transplantation. Front Immunol (2016) 7:507. doi: 10.3389/fimmu.2016.00507

118. Devillier, R, Calmels, B, Guia, S, Taha, M, Fauriat, C, Mfarrej, B, et al. Phase i trial of prophylactic donor-derived IL-2-Activated NK cell infusion after allogeneic hematopoietic stem cell transplantation from a matched sibling donor. Cancers (2021) 13:2673. doi: 10.3390/cancers13112673

119. Mushtaq, MU, Shahzad, M, Shah, AY, Chaudhary, SG, Zafar, MU, Anwar, I, et al. Impact of natural killer cells on outcomes after allogeneic hematopoietic stem cell transplantation: A systematic review and meta-analysis. Front Immunol (2022) 13:1005031. doi: 10.3389/fimmu.2022.1005031

120. Simonetta, F, Alvarez, M, and Negrin, RS. Natural killer cells in graft-versus-Host-Disease after allogeneic hematopoietic cell transplantation. Front Immunol (2017) 8:465. doi: 10.3389/fimmu.2017.00465

121. Vivier, E, Tomasello, E, Baratin, M, Walzer, T, and Ugolini, S. Functions of natural killer cells. Nat Immunol (2008) 9:503–10. doi: 10.1038/ni1582

122. Pegram, HJ, Andrews, DM, Smyth, MJ, Darcy, PK, and Kershaw, MH. Activating and inhibitory receptors of natural killer cells. Immunol Cell Biol (2011) 89:216–24. doi: 10.1038/icb.2010.78

123. Downing, J, and D'Orsogna, L. High-resolution human KIR genotyping. Immunogenetics (2022) 74:369–79. doi: 10.1007/s00251-021-01247-0

124. Wilson, MJ, Torkar, M, and Trowsdale, J. Genomic organization of a human killer cell inhibitory receptor gene. Tissue Antigens (1997) 49:574–9. doi: 10.1111/j.1399-0039.1997.tb02804.x

125. Moesta, AK, and Parham, P. Diverse functionality among human NK cell receptors for the C1 epitope of HLA-c: KIR2DS2, KIR2DL2, and KIR2DL3. Front Immunol (2012) 3:336. doi: 10.3389/fimmu.2012.00336

126. Winter, CC, Gumperz, JE, Parham, P, Long, EO, and Wagtmann, N. Direct binding and functional transfer of NK cell inhibitory receptors reveal novel patterns of HLA-c allotype recognition. J Immunol (1998) 161:571–7. doi: 10.4049/jimmunol.161.2.571

127. Faridi, RM, Kemp, TJ, Dharmani-Khan, P, Lewis, V, Tripathi, G, Rajalingam, R, et al. Donor-recipient matching for KIR genotypes reduces chronic GVHD and missing inhibitory KIR ligands protect against relapse after myeloablative, HLA matched hematopoietic cell transplantation. PloS One (2016) 11:e0158242. doi: 10.1371/journal.pone.0158242

128. Rogatko-Koroś, M, Mika-Witkowska, R, Bogunia-Kubik, K, Wysoczańska, B, Jaskuła, E, Kościńska, K, et al. Prediction of NK cell licensing level in selection of hematopoietic stem cell donor, initial results. Arch Immunol Ther Exp (Warsz) (2016) 64:63–71. doi: 10.1007/s00005-016-0438-2

129. Siemaszko, J, Marzec-Przyszlak, A, and Bogunia-Kubik, K. NKG2D natural killer cell receptor-a short description and potential clinical applications. Cells (2021) 10:1420. doi: 10.3390/cells10061420

130. Bogunia-Kubik, K, and Łacina, P. Non-KIR NK cell receptors: Role in transplantation of allogeneic haematopoietic stem cells. Int J Immunogenet (2021) 48:157–71. doi: 10.1111/iji.12523

131. Cantoni, C, Bottino, C, Vitale, M, Pessino, A, Augugliaro, R, Malaspina, A, et al. NKp44, a triggering receptor involved in tumor cell lysis by activated human natural killer cells, is a novel member of the immunoglobulin superfamily. J Exp Med (1999) 189:787–96. doi: 10.1084/jem.189.5.787

132. Pende, D, Parolini, S, Pessino, A, Sivori, S, Augugliaro, R, Morelli, L, et al. Identification and molecular characterization of NKp30, a novel triggering receptor involved in natural cytotoxicity mediated by human natural killer cells. J Exp Med (1999) 190:1505–16. doi: 10.1084/jem.190.10.1505

133. Pessino, A, Sivori, S, Bottino, C, Malaspina, A, Morelli, L, Moretta, L, et al. Molecular cloning of NKp46: a novel member of the immunoglobulin superfamily involved in triggering of natural cytotoxicity. J Exp Med (1998) 188:953–60. doi: 10.1084/jem.188.5.953

134. Arnon, TI, Lev, M, Katz, G, Chernobrov, Y, Porgador, A, and Mandelboim, O. Recognition of viral hemagglutinins by NKp44 but not by NKp30. Eur J Immunol (2001) 31:2680–9. doi: 10.1002/1521-4141(200109)31:9<2680::aid-immu2680>3.0.co;2-a

135. Bloushtain, N, Qimron, U, Bar-Ilan, A, Hershkovitz, O, Gazit, R, Fima, E, et al. Membrane-associated heparan sulfate proteoglycans are involved in the recognition of cellular targets by NKp30 and NKp46. J Immunol (2004) 173:2392–401. doi: 10.4049/jimmunol.173.4.2392

136. Garg, A, Barnes, PF, Porgador, A, Roy, S, Wu, S, Nanda, JS, et al. Vimentin expressed on mycobacterium tuberculosis-infected human monocytes is involved in binding to the NKp46 receptor. J Immunol (2006) 177:6192–8. doi: 10.4049/jimmunol.177.9.6192

137. Mavoungou, E, Held, J, Mewono, L, and Kremsner,,PG. A duffy binding-like domain is involved in the NKp30-mediated recognition of plasmodium falciparum-parasitized erythrocytes by natural killer cells. J Infect Dis (2007) 195:1521–31. doi: 10.1086/515579

138. Warren, HS, Jones, AL, Freeman, C, Bettadapura, J, and Parish, CR. Evidence that the cellular ligand for the human NK cell activation receptor NKp30 is not a heparan sulfate glycosaminoglycan. J Immunol (2005) 175:207–12. doi: 10.4049/jimmunol.175.1.207

139. Huntington, ND, Martinet, L, and Smyth, MJ. DNAM-1: would the real natural killer cell please stand up! Oncotarget (2015) 6:28537–8. doi: 10.18632/oncotarget.5952

140. Bottino, C, Castriconi, R, Pende, D, Rivera, P, Nanni, M, Carnemolla, B, et al. Identification of PVR (CD155) and nectin-2 (CD112) as cell surface ligands for the human DNAM-1 (CD226) activating molecule. J Exp Med (2003) 198:557–67. doi: 10.1084/jem.20030788

