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Transcription factors play a major role in regulation and orchestration of immune responses. The immunological context of the response can alter the regulatory networks required for proper functioning. While these networks have been well-studied in canonical immune contexts like infection, the transcription factor landscape during alloactivation remains unclear. This review addresses how transcription factors contribute to the functioning of mature alloactivated T cells. This review will also examine how these factors form a regulatory network to control alloresponses, with a focus specifically on those factors expressed by and controlling activity of T cells of the various subsets involved in graft-versus-host disease (GVHD) and graft-versus-tumor (GVT) responses.
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1 Introduction

Transcriptional control of immune gene expression and immune system functioning has been widely studied to better understand how these processes can shape immune responses to pathogens. However, it has become clear that in different contexts, the same transcription factors (TFs) can have vastly different (and often contradictory or unexpected) effects. For example, a factor which suppresses gene expression in one cell type may activate expression of the same genes in a different cell type. Beyond this, TFs can regulate each other in a complex network of activation, suppression, and enhancement, and disease states can alter their function. A significant amount of research is needed to not only understand the biology of these TFs and what genes are changing in a specific context, but also how those changes are regulated, and how the regulators are regulated in a network. As such, many elements of the immune system and its responses are only understood to a superficial level, and recent work has focused on deepening this knowledge.

Graft-versus-host-disease (GVHD) and graft-versus-tumor (GVT) effects (also called graft-versus-leukemia or GVL effects) are intricately linked alloreactive processes driven primarily by naive T cells (1–3). These T cells are alloactivated by presentation of non-self-antigen by non-self HLA (MHC in mouse) molecules on the APCs of the host (4, 5). This results in proliferation of the T cells, differentiation to cytotoxic effector cells, migration to target organs or tumor sites, and release of cytokines and cytotoxic mediators (6, 7) (Figure 1). Each of these major functions are controlled by networks of transcription factors, which regulate expression of important genes used to perform these functions. While GVT effects help to rid the patient of residual malignant cells and prevent relapse of the cancer, GVHD damages the healthy host tissues (6, 8).




Figure 1 | Major Functions of Alloactivated T cells. When alloreactive T cells recognize alloantigen (recipient self antigen) presented by an antigen presenting cell (APC), the T cell becomes alloactivated. These T cells then perform a variety of functions, including: proliferate, differentiate into cytotoxic cells, produce cytokines and cytotoxic mediators, migrate, become exhausted, survive or undergo apoptosis, and express altered gene programs. These T cell functions lead to graft-versus-host disease (GVHD), which damages healthy host tissues in the target organs (skin, small intestine, liver). These T cell functions also lead to the graft-versus-tumor (GVT, also called graft-versus-leukemia, GVL) effect, which eliminates residual malignant cells. Figure created using BioRender.com.



Thus, the main goal of research in this field is to eliminate or reduce GVHD while preserving or enhancing GVT effects. These two processes are performed using similar pathways in the same T cells, and both rely on the major functions described above (proliferation, migration, producing cytokines). Therefore, it is not possible to separate these effects simply by removing entire subsets of T cells without some sort of trade-off (such as increased infection rates post-transplant) (6, 8–12). Instead, current research focuses on manipulating the underlying regulatory networks or signaling pathways of the T cell, to drive the cell to perform one process but not the other. A deeper understanding of these regulatory networks is therefore critical to achieving these goals.

The use of various knockout, knockdown, or knock-in genetic models have led to a better understanding of how different transcription factors participate in alloactivated T cell functioning. Transcription factors are notoriously difficult to target using chemical/pharmaceutical means, although recent breakthroughs have broadened the possibilities in this area (13–15). Due to these difficulties, GVHD/GVT models typically rely on genetic manipulation to alter expression or functioning of the transcription factor. The sections below will summarize what has been discovered about a variety of critical factors in these processes.

This review seeks to summarize how TFs contribute to the functioning of mature alloactivated T cells, through study of graft-versus-host disease (GVHD) and graft-versus-tumor (GVT) effects. This review will also examine how these factors form a regulatory network to control alloresponses, with a focus specifically on those factors expressed by and controlling activity of T cells of the various subsets involved in GVHD/GVT.




2 Search strategy

Research articles and literature reviews were identified from the PubMed and Google Scholar databases using any of the following search terms:

“gvhd transcription factor”, “gvhd AND transcription factor”, “gvhd gvt transcription factor”, “gvhd gvl transcription factor”, “gvt transcription factor”, “gvl transcription factor”, “*name of factor* gvhd”, “*name* gvt”, “*name* gvl”, “*name* AND gvhd”, “*name* AND gvt”, “*name* AND gvl”, “alloactivation transcription factor”, “*name* alloactivation”

Articles were excluded if the article language was not English and no translation was available, if the full-text article was unavailable/irretrievable, if the factors under study were not considered transcription factors, and if the factor discussed was not expressed in T cells or the subject of study was not T cells (given that the focus of this review is on T cell-expressed factors). From the results of the search terms above, articles found to be relevant were included.




3 Transcription factors which impact but likely do not separate GVHD/GVL



3.1 Eomesodermin (Eomes)

Eomes is a transcription factor typically associated with T cell memory, and thought to balance T-bet, which is associated with effector T cells. Many research reports examine both Eomes and T-bet together, rather than separately, because they are seen to be intricately linked. Some reports suggested that both Eomes and T-bet are important for antitumor immunity, but these studies were done after adoptive transfer, not allogeneic transplant (16). However, the importance of Eomes in both GVHD and GVT effects was shown by another group, which used a mouse model of allogeneic hematopoietic stem cell transplantation (allo-HSCT) (17).

Lack of Eomes in T cells led to reduced GVHD severity and improved survival. Interestingly, loss of Eomes reduced GVHD more than loss of T-bet (will be discussed further below). This reduction in GVHD was primarily due to reduced CD8+ T cell migration to target organs, an increase in Tregs, and decreased cytokine production in CD4+ T cells. Proliferation and activation of CD4+ T cells were also reduced when Eomes was lost. Introduction of tumor cells showed that loss of Eomes disrupted GVT effects, suggesting that Eomes is critical for this effect. Experiments with mixed WT or Eomes T cells showed that Eomes is important for CD8-driven GVT, but not for CD4-driven help during allo-HSCT. Therefore, although Eomes was important for both functions, Eomes-deficient CD4+ T cells could be used to separate GVHD from GVT effects (17).

Histone deacetylase 11 (Hdac11) controls T cell phenotype through epigenetic changes. Loss of Hdac11 led to increased expression of Eomes and T-bet in T cells, as well as increased proliferation of the T cells. Hdac11 KO T cells also showed increased production of cytokines and cytotoxic mediators. These changes resulted in exacerbated GVHD in mice receiving Hdac11 KO T cells, but GVT effects were also enhanced. Therefore, loss of Hdac11 enhanced GVHD and GVT due to increased expression of Eomes (18). Another group showed that T(R)1 cells (Type 1 Tregs) are the most frequent type of Tregs in allo-HSCT, and these cells require expression of Eomes to develop. These cells are also important for reducing GVHD, suggesting a role for Eomes in suppressing GVHD. Expression of Eomes in these cells requires expression of T-bet, further complicating matters (19). Therefore, depending on the cell expressing it, Eomes may be helpful or harmful in GVHD.

Eomes also plays a role in GVT, but the exact role remains to be elucidated. Some reports suggest that Eomes is important for CD8+ T cell function during antitumor responses, primarily by promoting exhaustion. This suggests that Eomes would inhibit GVT effects. However, while loss of both Eomes alleles stopped development of tumor-attacking CD8+ T cells, loss of only one allele limited exhaustion in the T cells, which promoted antitumor immunity (20). These experiments were done in canonical antitumor models, so they may not directly apply to GVT. More recent work showed that Itk KO mice, which have higher expression of Eomes (but not T-bet), have reduced GVHD severity but maintained GVT function (12, 21). Therefore, Eomes appears to be critical for both GVHD and GVT, due to its effects on T cell migration and cytokine production.