141. Iwaszko, M, and Bogunia-Kubik, K. Clinical significance of the HLA-e and CD94/NKG2 interaction. Arch Immunol Ther Exp (2011) 59:353–67. doi: 10.1007/s00005-011-0137-y

142. Kordelas, L, Steckel, NK, Horn, PA, Beelen, DW, and Rebmann, V. The activating NKG2C receptor is significantly reduced in NK cells after allogeneic stem cell transplantation in patients with severe graft-versus-Host disease. Int J Mol Sci (2016) 17:1797. doi: 10.3390/ijms17111797

143. Ferlazzo, G, Tsang, ML, Moretta, L, Melioli, G, Steinman, RM, and Münz, C. Human dendritic cells activate resting natural killer (NK) cells and are recognized via the NKp30 receptor by activated NK cells. J Exp Med (2002) 195:343–51. doi: 10.1084/jem.20011149

144. Pende, D, Castriconi, R, Romagnani, P, Spaggiari, GM, Marcenaro, S, Dondero, A, et al. Expression of the DNAM-1 ligands, nectin-2 (CD112) and poliovirus receptor (CD155), on dendritic cells: relevance for natural killer-dendritic cell interaction. Blood (2006) 107:2030–6. doi: 10.1182/blood-2005-07-2696

145. Piccioli, D, Sbrana, S, Melandri, E, and Valiante, NM. Contact-dependent stimulation and inhibition of dendritic cells by natural killer cells. J Exp Med (2002) 195:335–41. doi: 10.1084/jem.20010934

146. Gerosa, F, Baldani-Guerra, B, Nisii, C, Marchesini, V, Carra, G, and Trinchieri, G. Reciprocal activating interaction between natural killer cells and dendritic cells. J Exp Med (2002) 195:327–33. doi: 10.1084/jem.20010938

147. Laouar, Y, Sutterwala, FS, Gorelik, L, and Flavell, RA. Transforming growth factor-beta controls t helper type 1 cell development through regulation of natural killer cell interferon-gamma. Nat Immunol (2005) 6:600–7. doi: 10.1038/ni1197

148. Martín-Fontecha, A, Thomsen, LL, Brett, S, Gerard, C, Lipp, M, Lanzavecchia, A, et al. Induced recruitment of NK cells to lymph nodes provides IFN-gamma for T(H)1 priming. Nat Immunol (2004) 5:1260–5. doi: 10.1038/ni1138

149. Rozmus, J, Schultz, KR, Wynne, K, Kariminia, A, Satyanarayana, P, Krailo, M, et al. Early and late extensive chronic graft-versus-host disease in children is characterized by different Th1/Th2 cytokine profiles: findings of the children's oncology group study ASCT0031. Biol Blood Marrow Transplant (2011) 17:1804–13. doi: 10.1016/j.bbmt.2011.05.011

150. Ardolino, M, Zingoni, A, Cerboni, C, Cecere, F, Soriani, A, Iannitto, ML, et al. DNAM-1 ligand expression on ag-stimulated t lymphocytes is mediated by ROS-dependent activation of DNA-damage response: relevance for NK-t cell interaction. Blood (2011) 117:4778–86. doi: 10.1182/blood-2010-08-300954

151. Cerboni, C, Zingoni, A, Cippitelli, M, Piccoli, M, Frati, L, and Santoni, A. Antigen-activated human t lymphocytes express cell-surface NKG2D ligands via an ATM/ATR-dependent mechanism and become susceptible to autologous NK- cell lysis. Blood (2007) 110:606–15. doi: 10.1182/blood-2006-10-052720

152. Rabinovich, BA, Li, J, Shannon, J, Hurren, R, Chalupny, J, Cosman, D, et al. Activated, but not resting, t cells can be recognized and killed by syngeneic NK cells. J Immunol (2003) 170:3572–6. doi: 10.4049/jimmunol.170.7.3572

153. Deniz, G, Erten, G, Kücüksezer, UC, Kocacik, D, Karagiannidis, C, Aktas, E, et al. Regulatory NK cells suppress antigen-specific t cell responses. J Immunol (2008) 180:850–7. doi: 10.4049/jimmunol.180.2.850

154. Lee, SH, Kim, KS, Fodil-Cornu, N, Vidal, SM, and Biron, CA. Activating receptors promote NK cell expansion for maintenance, IL-10 production, and CD8 t cell regulation during viral infection. J Exp Med (2009) 206:2235–51. doi: 10.1084/jem.20082387

155. Spaggiari, GM, Capobianco, A, Becchetti, S, Mingari, MC, and Moretta, L. Mesenchymal stem cell-natural killer cell interactions: evidence that activated NK cells are capable of killing MSCs, whereas MSCs can inhibit IL-2-induced NK-cell proliferation. Blood (2006) 107:1484–90. doi: 10.1182/blood-2005-07-2775

156. Chatterjee, D, Marquardt, N, Tufa, DM, Hatlapatka, T, Hass, R, Kasper, C, et al. Human umbilical cord- derived mesenchymal stem cells utilize activin-a to suppress interferon-γ production by natural killer cells. Front Immunol (2014) 5:662. doi: 10.3389/fimmu.2014.00662

157. Najar, M, Fayyad-Kazan, M, Merimi, M, Meuleman, N, Bron, D, Fayyad-Kazan, H, et al. Reciprocal immuno-biological alterations occur during the co-culture of natural killer cells and adipose tissuederived mesenchymal stromal cells. Cytotechnology (2019) 71:375–88. doi: 10.1007/s10616-019-00294-6

158. Najar, M, Fayyad-Kazan, M, Meuleman, N, Bron, D, Fayyad-Kazan, H, and Lagneaux, L. Mesenchymal stromal cells of the bone marrow and natural killer cells: cell interactions and cross modulation. J Cell Commun Signal (2018) 12:673–88. doi: 10.1007/s12079-018-0448-4

159. Thomas, H, Jäger, M, Mauel, K, Brandau, S, Lask, S, and Flohé, SB. Interaction with mesenchymal stem cells provokes natural killer cells for enhanced IL-12/IL-18-induced interferon-gamma secretion. Mediators Inflammation (2014) 2014:143463. doi: 10.1155/2014/143463

160. Kelly, K, and Rasko, JEJ. Mesenchymal stromal cells for the treatment of graft versus host disease. Front Immunol (2021) 12:761616. doi: 10.3389/fimmu.2021.761616

161. Boberg, E, von Bahr, L, Afram, G, Lindström, C, Ljungman, P, Heldring, N, et al. Treatment of chronic GvHD with mesenchymal stromal cells induces durable responses: A phase II study. Stem Cells Transl Med (2020) 9:1190–202. doi: 10.1002/sctm.20-0099