3.2 Forkhead box P3 (Foxp3) and regulatory T cells (Tregs)

Foxp3 is the lineage-defining transcription factor for Tregs. Foxp3 was initially associated with GVHD when a study found that patients with GVHD had less expression of Foxp3 mRNA. This group also showed that stimulating CD4+ T cells in vitro with self antigen increased expression of FOXP3, which in turn reduced proliferation of CD8+ T cells (22). This work showed that Foxp3-expressing CD4+ T cells could possibly be used to treat GVHD. A short time later, another group found that higher expression of FOXP3 among donor CD4+ T cells indicated a lower risk of GVHD development in the recipient. They also confirmed that in GVHD patients, Tregs were reduced (23). Tregs were found at a higher frequency in skin biopsies from patients with low grade treatment-responsive GVHD than in patients with more severe or non-responsive GVHD (24).

At this point, research began on whether Tregs could be used as a therapy. However, natural Tregs (nTregs, also called thymus-derived Tregs [tTregs]) are found in low numbers in the body, so iTregs (induced in vitro or in the periphery [pTregs] as opposed to in the thymus) were differentiated to try to provide a source for these cells. One study found that iTregs induced in vitro were limited in their ability to ameliorate GVHD symptoms because Foxp3 expression was not stable. After Foxp3 was lost from these cells, they reverted to an inflammatory state, with production of cytokines and contribution to damage (25). However, when iTregs were induced with antigen specificity, they were able to effectively prevent GVHD in recipient mice expressing that antigen (26).

Increasing stability of Foxp3 expression by blockade or loss of IL-27 increased the efficiency of iTregs at blocking GVHD. This treatment allowed better reconstitution of nTregs and iTregs, and also increased their suppressive ability (27). Vitamin C was also shown to stabilize Foxp3 expression in CD8+ iTregs, which can suppress GVHD but still control tumors with the GVL effect (28). Mice with GVHD that were given azacytidine showed reduced GVHD, largely due to increased Treg frequencies and expression of Foxp3 (29, 30). Furthermore, one group showed that CD4+ CD25- T cells could be engineered to ectopically express Foxp3, leading to a phenotype similar to nTregs which suppressed GVHD but preserved GVL effects (31).

More recently, SNPs in the FOXP3 gene locus were found to be associated with GVHD outcomes. These SNPs were present at higher frequencies in patients with GVHD than in patients without GVHD. One of these SNPs was predictive of risk for aGVHD, when analyzed on its own. Interestingly, these SNPs were also associated with a lower risk of infection post-HSCT (32). These findings highlight a critical problem with allo-HSCT, which is that the same effector T cells responsible for GVHD are also the cells which fight off pathogens. Therefore, having fewer Tregs allows GVHD to occur, but also allows better targeting of pathogens because Tregs are not inhibiting the effector cells. Inhibition of Sirtuin-1 (Sirt-1) also affected Tregs in GVHD, promoting the differentiation of iTregs. This led to reduced GVHD but maintained GVT effects. Sirt-1 loss in iTregs stopped them from becoming cytotoxic T cells and increased the stability of Foxp3. Sirt-1 inhibition with Ex-527 enhanced survival while reducing GVHD severity (33).

Although Tregs are traditionally defined as CD4+ FOXP3+ CD25+, recent work has shown that other types of Tregs do exist. One of these is CD8+ Tregs, which are known to have similar functions compared to CD4+ Tregs, but are otherwise understudied. CD8+ Tregs also have transcriptional profiles similar to CD4+ Tregs, and different from other CD8+ T cells. However, murine studies of GVHD showed that these CD8+ Tregs were not able to suppress GVHD as well as CD4+ Tregs. This was mainly due to an increase in expression of Bim and less expression of Mcl-1. These expression changes made the CD8+ Tregs more proapoptotic than CD4+ Tregs, making them more likely to die. However, when Bim-deficient CD8+ Tregs were transplanted, they had better survival and stronger GVHD suppression than normal CD8+ Tregs (34).

These findings suggested that CD8+ Tregs could be used as therapy if their tendency towards apoptosis was addressed. Another approach to improve these CD8+ Tregs was to stabilize Foxp3 expression by deletion of Jak2. This allowed the Tregs to reduce GVHD but also maintained GVT effects. The CD8+ Tregs were not converted to cytotoxic cells as easily, and they maintained high Foxp3 levels, making them more stable and capable of suppression (35).

Double-negative suppressor/regulatory T cells (TCRα/β+ CD4/CD8-, called “DN T cells”) were recently discovered as well, and these cells can suppress GVHD in mouse models. Allo-HSCT patients also show low levels of DN T cells in severe GVHD cases, and high levels of DN T cells in mild cases. One group found that these DN T cells inhibit CD4+ T cell mTOR signaling. DN Tregs also change the metabolic program of CD4+ T cells to stop them from causing as much damage (36). Therefore, canonical Tregs use Foxp3 to suppress GVHD, and DN Tregs appear to also be suppressive during alloresponses.




3.3 B cell lymphoma 6 (Bcl6)

Bcl6 is a transcription factor important in Tfh cells and germinal center B cells. Its role in GVHD was only recently investigated. Mice which lack Bcl6 in T cells or in B cells are unable to form germinal centers. To investigate the role of this factor in chronic GVHD, one group used mice lacking Bcl6 in B cells (Bcl6 flox x MB1cre) to induce cGVHD in recipient mice. Mice receiving splenocytes from these Bcl6 cKO mice still experienced severe cGVHD symptoms, with no difference from mice receiving WT cells. Next, the group examined the impact of Bcl6 in T cells using a T cell-specific knockout (Bcl6 flox x CD4cre). Importantly, mice receiving Bcl6 cKO T cells had reduced cGVHD symptoms and histopathology, as well as reduced mortality. This occurred because Bcl6 deficiency prevented CD4+ effector T cells from expanding/proliferating (37).

These findings were recently confirmed by use of a Bcl6 inhibitor, 79-6, to inhibit cGVHD in mice. Interestingly, transplanted mice given this inhibitor had reduced cGVHD severity, but damage to the liver and colon was still seen, and Tfh numbers were not significantly changed. These data suggested that the Bcl6 inhibitor primarily prevented B cell effects. However, this group found that Bcl6 in both T cells and B cells was important for cGVHD development (38–40). Therefore, Bcl6’s role in T cells in cGVHD is to support development of Tfh cells which are capable of producing germinal centers, which are needed to cause disease, as well as to induce expansion of CD4+ effector T cells. It is unknown whether the same is true during aGVHD.




3.4 Basic leucine zipper transcription factor, ATF-like (Batf)

Batf drives differentiation of Th17 cells (41), which are involved in GVHD-induced damage. Recent reports found that this factor also impacts GVHD through control of IL-7-expressing T cells. Batf was found to induce differentiation of effector memory T cells which expressed IL-7 and GM-CSF, and were able to infiltrate peripheral tissues such as the colon. Mice receiving Batf-deficient T cells had milder GVHD and better survival compared to those receiving WT T cells. These Batf-/- T cells produced and induced less IL-6 when alloactivated. The GM-CSF/IL-7-producing T cells driven by Batf were not Th17 cells, and had a distinct phenotype from other cell populations present. These cells were critical for GVHD damage in the intestines (42). These data suggest that although Th17 cells do cause damage, they may not be solely responsible for GVHD phenotypes, and other cell subsets play a role. Targeting of Batf may provide benefit aside from Batf’s role in Th17 development (43).




3.5 Mothers against decapentaplegic homolog 3 (Smad3)

Smad3 is a transcription factor which is activated by TGF-β signaling. Generally, higher levels of SMAD3 were linked to less severe cases of GVHD (44). One group showed that loss of Smad3 in donor cells caused severe GVHD more frequently in an allo-HSCT mouse model, despite matching of major MHC markers. The intestines were the most impacted by GVHD damage, due to increased migration of Smad3 KO CD4+ T cells. These CD4+ T cells expressed T-bet, indicating their ability to act as effectors by releasing Th1 cytokines. These data suggest that increasing levels of Smad3 would actually be beneficial for GVHD outcomes (45).

Smad3 may also play a role in controlling allograft rejection of allotransplanted mouse hearts. However, in this case, survival of the transplanted hearts was improved when Smad3 was lost in the donor mouse, due to proinflammatory cytokine reduction and reduced migration of T cells into the tissue. Immune responses were shifted from Th1-driven to Th2-driven responses, and Th17 and Treg responses were also decreased. Thus, these results suggested that removing Smad3 would be most beneficial in allotransplant (46). However, in both studies, Smad3 was shown to control T cell migration, fate decisions, and cytokine production.




3.6 c-Fos/c-Jun (Ap-1) and c-Myc

c-Fos/c-Jun (Ap-1) and c-Myc are proto-oncogenes that encode transcription factors of the same name, which are important for proliferation of cells, especially in response to stimuli such as growth factors. c-Fos and c-Jun proteins form a heterodimer to create the Ap-1 complex, while c-Myc acts by itself (47, 48) c-Fos, c-Jun, and c-Myc are important early on for immune reconstitution (49).

Curcumin, a plant-derived phytochemical from the turmeric root, may attenuate GVHD. Treatment of allo-transplanted mice with curcumin reduced GVHD severity and pathology, mainly through reduced T cell proliferation and cytokine production. Tregs were also increased in curcumin-treated recipient mice. The expression of c-Fos and c-Jun was reduced in target tissues such as skin and intestine when the mice were given curcumin, suggesting that Ap-1 plays a role in mediating these processes. Therefore, downregulation of Ap-1 (c-Fos/c-Jun) was beneficial by reducing migration and cytokine production of T cells, as well as enhancing Tregs (50). However, a later study showed that in human HSCT patients, c-Myc and c-Jun protein levels were reduced. c-Jun expression was higher in short-term HSCT survivors than long-term, and c-Fos expression was lower in non-surviving patients (49). Therefore, it is still unclear whether these factors are beneficial or harmful during GVHD. However, they appear to play a role in T cell migration, Treg fate, and cytokine production.





4 Transcription factors which may separate GVHD/GVL



4.1 T-box transcription factor TBX21 (T-bet)

T-bet is also a transcription factor critical for T cell function, and is typically associated with effector T cells. Reports showed that loss of T-bet (which controls development of Th1 cells) resulted in reduced GVHD severity. When both T-bet and Rorγt (which controls Th17 cells) were lost, recipient mice showed no GVHD, as well as reduced migration to target organs, reduced Th1/Th17 cytokine production, and reduced organ damage. However, these T-bet/Rorγt DKO T cells had maintained GVT functions, separating GVHD from GVT (51). Our data showed that loss of T-bet in T cells increased expression of Eomes (52), and since Eomes is critical for GVT effects (17, 21), (this helps to explain the maintenance of GVT effects in the absence of T-bet.

Th1 cells were shown to be important in acute GVHD (aGVHD) in a rat model, and Th1 cell development is driven by T-bet (53, 54). Interestingly, loss of T-bet in donor cells led to increased pulmonary GVHD in allotransplanted recipients. This was because when Th1 cells were reduced due to loss of T-bet, Th2 and Th17 cells expanded and produced cytokines, leading to damage (55). Therefore, loss of T-bet alone may not prevent GVHD. In addition, in a mouse model of allogeneic heart transplant, loss of T-bet in T cells led to more rapid rejection of the allogeneic heart than loss of Rorγt (or WT T cells). Loss of both T-bet and Rorγt in T cells also caused rapid allorejection (56). Thus, loss of T-bet may not be protective in all situations of allogeneic responses.

More recently, work was done on loss of T-bet alone, rather than in combination with other deficiencies. This work showed that loss of T-bet in T cells led to reduced GVHD severity. This was due to reduced damage to organs by CD4+ T cells because of reduced migration to target organs, and reduced cytokine production. Loss of T-bet specifically in Th17 cells also reduced GVHD. Finally, T-bet deficient T cells that were allotransplanted showed reduced GVT effects, although neutralizing IL-17 fixed this defect (57). Loss of T-bet in allotransplant recipients also led to reduced GVHD severity (58). These results suggest that T-bet is important for migration and cytokine production during GVHD and GVT. Loss of T-bet in donor T cells in a model of chronic GVHD and autoimmunity led to an increase in Foxp3+ Tregs and reduced clinical signs after allotransplantation (59). Dual TCR T cells, which are increased in chronic GVHD (cGVHD), express T-bet, suggesting a role for T-bet even in cGVHD alloresponses (60). Therefore, T-bet plays a role in GVHD and GVT through control of migration and cytokine production, as well as through interactions with Eomes.




4.2 Retinoic-acid-receptor-related orphan nuclear receptor gamma, isoform T (Roryt)

Rorγt is a major lineage factor driving T cells to the Th17 fate. Due to the major role of Th17 cells in GVHD, Rorγt has been a factor of interest in GVHD research. Initial work showed that Th17 cells cause severe GVHD with increased migration to target organs and proliferation of alloreactive cells. However, loss of Rorγt in donor mice did not affect the ability of CD4+ T cells to cause GVHD. The group concluded that Rorγt-driven Th17 cells are sufficient, but not required for GVHD to occur (61). Loss of Rorγt was also shown not to affect alloresponse-driven colitis (intestinal GVHD), despite the role of Th17 cells in the process (62). (However, loss of both Rorγt and T-bet did reduce GVHD severity. Interestingly, GVT effects were maintained despite loss of both factors (63). Loss of both Batf and Rorγt also reduced intestinal GVHD (62). Other work showed that loss of Rorγt relieved GVHD severity in an MHC-matched model of bone marrow transplant (BMT), but had no effect in an MHC-mismatched model (64).

In contrast, another group showed that treatment of donors cells with G-CSF before MHC-mismatched BMT resulted in reduced skin GVHD, with no impact on other organs. This was due to reduced expansion of Rorγt+ T cells because of increased expression of Socs3, an inhibitory factor (65). In mice given a mismatched BMT and then treated with mesenchymal stem cells (MSCs) expressing Icos, GVHD severity was reduced in part because of reduced Rorγt expression (among other factors) (66). One group suggested that accumulation of Rorγt+ Th17 cells in target organs (67, 68) is due to increased expression and activity of Stat3, which is critical for Rorγt expression and Th17 fate (68).

Expression of heme oxygenase-1 (HO-1) also correlated with reduced GVHD because it affects expression of RORγT and Th17 fate choices (51). Most recently, ILCs expressing RORγT were found to be protective during intestinal GVHD, and were depleted in GVHD patients (69). Thus, the role of Rorγt still remains to be fully elucidated during GVHD, but T cells expressing this factor (Th17 cells) contribute to GVHD severity through increased migration and expansion. GVT effects do not seem to be affected by loss of Rorγt, so this factor may not be critical for antitumor immunity.




4.3 Signal transducer and activator of transcription (Stats)

Stat family transcription factors are activated by Jak factors (see below) in the Jak/Stat pathway. Stats are primarily involved in immune responses, proliferation, differentiation, and apoptosis (70). These factors have many roles in diverse contexts, and have been heavily studied in GVHD, where Stats 1, 3, 4, 5, and 6 have been shown to be important.

Stat1 was first identified as important in a study of GVHD using SAHA, an Hdac inhibitor. This treatment reduced the rapid Stat1 phosphorylation which occurred when GVHD was initiated, both in the liver and in the spleen. SAHA also reduced Stat3 phosphorylation. Use of this inhibitor resulted in less GVHD-driven mortality by lowering cytokine production of T cells (71). These data suggest that Stat1 (and possibly Stat3) is important for T cell cytokine production. Another group used Stat1-deficient mice to examine this factor’s role in GVHD. Again, GVHD severity was reduced in the absence of Stat1, primarily due to reduced activation and proliferation of donor T cells. Ablation of Stat1 also increased proliferation of Tregs, and inhibited apoptosis in these cells. These Tregs were hypersuppressive, helping to prevent GVHD damage (72).