162. Ruggeri, L, Capanni, M, Urbani, E, Perruccio, K, Shlomchik, WD, Tosti, A, et al. Effectiveness of donor natural killer cell alloreactivity in mismatched hematopoietic transplants. Science (2002) 295:2097–100. doi: 10.1126/science.1068440

163. Sivori, S, Carlomagno, S, Falco, M, Romeo, E, Moretta, L, and Moretta, A. Natural killer cells expressing the KIR2DS1-activating receptor efficiently kill t-cell blasts and dendritic cells: implications in haploidentical HSCT. Blood (2011) 117:4284–92. doi: 10.1182/blood-2010-10-316125

164. Ghadially, H, Horani, A, Glasner, A, Elboim, M, Gazit, R, Shoseyov, D, et al. NKp46 regulates allergic responses. Eur J Immunol (2013) 43:3006–16. doi: 10.1002/eji.201343388

165. Ghadially, H, Ohana, M, Elboim, M, Gazit, R, Gur, C, Nagler, A, et al. NK cell receptor NKp46 regulates graft-versus-host disease. Cell Rep (2014) 7:1809–14. doi: 10.1016/j.celrep.2014.05.011

166. Sheng, L, Mu, Q, Wu, X, Yang, S, Zhu, H, Wang, J, et al. Cytotoxicity of donor natural killer cells to allo- reactive t cells are related with acute graft-vs.-Host-Disease following allogeneic stem cell transplantation. Front Immunol (2020) 11:1534. doi: 10.3389/fimmu.2020.01534

167. Cooley, S, McCullar, V, Wangen, R, Bergemann, TL, Spellman, S, Weisdorf, DJ, et al. KIR reconstitution is altered by t cells in the graft and correlates with clinical outcomes after unrelated donor transplantation. Blood (2005) 106:4370–6. doi: 10.1182/blood-2005-04-1644

168. Xun, C, Brown, SA, Jennings, CD, Henslee-Downey, PJ, and Thompson, JS. Acute graft-versus-host-like disease induced by transplantation of human activated natural killer cells into SCID mice. Transplantation (1993) 56:409–17. doi: 10.1097/00007890-199308000-00031

169. Ullah, MA, Hill, GR, and Tey, SK. Functional reconstitution of natural killer cells in allogeneic hematopoietic stem cell transplantation. Front Immunol (2016) 7:144. doi: 10.3389/fimmu.2016.00144

170. Nguyen, S, Dhedin, N, Vernant, JP, Kuentz, M, Al Jijakli, A, Rouas-Freiss, N, et al. NK-cell reconstitution after haploidentical hematopoietic stem-cell transplantations: immaturity of NK cells and inhibitory effect of NKG2A override GvL effect. Blood (2005) 105:4135–42. doi: 10.1182/blood-2004-10-4113

171. Caligiuri, MA. Human natural killer cells. Blood (2008) 112:461–9. doi: 10.1182/blood-2007-09-077438

172. Foley, B, Cooley, S, Verneris, MR, Curtsinger, J, Luo, X, Waller, EK, et al. NK cell education after allogeneic transplantation: dissociation between recovery of cytokine-producing and cytotoxic functions. Blood (2011) 118:2784–92. doi: 10.1182/blood-2011-04-347070

173. Serpenti, F, Lorentino, F, Marktel, S, Milani, R, Messina, C, Greco, R, et al. Immune reconstitution-based score for risk stratification of chronic graft-Versus-Host disease patients. Front Oncol (2021) 11:705568. doi: 10.3389/fonc.2021.705568

174. McCurdy, SR, Radojcic, V, Tsai, HL, Vulic, A, Thompson, E, Ivcevic, S, et al. Signatures of GVHD and relapse after posttransplant cyclophosphamide revealed by immune profiling and machine learning. Blood (2022) 139:608–23. doi: 10.1182/blood.2021013054

175. Olson, JA, Leveson-Gower, DB, Gill, S, Baker, J, Beilhack, A, and Negrin, RS. NK cells mediate reduction of GVHD by inhibiting activated, alloreactive t cells while retaining GVT effects. Blood (2010) 115:4293–301. doi: 10.1182/blood-2009-05-222190

176. Olson, JA, Zeiser, R, Beilhack, A, Goldman, JJ, and Negrin, RS. Tissue-specific homing and expansion of donor NK cells in allogeneic bone marrow transplantation. J Immunol (2009) 183:3219–28. doi: 10.4049/jimmunol.0804268

177. Nalle, SC, Kwak, HA, Edelblum, KL, Joseph, NE, Singh, G, Khramtsova, GF, et al. Recipient NK cell inactivation and intestinal barrier loss are required for MHC-matched graft-versus-host disease. Sci Transl Med (2014) 6:243ra287. doi: 10.1126/scitranslmed.3008941

178. Kariminia, A, Ivison, S, Ng, B, Rozmus, J, Sung, S, Varshney, A, et al. CD56(bright) natural killer regulatory cells in filgrastim primed donor blood or marrow products regulate chronic graft-versushost disease: the canadian blood and marrow transplant group randomized 0601 study results. Haematologica (2017) 102:1936–46. doi: 10.3324/haematol.2017.170928

179. Podgorny, PJ, Liu, Y, Dharmani-Khan, P, Pratt, LM, Jamani, K, Luider, J, et al. Immune cell subset counts associated with graft-versus-host disease. Biol Blood Marrow Transplant (2014) 20:450–62. doi: 10.1016/j.bbmt.2014.01.002

180. Kariminia, A, Holtan, SG, Ivison, S, Rozmus, J, Hebert, MJ, Martin, PJ, et al. Heterogeneity of chronic graft-versus-host disease biomarkers: association with CXCL10 and CXCR3+ NK cells. Blood (2016) 127:3082–91. doi: 10.1182/blood-2015-09-668251

181. Lauener, M, AzadPour, S, Abdossamadi, S, Parthasarathy, V, Ng, B, Ostroumov, E, et al. CD56brightCD16- natural killer cells as an important regulatory mechanism in chronic graftversus-host disease. Haematologica (2022) 108:761–71. doi: 10.3324/haematol.2022.280653

182. Rambaldi, B, Kim, HT, Reynolds, C, Chamling Rai, S, Arihara, Y, Kubo, T, et al. Impaired t- and NK-cell reconstitution after haploidentical HCT with posttransplant cyclophosphamide. Blood Adv (2021) 5:352–64. doi: 10.1182/bloodadvances.2020003005

183. Iniesta, P, Revilla, N, Chen-Liang, TH, Hurtado, AM, Vicente, V, Heras, I, et al. An early increase of CD56(bright) natural killer subset as dominant effect and predictor of response to extracorporeal photopheresis for graft-versus-host disease. Transfusion (2018) 58:2924–32. doi: 10.1111/trf.14964