One study sought to identify how and when Stat1 and Stat3 are activated during GVHD. After induction of GVHD, T cells (CD4+ and CD8+) with either Stat1 or Stat3 phosphorylation expand, followed by activation of Stat1/Stat3-driven gene expression (73). These data suggest that Stat1 and Stat3 are critical to GVHD progression. While examining IL-22-driven GVHD pathology, another group found that GVHD patients had increased STAT1 expression in the GI tract (74). Gain-of-function STAT1 mutations in humans also lead to autoimmunity and other problems, which were successfully corrected with HSCT in one patient. Before treatment, this patient showed lowered IL-17 responses, increased IFN-γ production, and increased phosphorylation of STAT1 (75). Therefore, Stat1 is critical for regulation of T cell cytokine production, activation, expansion, and Treg fate decisions.

Stat3 was first examined in GVHD using a flow cytometry technique that was novel at the time, using antibodies to detect phosphorylation within cells. This study showed that Stat3 phosphorylation occurred during GVHD(76), and these data were later confirmed (68, 77). Interruption of Stat3 phosphorylation with a small molecule inhibitor reduced T cell proliferation and activation both in vivo and in vitro, and reduced GVHD severity (76). Use of cucurbitacin E (CuE), a selective Stat3 inhibitor, reduced aGVHD severity in mice by reducing production of pro-inflammatory cytokines and Th17 cells (75).

These results were supported by cGVHD studies in mice, which showed that Stat3-deficient donor CD4+ T cells caused less GVHD than normal cells. This was due to reduced expansion and migration of donor T cells, not a change in the alloresponse of the T cells. Treg development was also enhanced by loss of Stat3 (78). Another study showed that loss of Stat3 in T cells enhanced natural Treg (nTreg) stability and promoted development of induced Tregs (iTregs) from CD4+ naive T cells. Again, Stat3-deficient CD4+ T cells protected against GVHD, although loss of Stat3 only in nTregs was not enough to stop GVHD (79). Suppression of Stat3 by injection of PIAS3 (protein inhibitor of activated Stat3) into mice to achieve PIAS3 overexpression resulted in reduced GVHD severity. This inhibitor also reduced the Th1 and Th17 subsets of T cells, while upregulating Th2 and Treg responses. Stat5 expression was also increased, which is discussed further below (80).

Grim19, a regulator of Stat3 expression, was found to decrease the severity of GVHD when overexpressed, largely due to suppression of Stat3 signaling and Th17 cell development, and enhanced Tregs and Stat5 expression (81). Mice treated with IL-22 were found to have more severe GVHD, again primarily due to increased phosphorylation of Stat3 and changes to T cell subsets such as Th1 and Th17 (82). Treatment of mice with KD05 (an inhibitor of Rock) resulted in amelioration of cGVHD symptoms, due in part to reduced Stat3 and increased Stat5 phosphorylation. Mice transplanted with T cells lacking Stat3 showed the same benefits, with lung function (lungs are a GVHD target) at the same level as healthy controls despite transplantation (83). Finally, use of nifuroxazide, a Stat3 inhibitor, resulted in reduced aGVHD severity and delayed death from symptoms. This inhibitor blocks activation of Stat3, and this led to reduced production of cytokines and increased Tregs (84). From this large body of data, it is clear that Stat3 impacts Treg and other helper T cell fates, cytokine production, and proliferation of alloreactive T cells.

Loss of Stat4 was found to induce lethal aGVHD, as was Stat6 loss in T cells. GVHD was rapidly lethal when Stat6 was lost, with almost all mice dead by day 7 post-transplant. Loss of Stat4 is typically associated with a defect in Th1 responses, while Stat6 loss is associated with defective Th2 responses (85). Overexpression of constitutively active Stat5b increased Tregs, producing a significant reduction in GVHD. These expanded Tregs were also hypersuppressive compared to those in WT mice. In addition, Stat5-overexpressing CD4+ T cells also caused less GVHD, because these cells produced less proinflammatory and more anti-inflammatory cytokines. These transgenic mice still maintained GVT effects, suggesting that enhancement of Stat5 signaling may be an effective therapy for GVHD (86).

These results were confirmed in a study of human T cells, which found that use of CAS 285986-31-4 (a STAT5 inhibitor) reduced iTregs (68). Finally, Stat6 was found to affect GVHD in mice. Treatment of T cells with IL-18 prior to allo-HSCT helped to reduce GVHD severity. When Stat6-deficient donor cells were used, this effect was removed, showing that Stat6 was required for this reduction in GVHD. IL-18 did not impact GVT effects, suggesting that Stat6 is important for GVHD but not GVT effects (87).




4.4 Aryl hydrocarbon receptor (Ahr)

Ahr is a transcription factor which binds to environmental contaminants that are aromatic hydrocarbons, such as dioxin or pollutants found in the air. Exposure to these ligands causes activation of Ahr, and transcription of downstream genes. Although Ahr has roles in many processes, it has recently been associated with changes to immune responses, such as immunosuppression caused by exposure to dioxin. Ligands found in food can also lead to immune changes through Ahr activation. Ahr is upregulated when T cells are activated, indicating a role in T cell functioning for this factor (88). Recent studies have identified a role for Ahr in GVHD, with mice receiving Ahr-/- T cells showing less severe aGVHD symptoms and better survival than mice receiving WT cells. This was primarily due to reduced proliferation of CD4+ T cells, increased peripheral Treg (pTreg) numbers in the colon, and less migration of CD8+ T cells to the spleen after transplant (89).

Importantly, loss of Ahr only impacted accumulation of T cells in the lymphoid tissues early on, but not in the target organs later on. No changes were seen in apoptosis levels, but proinflammatory cytokine production (IL-6, IFN-γ, TNF-α, and IL-1α) was reduced in the colon of the Ahr-/- T cell-receiving mice. GVHD attenuation was not due to loss of naive cells or a baseline increase in Tregs. In an experiment where mice received WT T cells or Ahr-/- T cells and tumor cells, the KO cells still cleared the tumor cells. However, twice as many KO cells were used as WT, because WT T cells caused severe GVHD, so the GVT effect may in fact be weakened in Ahr-/- T cells (89).

Interestingly, another group found seemingly contradictory results by feeding transplanted mice a diet low in diet-derived Ahr ligands. These mice had a reduction in ILC3 cells, leading to increased aGVHD severity and mortality (40). This work suggests that Ahr has a protective role in GVHD responses, whereas the results described above suggest that Ahr activation is detrimental. Earlier work by a different group showed that an engineered Ahr ligand called 10-Cl-BBQ induced a Treg phenotype in CD4+ T cells during a GVHD response. Foxp3 was not expressed by these cells, but the effect did require Ahr. Treatment of mice with this compound also inhibited development of GVHD (90). This work suggests that engagement of Ahr by at least some ligands has a protective effect during GVHD by inducing Treg development.

Finally, expression of Ido – an endogenous AhR ligand – was shown to be increased after allo-HSCT, and appears to help prevent/reduce lung pathology. Ido KO recipients had more lung damage, higher mortality, and more severe GVHD symptoms (91). Therefore, the role of Ahr is still unclear in GVHD, because some research shows a protective effect, while other work suggests a detrimental contribution. However, it is clear that Ahr receptor engagement affects peripheral Tregs, and it also impacts cell proliferation, migration, and proinflammatory cytokine production.