184. McQuaid, SL, Loughran, ST, Power, PA, Maguire, P, Szczygiel, A, and Johnson, PA. Low-dose IL-2 induces CD56(bright) NK regulation of t cells via NKp44 and NKp46. Clin Exp Immunol (2020) 200:228–41. doi: 10.1111/cei.13422

185. Jong, AY, Wu, CH, Li, J, Sun, J, Fabbri, M, Wayne, AS, et al. Large-scale isolation and cytotoxicity of extracellular vesicles derived from activated human natural killer cells. J Extracell Vesicles (2017) 6:1294368. doi: 10.1080/20013078.2017.1294368

186. Dosil, SG, Lopez-Cobo, S, Rodriguez-Galan, A, Fernandez-Delgado, I, Ramirez-Huesca, M, Milan-Rois, P, et al. Natural killer (NK) cell-derived extracellular-vesicle shuttled microRNAs control t cell responses. Elife (2022) 11:e76319. doi: 10.7554/eLife.76319

187. Minculescu, L, Marquart, HV, Friis, LS, Petersen, SL, Schiødt, I, Ryder, LP, et al. Early natural killer cell reconstitution predicts overall survival in t cell-replete allogeneic hematopoietic stem cell transplantation. Biol Blood Marrow Transplant (2016) 22:2187–93. doi: 10.1016/j.bbmt.2016.09.006

188. Wang, X, Li, H, Matte-Martone, C, Cui, W, Li, N, Tan, HS, et al. Mechanisms of antigen presentation to t cells in murine graft-versus-host disease: cross-presentation and the appearance of crosspresentation. Blood (2011) 118:6426–37. doi: 10.1182/blood-2011-06-358747

189. Teshima, T, Ordemann, R, Reddy, P, Gagin, S, Liu, C, Cooke, KR, et al. Acute graft-versus-host disease does not require alloantigen expression on host epithelium. Nat Med (2002) 8:575–81. doi: 10.1038/nm0602-575

190. Chakraverty, R, and Sykes, M. The role of antigen-presenting cells in triggering graft-versus-host disease and graft-versus-leukemia. Blood (2007) 110:9–17. doi: 10.1182/blood-2006-12-022038

191. Blaser, BW, Schwind, NR, Karol, S, Chang, D, Shin, S, Roychowdhury, S, et al. Trans-presentation of donor-derived interleukin 15 is necessary for the rapid onset of acute graft-versus-host disease but not for graft-versus-tumor activity. Blood (2006) 108:2463–9. doi: 10.1182/blood-2006-04-019059

192. Merad, M, Hoffmann, P, Ranheim, E, Slaymaker, S, Manz, MG, Lira, SA, et al. Depletion of host langerhans cells before transplantation of donor alloreactive t cells prevents skin graft-versus-host disease. Nat Med (2004) 10:510–7. doi: 10.1038/nm1038

193. Durakovic, N, Bezak, KB, Skarica, M, Radojcic, V, Fuchs, EJ, Murphy, GF, et al. Host-derived langerhans cells persist after MHC-matched allografting independent of donor t cells and critically influence the alloresponses mediated by donor lymphocyte infusions. J Immunol (2006) 177:4414–25. doi: 10.4049/jimmunol.177.7.4414

194. Collin, MP, Hart, DN, Jackson, GH, Cook, G, Cavet, J, Mackinnon, S, et al. The fate of human langerhans cells in hematopoietic stem cell transplantation. J Exp Med (2006) 203:27–33. doi: 10.1084/jem.20051787

195. Shlomchik, WD, Couzens, MS, Tang, CB, McNiff, J, Robert, ME, Liu, J, et al. Prevention of graft versus host disease by inactivation of host antigen-presenting cells. Science (1999) 285:412–5. doi: 10.1126/science.285.5426.412

196. Brehm, MA, Kenney, LL, Wiles, MV, Low, BE, Tisch, RM, Burzenski, L, et al. Lack of acute xenogeneic graft- versus-host disease, but retention of t-cell function following engraftment of human peripheral blood mononuclear cells in NSG mice deficient in MHC class i and II expression. FASEB J (2019) 33:3137–51. doi: 10.1096/fj.201800636R

197. Jardine, L, Cytlak, U, Gunawan, M, Reynolds, G, Green, K, Wang, XN, et al. Donor monocyte-derived macrophages promote human acute graft-versus-host disease. J Clin Invest (2020) 130:4574–86. doi: 10.1172/jci133909

198. Alexander, KA, Flynn, R, Lineburg, KE, Kuns, RD, Teal, BE, Olver, SD, et al. CSF-1-dependant donorderived macrophages mediate chronic graft-versus-host disease. J Clin Invest (2014) 124:4266–80. doi: 10.1172/jci75935

199. Klangsinsirikul, P, Carter, GI, Byrne, JL, Hale, G, and Russell, NH. Campath-1G causes rapid depletion of circulating host dendritic cells (DCs) before allogeneic transplantation but does not delay donor DC reconstitution. Blood (2002) 99:2586–91. doi: 10.1182/blood.v99.7.2586

200. Kennedy, GA, Tey, SK, Buizen, L, Varelias, A, Gartlan, KH, Curley, C, et al. A phase 3 double-blind study of the addition of tocilizumab vs placebo to cyclosporin/methotrexate GVHD prophylaxis. Blood (2021) 137:1970–9. doi: 10.1182/blood.2020009050

201. Heine, A, Held, SA, Daecke, SN, Wallner, S, Yajnanarayana, SP, Kurts, C, et al. The JAK-inhibitor ruxolitinib impairs dendritic cell function in vitro and in vivo. Blood (2013) 122:1192–202. doi: 10.1182/blood-2013-03-484642

202. Santos, ESP, Ciré, S, Conlan, T, Jardine, L, Tkacz, C, Ferrer, IR, et al. Peripheral tissues reprogram CD8+ t cells for pathogenicity during graft-versus-host disease. JCI Insight (2018) 3:e97011. doi: 10.1172/jci.insight.97011

203. Li, H, Kaplan, DH, Matte-Martone, C, Tan, HS, Venkatesan, S, Johnson, K, et al. Langerhans cells are not required for graft-versus-host disease. Blood (2011) 117:697–707. doi: 10.1182/blood-2010-07-299073

204. Nishiwaki, S, Terakura, S, Ito, M, Goto, T, Seto, A, Watanabe, K, et al. Impact of macrophage infiltration of skin lesions on survival after allogeneic stem cell transplantation: a clue to refractory graft-versushost disease. Blood (2009) 114:3113–6. doi: 10.1182/blood-2009-03-209635

205. Adams, RC, Carter-Cusack, D, Shaikh, SN, Llanes, GT, Johnston, RL, Quaife-Ryan, G, et al. Donor bone marrow-derived macrophage MHC II drives neuroinflammation and altered behavior during chronic GVHD in mice. Blood (2022) 139:1389–408. doi: 10.1182/blood.2021011671