4.5 Nuclear factor (erythroid-derived 2)-like 2 (Nrf2)

Nrf2 is a transcription factor which controls the cellular redox and cellular stress pathways, and it is expressed ubiquitously. Nrf2 may contribute to survival of allotransplanted tissues (92). Recently, reports have shown that Nrf2 signaling plays a role in GVHD severity, but the results were seemingly contradictory (93–95). Loss of Nrf2 by genetic ablation resulted in reduced aGVHD when these T cells were allotransplanted, due to the presence of regulatory T cells expressing Helios, which were better able to persist when Nrf2 was ablated. Loss of Nrf2 did not affect proliferation, apoptosis, or activation of the T cells. In addition, CD8+ alloreactive T cells had impaired migration to the gut due to decreased expression of Lpam-1 (a homing receptor). Nrf2-deficient CD8+ T cells still had effective cytotoxic responses, and the GVT effect was preserved in mice receiving these cells (94).

However, another group allotransplanted mice and treated them with sulforaphane to induce Nrf2 activation. These mice had better long-term survival, less pathological damage, and reduced migration of T cells to peripheral tissues than mice receiving untreated T cells (95). Nrf2 activators such as arsenic trioxide (96) or dimethyl fumarate (93) reduced aGVHD severity but preserved GVL effects. These data suggest that activation of Nrf2 in the recipient reduces GVHD severity, while Nrf2 activation in donor T cells promotes GVHD damage. Therefore, it is unclear if Nrf2 expression is helpful or harmful during GVHD, but it is clear that Tregs and migration to peripheral tissues are affected by NRF2 changes.





5 Transcription factors which separate GVHD and GVL effects



5.1 Notch

Notch is a transcription factor which functions as a switch in T cell development. It controls fate decisions such as T cell versus B cell, CD4+ versus CD8+, and αβ versus γδ T cell fates (97). Notch acts as both a receptor and a transcription factor, because it is found in the cell membrane until binding of a ligand, at which point the intracellular portion enters the nucleus to affect transcription (98). There are several Notch receptors and several types of ligands, including Delta-group and Serrate-group molecules (97). One study showed that GVHD severity was reduced, and survival was improved when Notch signaling was blocked in donor T cells. This was due to reduced production of cytokines and effector molecules, but there was a slight increase in proliferation of the T cells. Migration to target organs was also reduced by Notch inhibition. GVT effects were still maintained, despite the changes to cytokine production (99).

A later study showed that GVHD from both CD4+ and CD8+ T cells was prevented by Notch inhibition. T cells lacking Notch showed a drop in IFN-γ production, decreased NF-κB signaling, increased Eomes expression, normal expansion, and normal T-bet expression. Essentially, these T cells were hyporesponsive but kept their potential for cytotoxicity (100). Blocking of all Notch signaling was found to be toxic, but Notch1/2 and Delta-like 1/4 (Dll1/4) were found to be most important for GVHD. Inhibition of Notch 1 still produced toxicity, but blocking of Dll1/4 successfully prevented GVHD without off-target effects. Antitumor functions were still preserved, just like with Notch inhibition in T cells, and temporary treatment was enough to provide stable protection (101–103). Targeting of Notch1/2 and Dll1/4 was also effective in cGVHD (104).

One group found that Notch1, Dll4, and Jagged-1 in donor T cells were reduced when Tregs were present. The authors suggest that the Tregs use a CD39-dependent mechanism to directly downregulate this signaling pathway in donor T cells, leading to improved survival and reduced GVHD severity (105). Another group suggested that Notch inhibition reduced GVHD by maintaining Treg function while lowering CD8+ T cell and APC activation and proliferation (106). More recent work by this group suggested that Tregs and central memory cells were increased when Notch was blocked, along with increased IFN-γ and lower TNF-α. They suggest that GVT effects were preserved because Fas/FasL components were not affected, and this pathway is primarily used for GVT(107). Finally, use of selective Notch inhibition in CD4+ T cells but not Tregs showed that the lack of Notch in CD4+ T cells was critical to stop GVHD. When Notch was lost only in Tregs, this effect was lost (108). Therefore, Notch affects T cell cytokine production, Treg expansion, and responsiveness to alloantigen, with loss resulting in reduced GVHD but maintained GVT effects (109, 110).




5.2 Promyelocytic leukemia zinc finger (Plzf)

Plzf has also been studied in T cells in the context of GVHD. This factor is critical for development of invariant natural killer T cells (iNKT) but is not expressed in mature CD4+ or CD8+ T cells. To study this factor, one group induced expression of Plzf using the Lck promoter to produce Plzf expression in mature CD4+/CD8+ T cells (called “Plzf-TG”). They found that these knock-in cells have a memory and innate-like phenotype without proliferation or stimulation by antigen. In addition, these mice had higher frequencies of Tregs, similar homing potential (by Ccr7 expression), higher IFN-γ and TNF-α levels, and less IL-2 production at baseline. Mice transplanted with these Plzf-TG cells had reduced GVHD severity as well as reduced pathology in small intestine, large intestine, and skin (but not liver). This attenuation of GVHD was primarily driven by CD4+ T cells, which typically cause more severe disease (111).

Plzf-TG T cells underwent apoptosis more frequently even though they were still capable of being alloactivated like WT cells. Once these cells were alloactivated, they produced the same amounts of IFN-γ and TNF-α as WT cells, but more IL-4 and less IL-2 than WT. Th2 cells were more prominently produced from Plzf-TG mice, due to enhanced IL-4 production and Gata-3 expression. Finally, expression of Plzf in these T cells resulted in better tumor clearance and survival. Therefore, Plzf expression contributed to regulation of apoptosis, Th2 cell fate, and Tregs, leading to reduced GVHD but maintained GVT effects (111). However, because the expression of Plzf was induced in these cells but is not naturally present, it is unknown how these results may extrapolate to humans.




5.3 Nuclear factor kappa-light-chain-enhancer of activated B cells (Nf-κb)

Nf-κb is a transcription factor complex which controls DNA transcription, cell survival, cytokine production, and responses to a variety of stimuli. Nf-κb can refer to the complex of factors or to the members Nf-κb1 or Nf-κb2. Early reports suggested a role for Nf-κb in GVHD by examining the use of Nf-κb inhibitors. One group tested the inhibitors bortezomib and PS-1145 and found that both could reduce GVHD severity in mice. This reduction occurred without disruption of engraftment and was primarily due to reduced cytokine production in recipients. Interestingly, use of bortezomib (which is not Nf-κb specific) for longer time periods caused more severe damage, while use of PS-1145 (NF-κB specific) gave even better protection from GVHD than a shorter course (112). These results with PS-1145 were confirmed by another group, which found that the inhibitor allowed for reduced GVHD and responses to alloantigen, but maintained responses to mitogens (113). Another study found that use of the cell cycle inhibitor (R)-roscovitine reduced GVHD severity, mainly due to reduced T cell expansion and TNF-α-driven Nf-κb activation (114).

Activation of Nf-κb by TNF-α relies on Nf-κb-inducing kinase (Nik). Lack of Nik in T cells that were allotransplanted into recipient mice prevented GVHD from developing. Overactivation of Nik in T cells led to fatal autoimmune responses due to excessive function of effector T cells and lack of suppressive function among Tregs. Therefore, changes in Nik can alter Nf-κb activation levels to disrupt alloreactive T cell effector function and Treg development (115). Rosiglitazone (a Pparγ agonist) was also examined in this context. This drug was found to inhibit GVHD, mainly by reducing cytokine production, increasing Tregs, and decreasing CD8+ T cells (from both donor and host). Rosiglitazone also prevented Nf-κb activation typically seen in GVHD, leading to a protective effect (116).

Dehydroxymethylepoxyquinomicin (DHMEQ) was created as an Nf-κb inhibitor, and was also found to suppress GVHD in mice(117). Tranilast, an Nf-κb and Txnip inhibitor, was found to reduce cGVHD development in MHC-matched, miHA-mismatched mice (118). A very recent study of SNPs in the NF-κB1 gene found that two specific SNPs in this gene were associated with aGVHD and mortality after transplant (119). Therefore, Nf-κb clearly plays a role in GVHD, with primary effects on T cell proliferation, cytokine production, and Treg differentiation.

The Nf-κb family is composed of five major subunits, one of which is c-Rel (120). This factor plays a role in T cell alloresponses, as well as in canonical immunity. Several reports showed that loss of c-Rel in T cells leads to attenuated GVHD with preserved GVT responses (121–123). In a study using T cells lacking c-Rel, the reduction in GVHD was primarily due to reduced expansion of T cells in secondary lymphoid organs, as well as a reduced ability to migrate to target organs (due to lower chemokine receptor expression). GVHD was reduced in both major and minor mismatch models. These cells had reduced Th1 and Th17 fate differentiation and increased Treg fate differentiation during alloactivation. Th1 cytokine production was reduced, as was production of TNF-α. In addition, these c-Rel KO cells had higher rates of apoptosis than WT cells. However, c-Rel KO T cells were still able to perform GVT responses, although this ability was partly reduced (122).

Support for these findings came from use of a small molecule inhibitor of c-Rel. In this study, mice receiving WT T cells showed increased expression of c-Rel post-transplant. This group identified pyrimidinetrione and its derivatives as inhibitors of c-Rel which were highly specific and highly potent. Treatment of T cells prior to transplant with these c-Rel inhibitors reduced T cell expansion in the recipient mouse and reduced GVHD, even though c-Rel levels returned to normal within 4 days. These inhibitors did not prevent GVT effects from occurring (123). These studies show that c-Rel plays a critical role in GVHD processes by controlling T cell migration, expansion, cytokine production, and fate decisions.

Relb is another subunit of Nf-κb which plays a role in GVHD; however, this factor is primarily important for APCs during this response. Relb within APCs (specifically dendritic cells, DCs) was found to be critical for GVHD occurrence and persistence, as well as Th1 cell expansion. Loss of Relb did not affect Treg expansion or functioning (124). (Therefore, while it is not highly expressed in T cells during the alloresponse, RelB in APCs does play a role in how T cells can respond in this context.

Finally, the Rela subunit of Nf-κb has been shown to play a role in GVHD through its binding. Use of I-BET151 and JQ1, two inhibitors of bromodomain binding and histone acetylation, led to reduced GVHD in mice. These mice had maintained GVT effects, despite reduced cytokine production and proliferation of T cells. The authors suggested that these effects were mediated by disrupted binding of Rela with BRD4 (125). Thus, other components of the Nf-κb family are also important for GVHD.




5.4 Janus kinase (Jaks)

Jak family transcription factors are involved in the Jak/Stat signaling pathway, which controls T cell cytokine and growth factor signaling, inflammatory responses, and innate and adaptive responses (126). A large body of evidence has emerged regarding the JAK1/2 inhibitor ruxolitinib, which has been shown in research and clinical trials to reduce GVHD severity (127–129). This reduction in disease was due to reduced proinflammatory cytokine production (130), as well as reduced chemokine receptor expression, which impacts T cell migration (131). Ruxolitinib also decreased T cell proliferation and Treg differentiation in some reports (132, 133). GVT effects were preserved in mice treated with ruxolitinib (131), Tofacitinib, another Jak inhibitor, was found to prevent GVHD and also to reverse existing disease in mice. This was primarily due to impaired proliferation and activation of alloreactive CD8+ T cells in the mouse. This effect was also seen on human CD8+ T cells (134). An ocular inhibitor of JAK and SYK called R348 was tested in a pilot study, but was unsuccessful at inducing beneficial results for ocular GVHD (135).

One group used genetic ablation of Jak2 in donor T cells to examine the role of this specific Jak in GVHD. Loss of Jak2 reduced GVHD severity but preserved GVT effects. This was mainly due to reduced Th1 differentiation, and increased Th2 and Treg responses. The same group used pacritinib to target Jak2 and found that this drug reduced GVHD and rejection of xenogeneic skin grafts in mice. Again, GVT effects were preserved in treated mice. The same changes in cell fate were observed as with Jak ablation (136). Recently, a new clinical trial was performed to evaluate itacitinib, a JAK1 selective inhibitor, in aGVHD patients. This drug was successful in preclinical models, and it showed benefit for 75 percent of patients in the study (response rate was 70.6 percent among those whose GVHD was refractory to steroids). In addition, all of the study patients receiving the drug were able to decrease usage of corticosteroids (137). These data suggest that targeting of Jak1 and/or Jak2 are successful strategies for limiting GVHD.




5.5 Enhancer of zeste homolog 2 (Ezh2)

Ezh2 is another T cell factor which has been shown to be important for GVHD. Initially, investigators suspected this factor would be critical because it methylates histone 3 at lysine 7, thereby controlling gene expression. However, inhibiting only this methylation process and not Ezh2 itself did not reduce GVHD (3, 138). Inhibiting Ezh2 directly (138), or by destabilizing the Ezh2 protein through Hsp90 inhibition (3) did reduce murine GVHD. This effect was reversed by manually adding Ezh2 protein back into the T cells (139) Another study using T cell conditional Ezh2 deletion (Ezh2 flox x CD4cre) showed reduced GVHD in mice with the deletion (140). The authors reported that initially these knockout cells were more activated, but later on they lost control of proliferation/expansion and could not properly differentiate into IFN-γ-producing effector cells (140).

Several reports also showed that while loss of Ezh2 reduced GVHD, it maintained GVT effects (3, 140). Ezh2 is also important for expression of T-bet and Stat4. Importantly, more recent reports using human T cells in mice for a xenogeneic GVHD model showed no reduction in GVHD when EZH2 was lost, raising the question of whether this factor is also important in human disease (138). However, at least in mice, Ezh2 appears to directly control continued proliferation and IFN-γ production capability of the cells, while preserving GVT functions.




5.6 Hypoxia-inducible factor-1 alpha (Hif-1α)

Hif-1α serves as a metabolic sensor in CD4+ T cells (141), and enhances CD8+ T cell cytotoxic functions (142). Hif-1α also reduces development of Treg cells when activated (141). In chronic GVHD patients, bronchiolitis obliterans (a complication involving the lungs) was associated with higher expression of HIF-1α (143), suggesting a role for the factor in GVHD. Echinomycin is a small-molecule HIF-1α inhibitor which reduces binding of targets to the transcription factor. Use of this inhibitor decreased Th17 cell development and survival, in a manner similar to that seen when HIF-1α was ablated in CD4+ T cells (144).

Echinomycin treatment also reduced GVHD in mice receiving allo-HSCT. This was due to an increase in Tregs, as well as reduced Th1 and Th17 cells. However, GVL effects were still preserved, and echinomycin did not inhibit tumor cells directly at normal levels (141). These results were recently confirmed in a humanized mouse model of aGVHD (142). Thus, Hif-1α inhibition may have therapeutic value in place of Treg infusions by enhancing donor Treg expansion post allo-HSCT.




5.7 Nuclear factor of activated T cells (Nfat)

Nfat represents a family of four transcription factor members, all of which are regulated by calcium and calcineurin. The role of Nfat factors varies depending on the cell type, and even the cell subset (i.e. Tregs versus activated T cells). Interestingly, drugs such as cyclosporine or tacrolimus which are used to treat GVHD suppress GVT effects, as well as inhibit calcineurin (thereby suppressing NFAT). One group showed that loss of Nfat in T cells resulted in reduced GVHD severity with maintained GVT effects. Ablation of Nfat1, Nfat2, or Nfat1/2 were examined with the same results (145).

This reduction in GVHD resulted from reduced T cell proliferation and migration, as well as reduced production of effector cytokines. Loss of Nfat also increased the frequency of Tregs derived from donor cells, which were still suppressive. Despite the changes in T cell function, GVT effects and OVA-specific immune recall responses (i.e. T cell memory to antigen) were preserved in Nfat KO cells (145). These results were supported by later work showing that downregulation of Nfat by overexpression of Grim19 reduced the severity of GVHD (81).