206. West, HC, Davies, J, Henderson, S, Adegun, OK, Ward, S, Ferrer, IR, et al. Loss of t cell tolerance in the skin following immunopathology is linked to failed restoration of the dermal niche by recruited macrophages. Cell Rep (2022) 39:110819. doi: 10.1016/j.celrep.2022.110819

207. Du, J, Paz, K, Flynn, R, Vulic, A, Robinson, TM, Lineburg, KE, et al. Pirfenidone ameliorates murine chronic GVHD through inhibition of macrophage infiltration and TGF-β production. Blood (2017) 129:2570–80. doi: 10.1182/blood-2017-01-758854

208. Haniffa, M, Ginhoux, F, Wang, XN, Bigley, V, Abel, M, Dimmick, I, et al. Differential rates of replacement of human dermal dendritic cells and macrophages during hematopoietic stem cell transplantation. J Exp Med (2009) 206:371–85. doi: 10.1084/jem.20081633

209. Granot, T, Senda, T, Carpenter, DJ, Matsuoka, N, Weiner, J, Gordon, CL, et al. Dendritic cells display subset and tissue-specific maturation dynamics over human life. Immunity (2017) 46:504–15. doi: 10.1016/j.immuni.2017.02.019

210. Markey, KA, Banovic, T, Kuns, RD, Olver, SD, Don, AL, Raffelt, NC, et al. Conventional dendritic cells are the critical donor APC presenting alloantigen after experimental bone marrow transplantation. Blood (2009) 113:5644–9. doi: 10.1182/blood-2008-12-191833

211. Zhu, J, Wang, Y, Li, J, Das, PK, Zhang, H, Passang, T, et al. Donor plasmacytoid dendritic cells limit graftversus-host disease through vasoactive intestinal polypeptide expression. Blood (2022) 140:1431–47. doi: 10.1182/blood.2021012561

212. Tian, Y, Meng, L, Wang, Y, Li, B, Yu, H, Zhou, Y, et al. Graft-versus-host disease depletes plasmacytoid dendritic cell progenitors to impair tolerance induction. J Clin Invest (2021) 131:e136774. doi: 10.1172/jci136774

213. Kim, BS, Miyagawa, F, Cho, YH, Bennett, CL, Clausen, BE, and Katz, SI. Keratinocytes function as accessory cells for presentation of endogenous antigen expressed in the epidermis. J Invest Dermatol (2009) 129:2805–17. doi: 10.1038/jid.2009.176

214. Chung, J, Ebens, CL, Perkey, E, Radojcic, V, Koch, U, Scarpellino, L, et al. Fibroblastic niches prime t cell alloimmunity through delta-like notch ligands. J Clin Invest (2017) 127:1574–88. doi: 10.1172/jci89535

215. Koyama, M, Mukhopadhyay, P, Schuster, IS, Henden, AS, Hülsdünker, J, Varelias, A, et al. MHC class II antigen presentation by the intestinal epithelium initiates graft-versus-Host disease and is influenced by the microbiota. Immunity (2019) 51:885–898.e887. doi: 10.1016/j.immuni.2019.08.011

216. Zavaro, M, Dangot, A, Bar-Lev, TH, Amit, O, Avivi, I, Ram, R, et al. The role of extracellular vesicles (EVs) in chronic graft vs. host disease, and the potential function of placental cell-derived EVs as a therapeutic tool. Int J Mol Sci (2023) 24:8126. doi: 10.3390/ijms24098126

217. Łacina, P, Crossland, RE, Wielińska, J, Czyż,,A, Szeremet, A, Ussowicz, M, et al. Differential expression of miRNAs from extracellular vesicles in chronic graft-versus-host disease: A preliminary study. Adv Clin Exp Med (2022) 32:539–44. doi: 10.17219/acem/155373

218. Buschow, SI, van Balkom, BW, Aalberts, M, Heck, AJ, Wauben, M, and Stoorvogel, W. MHC class iiassociated proteins in b-cell exosomes and potential functional implications for exosome biogenesis. Immunol Cell Biol (2010) 88:851–6. doi: 10.1038/icb.2010.64

219. Théry, C, Boussac, M, Véron, P, Ricciardi-Castagnoli, P, Raposo, G, Garin, J, et al. Proteomic analysis of dendritic cell-derived exosomes: a secreted subcellular compartment distinct from apoptotic vesicles. J Immunol (2001) 166:7309–18. doi: 10.4049/jimmunol.166.12.7309

220. Segura, E, Nicco, C, Lombard, B, Véron, P, Raposo, G, Batteux, F, et al. ICAM-1 on exosomes from mature dendritic cells is critical for efficient naive t-cell priming. Blood (2005) 106:216–23. doi: 10.1182/blood-2005-01-0220

221. Nolte-'t Hoen, EN, van der Vlist, EJ, de Boer-Brouwer, M, Arkesteijn, GJ, Stoorvogel, W, and Wauben, MH. Dynamics of dendritic cell-derived vesicles: high-resolution flow cytometric analysis of extracellular vesicle quantity and quality. J Leukoc Biol (2013) 93:395–402. doi: 10.1189/jlb.0911480

222. Théry, C, Duban, L, Segura, E, Véron, P, Lantz, O, and Amigorena, S. Indirect activation of naïve CD4+ t cells by dendritic cell-derived exosomes. Nat Immunol (2002) 3:1156–62. doi: 10.1038/ni854

223. Morelli, AE, Larregina, AT, Shufesky, WJ, Sullivan, ML, Stolz, DB, Papworth, GD, et al. Endocytosis, intracellular sorting, and processing of exosomes by dendritic cells. Blood (2004) 104:3257–66. doi: 10.1182/blood-2004-03-0824

224. Vincent-Schneider, H, Stumptner-Cuvelette, P, Lankar, D, Pain, S, Raposo, G, Benaroch, P, et al. Exosomes bearing HLA-DR1 molecules need dendritic cells to efficiently stimulate specific t cells. Int Immunol (2002) 14:713–22. doi: 10.1093/intimm/dxf048

225. Zeng, F, and Morelli, AE. Extracellular vesicle-mediated MHC cross-dressing in immune homeostasis, transplantation, infectious diseases, and cancer. Semin Immunopathol (2018) 40:477–90. doi: 10.1007/s00281-018-0679-8

226. Qin, J, Li, R, Raes, J, Arumugam, M, Burgdorf, KS, Manichanh, C, et al. A human gut microbial gene catalogue established by metagenomic sequencing. Nature (2010) 464:59–65. doi: 10.1038/nature08821

227. Turnbaugh, PJ, Ley, RE, Hamady, M, Fraser-Liggett, CM, Knight, R, and Gordon, JI. The human microbiome project. Nature (2007) 449:804–10. doi: 10.1038/nature06244