Additionally, the Runt-related transcriptional factor (Runx) family of factors has been shown to directly transactivate Nfatc2. One group showed that a novel Runx inhibitor, Chb-M’, nearly eliminated all signs of GVHD in a xenogeneic mouse model. This alleviation was due to a decrease in CD4+ T cell proliferation and GVHD-associated cytokines. Chb-M’ also suppressed Nfatc2 expression, suggesting that the Runx/Nfatc2 axis may be a target for GVHD amelioration (146). Therefore, loss of Nfat reduced GVHD while maintaining GVT, largely through effects on migration, cytokine production, proliferation, and Treg differentiation.




5.8 Friend virus leukemia integration 1 (Fli-1)

Friend virus leukemia integration 1 (Fli-1) plays a role in T cell proliferation, inflammatory cytokines and chemokine receptor production, and CD8+ T cell responses to infection and tumors. One group examined the role of Fli-1 in GVHD and GVT using T cell-specific deletion of Fli-1 and pharmacologic inhibitors of Fli-1. Interestingly, heterozygous loss of Fli-1 in T cells led to the mildest cGVHD and aGVHD symptoms (compared to WT or homozygous deletion). Differentiation of CD4+ T cells to Treg and Tfh states was also affected. When inhibitors were used, loss of Fli-1 alleviated GVHD while maintaining the GVT effect (147). Therefore, Fli-1 affects alloreactive CD4+ T cell differentiation and activation.




5.10 Basic helix-loop-helix family member e40 (Bhlhe40)

Basic helix-loop-helix family member e40 (Bhlhe40) has been shown to regulate GM-CSF production and support pathogenicity in neuroinflammation (in murine models). Increased expression of this factor was identified in a CD4+ CD11c+ T cell population found to be important for early inflammation events in GVHD in the gastrointestinal tract. Mice allotransplanted with Bhlhe40-/- CD4+ T cells showed significantly improved weight recovery and survival, as well as reduced pathological damage in the colon, compared with mice receiving WT cells. Follow-up experiments with GM-CSF-deficient T cells supported the idea that loss of Bhlhe40 affects GVHD through control of GM-CSF production (148). Therefore, Bhlhe40 plays a role in alloreactive CD4+ T cell cytokine production, thereby affecting GVHD symptoms,





6 Regulatory networks in GVHD and GVL

As shown above, a wide variety of transcription factors have been studied for their effects on GVHD and GVL processes. However, understanding of the regulatory networks which govern GVHD, GVL, and the separation of these two processes is seriously lacking.



6.1 T cell factor 1 (Tcf-1)

Tcf-1 is a T-cell specific transcription factor that is critical for T cell development. The double-negative stages of development in the thymus require expression of Tcf-1, allowing the thymocyte to proceed correctly (149–154). Although Tcf-1 has been previously studied in canonical activation as well (154–157), the role of Tcf-1 in GVHD or GVT effects has not been extensively studied.

Expression of the factors Eomes and T-bet was increased in CD8+ T cells from Tcf-1 cKO mice. This suggests that Tcf-1 normally suppresses Eomes and T-bet in CD8+ T cells, thereby contributing to regulation of alloactivation through these factors. CD8+ and CD4+ T cells lacking Tcf-1 also showed higher activation (by CD44 and CD122) and changes to memory phenotypes. We found that loss of TCF-1 specifically in T cells (CD4+ and CD8+) lead to reduced GVHD severity and persistence. Allotransplanted mice receiving Tcf-1-deficient T cells had lower GVHD scores, less weight loss, better survival, and were able to resolve GVHD (instead of developing persistent disease) (52, 158).

For CD4+ donor T cells, the reduced GVHD severity was likely due to reduced cytokine production and survival, and changes to gene expression and chemokine/chemokine receptor expression (158). For donor CD8+ T cells, the reduction in disease was likely primarily due to reduced cytokine production, increased exhaustion, increased central memory cells pre-transplant, and enhanced utilization of Nkg2d to mediate cytotoxicity (52). Gene expression and expression of chemokines/chemokine receptors were altered in donor cells by loss of Tcf-1 (52, 158).

Despite reductions in GVHD severity, mice receiving Tcf-1 cKO T cells still mediated GVT effects, and tumor burden was maintained at the same level as in mice receiving WT T cells, indicating no defect in GVT effects. This is likely due to increases in perforin, granzyme b, and Nkg2d utilization in Tcf-1 cKO donor CD8+ T cells (52). Therefore, Tcf-1 affects T cell phenotype, exhaustion, proliferation, survival, gene expression, chemokine/chemokine receptor expression, and cytokine/cytotoxic mediator production to affect GVHD and GVT (52, 158).





7 Discussion

There is a wide array of transcription factors that contribute to GVHD and GVT alloresponses after allo-HSCT (Table 1). Although many of these factors have been studied through genetic or pharmaceutical abrogation, their role in these processes is still not fully certain. In addition, it is interesting to note that the role of these factors in controlling other factors – the basis of a transcriptional regulatory network – has not yet been discussed in many cases. In order to fully understand how best to target T cell factors to separate GVHD from GVT, it is essential to understand the downstream effects of abrogation of a single factor. Therefore, the model pictured below (Figure 2) may give an understanding of how each factor relates to GVHD/GVT, but it is still incomplete. Information about how each factor relates to each other factor must still be added as research progresses in this area.


Table 1 | Summary of transcription factor involvement in GVHD/GVT.






Figure 2 | Summary Model - Transcriptional Control of GVHD and GVT. Numerous transcription factors have an impact on T cell function during alloactivation. Alterations in these factors leads to changes in GVHD and/or GVT outcomes. Shown here is the contribution of each factor discussed to each of the major T cell functions, as well as the factor’s role in GVHD (damaging or protective) and GVT (dispensable or critical). Figure created using BioRender.com.



Based on the major functions of alloactivated T cells (Figure 1), there are a variety of ways in which GVHD and GVL can be separated theoretically. First, the time frame of cell survival following allotransplantation can potentially separate GVHD and GVL. GVL occurs rapidly following transplant, as tumor cells are destroyed by the grafted cells. However, GVHD is an ongoing process which requires continued activity of the alloreactive cells to be sustained (159–161). Therefore, if the allotransplanted cells have limited survival, then GVHD may be reduced or alleviated while GVL effect persist. Similarly, if the allotransplanted cells survive but have limited function - through exhaustion, cell suicide genetic programming, expression of suppressive markers - then GVHD may be alleviated (or not persist) while GVL effects are maintained.

Cell migration is another essential process for GVHD, because alloreactive cells must migrate to the tissues (especially liver, lungs, small intestine, and skin) in order to cause damage (162). If the cells cannot migrate properly to the target tissues, then GVHD will be alleviated. GVL effects against blood cancers such as leukemias do not require migration to tissues, because the cancer cells circulate in the blood and encounter the alloreactive cells in circulation. Therefore, altered migration can separate GVHD and GVL effects.

Changes in differentiation (including production of cytokines/cytotoxic mediators and gene expression) can also potentially separate GVHD from GVL effects. CD44hi T cells have been reported to abrogate or reduce the severity of GVHD (2, 163). CD4 T cells are also known to cause more severe GVHD than CD8 T cells (164, 165). Production of pro-inflammatory cytokines also exacerbates GVHD (7, 166).

Transcription factors present a unique opportunity for modulation of GVHD and GVL, precisely because they function as part of regulatory networks. Modulation of one transcription factor can have downstream, upstream, and horizontal effects on various pathways. This also allows for a greater variety of potential targets, because if a particular factor is not druggable, others in the same pathway or network may be a possible target instead, with the same effects. As research in allotransplantation continues, the focus should be on identifying which factors are involved in regulatory networks that control alloactivated T cell functions. Future work should emphasize understanding of these networks, as this is a critical unmet need despite the fact that the transcription factors involved in these processes do not function independently of such networks; rather, the effects of modulation of one factor cascade downstream and outwards. Improved understanding of how transcription factor modulation affects the network as a whole will enable more precise control of GVHD and GVL processes, thereby improving research into allotransplantation outcomes.