228. Sommer, F, and Bäckhed, F. The gut microbiota — masters of host development and physiology. Nat Rev Microbiol (2013) 11:227–38. doi: 10.1038/nrmicro2974

229. van der Velden, WJ, Netea, MG, de Haan, AF, Huls, GA, Donnelly, JP, and Blijlevens, NM. Role of the mycobiome in human acute graft-versus-host disease. Biol Blood Marrow Transplant (2013) 19:329–32. doi: 10.1016/j.bbmt.2012.11.008

230. Rolling, T, Zhai, B, Gjonbalaj, M, Tosini, N, Yasuma-Mitobe, K, Fontana, E, et al. Haematopoietic cell transplantation outcomes are linked to intestinal mycobiota dynamics and an expansion of candida parapsilosis complex species. Nat Microbiol (2021) 6:1505–15. doi: 10.1038/s41564-021-00989-7

231. Connell, SMSJ, and Wilson, R. The treatment of x-irradiated germfree CFW and C3H mice with isologous and homologous bone marrow. Life Sci (1965) 4:721–9. doi: 10.1016/0024-3205(65)90011-1

232. Jones, JM, Wilson, R, and Bealmear, PM. Mortality and gross pathology of secondary disease in germfree mouse radiation chimeras. Radiat Res (1971) 45:577–88. doi: 10.2307/3573066

233. Seike, K, Kiledal, A, Fujiwara, H, Henig, I, Burgos da Silva, M, den Brink, v, et al. Ambient oxygen levels regulate intestinal dysbiosis and GVHD severity after allogeneic stem cell transplantation. Immunity (2023) 56:353–368.e356. doi: 10.1016/j.immuni.2023.01.007

234. Fredricks, DN. The gut microbiota and graft-versus-host disease. J Clin Invest (2019) 129:1808–17. doi: 10.1172/JCI125797

235. Jansen, SA, Nieuwenhuis, EES, Hanash, AM, and Lindemans, CA. Challenges and opportunities targeting mechanisms of epithelial injury and recovery in acute intestinal graft-versus-host disease. Mucosal Immunol (2022) 15:605–19. doi: 10.1038/s41385-022-00527-6

236. Jenq, RR, Taur, Y, Devlin, SM, Ponce, DM, Goldberg, JD, Ahr, KF, et al. Intestinal blautia is associated with reduced death from graft-versus-host disease. Biol Blood Marrow Transplant (2015) 21:1373–83. doi: 10.1016/j.bbmt.2015.04.016

237. Peled, JU, Gomes, AL, Devlin, SM, Littmann, ER, Taur, Y, Sung, AD, et al. Microbiota as predictor of mortality in allogeneic hematopoietic-cell transplantation. N Engl J Med (2020) 382:822–34. doi: 10.1056/NEJMoa1900623

238. Taur, Y, Jenq, RR, Perales, M-A, Littmann, ER, Morjaria, S, Ling, L, et al. The effects of intestinal tract bacterial diversity on mortality following allogeneic hematopoietic stem cell transplantation. Blood (2014) 124:1174–82. doi: 10.1182/blood-2014-02-554725

239. Markey, KA, Schluter, J, Gomes, AL, Littmann, ER, Pickard, AJ, Taylor, BP, et al. The microbe-derived short-chain fatty acids butyrate and propionate are associated with protection from chronic GVHD. Blood (2020) 136:130–6. doi: 10.1182/blood.2019003369

240. Golob, JL, Pergam, SA, Srinivasan, S, Fiedler, TL, Liu, C, Garcia, K, et al. Stool microbiota at neutrophil recovery is predictive for severe acute graft vs host disease after hematopoietic cell transplantation. Clin Infect Dis (2017) 65:1984–91. doi: 10.1093/cid/cix699

241. Greco, R, Nitti, R, Mancini, N, Pasciuta, R, Lorentino, F, Lupo-Stanghellini, MT, et al. Microbiome markers are early predictors of acute GVHD in allogeneic hematopoietic stem cell transplant recipients. Blood (2021) 137:1556–9. doi: 10.1182/blood.2020007158

242. Viaud, S, Saccheri, F, Mignot, G, Yamazaki, T, Daillere, R, Hannani, D, et al. The intestinal microbiota modulates the anticancer immune effects of cyclophosphamide. Science (2013) 342:971–6. doi: 10.1126/science.1240537

243. Daillère, R, Vétizou, M, Waldschmitt, N, Yamazaki, T, Isnard, C, Poirier-Colame, V, et al. Enterococcus hirae and barnesiella intestinihominis facilitate cyclophosphamide-induced therapeutic immunomodulatory effects. Immunity (2016) 45:931–43. doi: 10.1016/j.immuni.2016.09.009

244. Arpaia, N, Campbell, C, Fan, X, Dikiy, S, van der Veeken, J, Deroos, P, et al. Metabolites produced by commensal bacteria promote peripheral regulatory t-cell generation. Nature (2013) 504:451–5. doi: 10.1038/nature12726

245. Schirmer, M, Smeekens, SP, Vlamakis, H, Jaeger, M, Oosting, M, Franzosa, EA, et al. Linking the human gut microbiome to inflammatory cytokine production capacity. Cell (2016) 167:1125–1136. e1128. doi: 10.1016/j.cell.2016.10.020

246. Mathewson, ND, Jenq, R, Mathew, AV, Koenigsknecht, M, Hanash, A, Toubai, T, et al. Gut microbiome–derived metabolites modulate intestinal epithelial cell damage and mitigate graft-versushost disease. Nat Immunol (2016) 17:505–13. doi: 10.1038/ni.3400

247. Weber, D, Oefner, PJ, Dettmer, K, Hiergeist, A, Koestler, J, Gessner, A, et al. Rifaximin preserves intestinal microbiota balance in patients undergoing allogeneic stem cell transplantation. Bone Marrow Transplant (2016) 51:1087–92. doi: 10.1038/bmt.2016.66

248. Golob, JL, DeMeules, MM, Loeffelholz, T, Quinn, Z, Dame, MK, Silvestri, SS, et al. Butyrogenic bacteria after acute graft-versus-host disease (GVHD) are associated with the development of steroidrefractory GVHD. Blood Adv (2019) 3:2866–9. doi: 10.1182/bloodadvances.2019000362

249. Wikoff, WR, Anfora, AT, Liu, J, Schultz, PG, Lesley, SA, Peters, EC, et al. Metabolomics analysis reveals large effects of gut microflora on mammalian blood metabolites. Proc Natl Acad Sci (2009) 106:3698–703. doi: 10.1073/pnas.0812874106

250. Qiu, J, Heller, JJ, Guo, X, Zong-ming, EC, Fish, K, Fu, Y-X, et al. The aryl hydrocarbon receptor regulates gut immunity through modulation of innate lymphoid cells. Immunity (2012) 36:92–104. doi: 10.1016/j.immuni.2011.11.011

251. Swimm, A, Giver, CR, DeFilipp, Z, Rangaraju, S, Sharma, A, Antonova, U, et al. Indoles derived from intestinal microbiota act via type i interferon signaling to limit graft-versus-host disease. Blood (2018) 132:2506–19. doi: 10.1182/blood-2018-03-838193

252. Zelante, T, Iannitti, RG, Cunha, C, De Luca, A, Giovannini, G, Pieraccini, G, et al. Tryptophan catabolites from microbiota engage aryl hydrocarbon receptor and balance mucosal reactivity via interleukin-22. Immunity (2013) 39:372–85. doi: 10.1016/j.immuni.2013.08.003

253. Mezrich, JD, Fechner, JH, Zhang, X, Johnson, BP, Burlingham, WJ, and Bradfield, CA. An interaction between kynurenine and the aryl hydrocarbon receptor can generate regulatory t cells. J Immunol (2010) 185:3190–8. doi: 10.4049/jimmunol.0903670

254. Jasperson, LK, Bucher, C, Panoskaltsis-Mortari, A, Mellor, AL, Munn, DH, and Blazar, BR. Inducing the tryptophan catabolic pathway, indoleamine 2, 3-dioxygenase (IDO), for suppression of graft-versushost disease (GVHD) lethality. Blood (2009) 114:5062–70. doi: 10.1182/blood-2009-06-227587

255. Levine, JE, Huber, E, Hammer, ST, Harris, AC, Greenson, JK, Braun, TM, et al. Low paneth cell numbers at onset of gastrointestinal graft-versus-host disease identify patients at high risk for nonrelapse mortality. Blood (2013) 122:1505–9. doi: 10.1182/blood-2013-02-485813

256. Hayase, E, Hashimoto, D, Nakamura, K, Noizat, C, Ogasawara, R, Takahashi, S, et al. R-Spondin1 expands paneth cells and prevents dysbiosis induced by graft-versus-host disease. J Exp Med (2017) 214:3507–18. doi: 10.1084/jem.20170418

257. Eriguchi, Y, Takashima, S, Oka, H, Shimoji, S, Nakamura, K, Uryu, H, et al. Graft-versus-host disease disrupts intestinal microbial ecology by inhibiting paneth cell production of α-defensins. Blood (2012) 120:223–31. doi: 10.1182/blood-2011-12-401166

258. Fu, Y-Y, Egorova, A, Sobieski, C, Kuttiyara, J, Calafiore, M, Takashima, S, et al. T cell recruitment to the intestinal stem cell compartment drives immune-mediated intestinal damage after allogeneic transplantation. Immunity (2019) 51:90–103. e103. doi: 10.1016/j.immuni.2019.06.003

259. Takashima, S, Martin, ML, Jansen, SA, Fu, Y, Bos, J, Chandra, D, et al. T cell-derived interferon-γ programs stem cell death in immune-mediated intestinal damage. Sci Immunol (2019) 4:eaay8556. doi: 10.1126/sciimmunol.aay8556

260. Pérez-Cruz, C, Delgado, L, López-Iglesias, C, and Mercade, E. Outer-inner membrane vesicles naturally secreted by gram-negative pathogenic bacteria. PloS One (2015) 10:e0116896. doi: 10.1371/journal.pone.0116896

261. Liang, L, Yang, C, Liu, L, Mai, G, Li, H, Wu, L, et al. Commensal bacteria-derived extracellular vesicles suppress ulcerative colitis through regulating the macrophages polarization and remodeling the gut microbiota. Microb Cell Fact (2022) 21:88. doi: 10.1186/s12934-022-01812-6

262. Kakihana, K, Fujioka, Y, Suda, W, Najima, Y, Kuwata, G, Sasajima, S, et al. Fecal microbiota transplantation for patients with steroid-resistant acute graft-versus-host disease of the gut. Blood (2016) 128:2083–8. doi: 10.1182/blood-2016-05-717652

263. He, H, Suryawanshi, H, Morozov, P, Gay-Mimbrera, J, Del Duca, E, Kim, HJ, et al. Single-cell transcriptome analysis of human skin identifies novel fibroblast subpopulation and enrichment of immune subsets in atopic dermatitis. J Allergy Clin Immunol (2020) 145:1615–28. doi: 10.1016/j.jaci.2020.01.042

264. Nakamizo, S, Dutertre, CA, Khalilnezhad, A, Zhang, XM, Lim, S, Lum, J, et al. Single-cell analysis of human skin identifies CD14+ type 3 dendritic cells co-producing IL1B and IL23A in psoriasis. J Exp Med (2021) 218:e20202345. doi: 10.1084/jem.20202345

265. Song, X, Chang, S, Seminario-Vidal, L, de Mingo Pulido, A, Tordesillas, L, Song, X, et al. Genomic and single-cell landscape reveals novel drivers and therapeutic vulnerabilities of transformed cutaneous t-cell lymphoma. Cancer Discovery (2022) 12:1294–313. doi: 10.1158/2159-8290.Cd-21-1207

266. Xie, J, Chen, L, Cao, Y, Wu, D, Xiong, W, Zhang, K, et al. Single-cell sequencing analysis and weighted co-expression network analysis based on public databases identified that TNC is a novel biomarker for keloid. Front Immunol (2021) 12:783907. doi: 10.3389/fimmu.2021.783907

267. Bost, P, Schulz, D, Engler, S, Wasserfall, C, and Bodenmiller, B. Optimizing multiplexed imaging experimental design through tissue spatial segregation estimation. Nat Methods (2022) 20:418–23. doi: 10.1038/s41592-022-01692-z

268. Browaeys, R, Saelens, W, and Saeys, Y. NicheNet: modeling intercellular communication by linking ligands to target genes. Nat Methods (2020) 17:159–62. doi: 10.1038/s41592-019-0667-5

269. Efremova, M, Vento-Tormo, M, Teichmann, SA, and Vento-Tormo, R. CellPhoneDB: inferring cell-cell communication from combined expression of multi-subunit ligand-receptor complexes. Nat Protoc (2020) 15:1484–506. doi: 10.1038/s41596-020-0292-x

270. Jin, S, Guerrero-Juarez, CF, Zhang, L, Chang, I, Ramos, R, Kuan, CH, et al. Inference and analysis of cellcell communication using CellChat. Nat Commun (2021) 12:1088. doi: 10.1038/s41467-021-21246-9

271. Kim, J, Rustam, S, Mosquera, JM, Randell, SH, Shaykhiev, R, Rendeiro, AF, et al. Unsupervised discovery of tissue architecture in multiplexed imaging. Nat Methods (2022) 19:1653–61. doi: 10.1038/s41592-022-01657-2

272. Glaab, E, Rauschenberger, A, Banzi, R, Gerardi, C, Garcia, P, and Demotes, J. Biomarker discovery studies for patient stratification using machine learning analysis of omics data: a scoping review. BMJ Open (2021) 11:e053674. doi: 10.1136/bmjopen-2021-053674

273. DeFilipp, Z, Couriel, DR, Lazaryan, A, Bhatt, VR, Buxbaum, NP, Alousi, AM, et al. National institutes of health consensus development project on criteria for clinical trials in chronic graft-versus-Host disease: III. the 2020 treatment of chronic GVHD report. Transplant Cell Ther (2021) 27:729–37. doi: 10.1016/j.jtct.2021.05.004




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

Copyright © 2023 Gail, Schell, Łacina, Strobl, Bolton, Steinbakk Ulriksen, Bogunia-Kubik, Greinix, Crossland, Inngjerdingen and Stary. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu.2023.1199422_cover.jpg
& frontiers | Frontiers in Immunology

Complex interactions of cellular players in
chronic Graft-versus- Host Disease





OEBPS/Images/fimmu-14-1199422-g005.jpg
microbial diversity
Facecalibacterium
Akkermansia
Streptococcus
+ Lachnoclostridium Butyrate
probiotic Clostridiales

metabolites “ >y Treg Th17

“regeneration
~anti-inflammatory

phenotype
IDO

-5 Trp metabolites

-5 Trp metabolites Q‘.

e @
probiotic Lactobacillus §
indole-3-carboxaldehyde HiL-22 Treg differentiation

Paneth cell
antimicrobial

dysbiosis

W:}ﬁ.r.\s\@k%\

.\ e® .
defective = alloreactive

oxygen utilizations ~—~—____ T cells






OEBPS/Images/fimmu-14-1199422-g002.jpg
TCD27+CD38*“

U ival
\\& s\urvnva ) 00 gy
= 0O
hyper- B/ miR-25-3p T cell

Ibrutinib — BTK responsive BCR miR-155-5p

Q0
BAFF .O/ .
CD19*CD27* T Syk +PTEN %" response
increased risk of BNLK  ¥BIM ~0O CD39
infection Breg CD73

IL-10

.
<

NS toantibod
CD19°CD21° TN ecretion

exhausted phenotype ™
P d ICOS

O antigen recogniton
O & response
O

BCR Treg

/ TGC B cells proinflammatory cytokine GBS Teell

ICOS —— antibOd sec.r?ctlon
CDA0— = d‘; Sy TNF-a
IL-21 — “0 L6 IFN-y

IL-12  1L-39






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Complex interactions of cellular players in chronic Graft-versus-Host Disease

      

        		

          Introduction

        

          		

            A diverse set of immune cellular players mediate cGVHD

          



          		

            Cellular crosstalk in cGVHD via extracellular vesicles – a new field of GVHD research

          



        



        



        		

          Novel mechanisms of T cell pathogenicity in cGVHD

        

          		

            Th1/Th17 polarized T cells dominate inflammatory responses in cGVHD

          



          		

            Dysregulated regulatory T cells prompt failed tolerance

          



          		

            Follicular helper T cells enable B cell pathogenicity

          



          		

            T cell targeting strategies are promising new therapeutic

          



          		

            Tissue T cell chimerism can drive inflammation

          



          		

            EVs mediate T cell pathogenic signaling

          



        



        



        		

          Communication of immune cells in cGVHD – the role of B cells

        

          		

            Aberrant B cell subpopulations and signaling pathways characterize cGVHD

          



          		

            Abnormal T and B cell interactions characterize cGVHD

          



          		

            B cell-derived EVs regulate T cell activation

          



        



        



        		

          NK cells communicating within the cGVHD microenvironment

        

          		

            Activating and inhibitory NK cell receptors display dynamic expression patterns after HSCT and in cGVHD

          



          		

            NK cells communicate with other cGVHD cellular players

          



          		

            NK cell reconstitution dynamics impact cGVHD development

          



          		

            NK-cell derived EVs can polarize T cells

          



        



        



        		

          Antigen presenting cells as disease drivers in cGVHD

        

          		

            Host and donor APC can initiate pathologic T cell responses in acute and chronic GVHD

          



          		

            Antigen presentation by non-professional APC contributes to inflammation

          



          		

            EVs regulate antigen presentation

          



        



        



        		

          Microbiome-mediated effects in cGVHD

        

          		

            Mycobiome dysbiosis occurs after allo-HSCT

          



          		

            Gut microbiota composition influences GVHD development

          



          		

            Microbial metabolites affect the epithelium and host immunity

          



          		

            Microbiota-derived EVs regulate host immunity

          



        



        



        		

          Discussion

        

          		

            Understanding cellular networks within cGVHD-affected tissue will pave the way forward to apply precision medicine

          



          		

            Studying cellular crosstalk via EVs is a new way forward in cGVHD diagnosis, patient stratification and development of therapeutics

          



        



        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1199422-g001.jpg
thymic injury
a T cell polarization
FTY720 “ negative . thymic egress
‘* ' selection; SGPL1

GDIR1

target tiSSUG CcD8 actlvatlc?n
Tf miR-215-5p

inflammation ©“ . MiR-375
IL-21 O/
Bcl6 —— Belumosudil
Sirt-1 «¢& Sirt-1 KO TRM o
. (@)
£ mixed *_
A IL-12, IL-23
chimerism TGF-B

“ lTreg

Belumosudil T Th1/Th17

O Ruxolitinib RORyt —— TMP778
7 Low dose IL-2  ROCK2 — Belumosudil
O

(382 Naive T cell
¢ depletion

IL-9 HIF1la <Y miR31 KO
PTCy JAK1/2 — Ruxolitinib
+Th1
response

‘ T naive . Treg ‘ T effector ‘Tfh Og EV






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1199422-g003.jpg
GVHD pathogenesis

promoting ? protective

NKG2C/NKG2A contact-dependent

suppression
T alloreactivity

target tissue
infiltration

¥

DC maturation

1 @ proliferatior ,ysis** S

differentiation

T cell activation &
proliferation






OEBPS/Images/fimmu-14-1199422-g004.jpg
Mixed APC chimerism

host allo-antigen proinflammatory cytokine
secrection
p. L6

Class| O Tocilizumab

/1
¥ Alemtuzumab ©" /' Ruxolitinib
pre-transplant

depletion )
P alloreactive T cell
activation

" IL-124
KRR o\ﬁu /.; f@ MHC Class Il allo-antigen
presentation by epithelial
cells

CD207*
Macrop M2- polar|zat|on Fibrosis

o Pirfenidone——— TGF-B

O
o TNF a
. ccL3/4/5 \ O miR-21-3p
miR-21-3p G-CSF

CXCL2 =

immune cell O
+NF-kB1 recruitment

signaling