Author contributions

RH and MK developed the concept for this review. RH performed the literature search and wrote the manuscript. MK provided critical review and scientific guidance. All authors contributed to the article and approved the submitted version.





Funding

We thank all members of the Karimi lab for helpful discussions. This work was funded by a grant from the National Blood Foundation Scholar Award to MK, the National Institutes of Health (NIH LRP #L6 MD0010106 and K22 (AI130182) to MK), and an Upstate Medical University Cancer Center grant (1146249-1-75632) to MK.




Acknowledgments

A version of this manuscript was previously included as a chapter in RH’s dissertation. RH was a PhD student at SUNY Upstate from 2017 to 2021.





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. Foster, AE, Marangolo, M, Sartor, MM, Alexander, SI, Hu, M, Bradstock, KF, et al. Human CD62L- memory T cells are less responsive to alloantigen stimulation than CD62L+ naive T cells: potential for adoptive immunotherapy and allodepletion. Blood (2004) 104:2403–9. doi: 10.1182/blood-2003-12-4431

2. Dutt, S, Baker, J, Kohrt, HE, Kambham, N, Sanyal, M, Negrin, RS, et al. CD8+CD44(hi) but not CD4+CD44(hi) memory T cells mediate potent graft antilymphoma activity without GVHD. Blood (2011) 117:3230–9. doi: 10.1182/blood-2010-10-312751

3. Huang, W, and Chao, NJ. Memory T cells: a helpful guard for allogeneic hematopoietic stem cell transplantation without causing graft-versus-host disease. Hematol/Oncol Stem Cell Ther (2017) 10:211–9. doi: 10.1016/j.hemonc.2017.05.006

4. Gupta, S, Balasubramanian, S, Thornley, TB, Strom, TB, and Kenny, JJ. Direct pathway T-cell alloactivation is more rapid than indirect pathway alloactivation. Transplantation (2011) 91:e65–7. doi: 10.1097/TP.0b013e3182157d44

5. Samsonov, D, Geehan, C, Woda, CB, and Briscoe, DM. Differential activation of human T cells to allogeneic endothelial cells, epithelial cells and fibroblasts in vitro. Transplant Res (2012) 1:4–4. doi: 10.1186/2047-1440-1-4

6. Ferrara, JLM, Levine, JE, Reddy, P, and Holler, E. Graft-versus-host disease. Lancet (London England) (2009) 373:1550–61. doi: 10.1016/S0140-6736(09)60237-3

7. Kumar, S, Mohammadpour, H, and Cao, X. Targeting cytokines in GVHD therapy. J Immunol Res Ther (2017) 2:90–9.

8. Fowler, DH. Shared biology of GVHD and GVT effects: potential methods of separation. Crit Rev Oncol Hematol (2006) 57:225–44. doi: 10.1016/j.critrevonc.2005.07.001

9. Rezvani, AR, and Storb, RF. Separation of graft-vs.-tumor effects from graft-vs.-host disease in allogeneic hematopoietic cell transplantation. J Autoimmun (2008) 30:172–9. doi: 10.1016/j.jaut.2007.12.002

10. Bar, M, Woo, A, Toufiq, M, Boughorbel, S, Rinchai, D, Elanbari, M, et al. Mapping the road of gvhd and GVT: a longitudinal study of immune-transcriptome signatures as novel approach to solve post-allogeneic hematopoietic cell transplantation dilemmas. Blood (2019) 134:4550–0. doi: 10.1182/blood-2019-122884

11. Blazar, BR, Hill, GR, and Murphy, WJ. Dissecting the biology of allogeneic HSCT to enhance the GvT effect whilst minimizing GvHD. Nat Rev Clin Oncol (2020) 17:475–92. doi: 10.1038/s41571-020-0356-4

12. Mammadli, M, Huang, W, Harris, R, Sultana, A, Cheng, Y, Tong, W, et al. Targeting interleukin-2-Inducible T-cell kinase (ITK) differentiates GVL and GVHD in allo-HSCT. Front Immunol (2020) 11. doi: 10.3389/fimmu.2020.593863

13. Lambert, M, Jambon, S, Depauw, S, and David-Cordonnier, M-H. Targeting transcription factors for cancer treatment. Molecules (Basel Switzerland) (2018) 23:1479. doi: 10.3390/molecules23061479

14. Bushweller, JH. Targeting transcription factors in cancer - from undruggable to reality. Nat Rev Cancer (2019) 19:611–24. doi: 10.1038/s41568-019-0196-7

15. Inamoto, I, and Shin, JA. Peptide therapeutics that directly target transcription factors. Pept Sci (2019) 111:e24048. doi: 10.1002/pep2.24048

16. Li, G, Yang, Q, Zhu, Y, Wang, H-R, Chen, X, Zhang, X, et al. T-Bet and eomes regulate the balance between the Effector/Central memory T cells versus memory stem like T cells. PloS One (2013) 8:e67401. doi: 10.1371/journal.pone.0067401

17. Du Rocher, B, Smith, OM, Intlekofer, AM, Dudakov, JA, Levy, E, Kreiners, F, et al. Eomesodermin regulates the early activation of alloreactive CD4 T cells and is critical for both gvh and GVL responses. Blood (2013) 122:133–3. doi: 10.1182/blood.V122.21.133.133

18. Woods, DM, Woan, KV, Cheng, F, Sodre, AL, Wang, D, Wu, Y, et al. T Cells lacking HDAC11 have increased effector functions and mediate enhanced alloreactivity in a murine model. Blood (2017) 130:146–55. doi: 10.1182/blood-2016-08-731505

19. 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

20. Li, J, He, Y, Hao, J, Ni, L, and Dong, C. High levels of eomes promote exhaustion of anti-tumor CD8+ T cells. Front Immunol (2018) 9. doi: 10.3389/fimmu.2018.02981

21. Karimi, M, August, A, Kambayashi, T, Huang, W, and Jordan, M. ITK signaling differentiates GVT and GVHD after allogeneic bone marrow transplantation by regulating IRF-4, JAK/STAT and eomesodermin expression. J Immunol (2019) 202:69.4. doi: 10.4049/jimmunol.202.Supp.69.4

22. Miura, Y, Thoburn, CJ, Bright, EC, Phelps, ML, Shin, T, Matsui, EC, et al. Association of Foxp3 regulatory gene expression with graft-versus-host disease. Blood (2004) 104:2187–93. doi: 10.1182/blood-2004-03-1040

23. Rezvani, K, Mielke, S, Ahmadzadeh, M, Kilical, Y, Savani, BN, Zeilah, J, et al. High donor FOXP3-positive regulatory T-cell (Treg) content is associated with a low risk of GVHD following HLA-matched allogeneic SCT. Blood (2006) 108:1291–7. doi: 10.1182/blood-2006-02-003996

24. Fondi, C, Nozzoli, C, Benemei, S, Baroni, G, Saccardi, R, Guidi, S, et al. Increase in FOXP3+ regulatory T cells in GVHD skin biopsies is associated with lower disease severity and treatment response. Biol Blood Marrow Transplant (2009) 15:938–47. doi: 10.1016/j.bbmt.2009.04.009

25. Beres, A, Komorowski, R, Mihara, M, and Drobyski, WR. Instability of Foxp3 expression limits the ability of induced regulatory T cells to mitigate graft versus host disease. Clin Cancer Res (2011) 17:3969–83. doi: 10.1158/1078-0432.CCR-10-3347

26. Semple, K, Yu, Y, Wang, D, Anasetti, C, and Yu, XZ. Efficient and selective prevention of GVHD by antigen-specific induced tregs via linked-suppression in mice. Biol Blood Marrow Transplant (2011) 17:309–18. doi: 10.1016/j.bbmt.2010.12.710

27. Belle, L, Agle, K, Zhou, V, Yin-Yuan, C, Komorowski, R, Eastwood, D, et al. Blockade of interleukin-27 signaling reduces GVHD in mice by augmenting treg reconstitution and stabilizing Foxp3 expression. Blood (2016) 128:2068–82. doi: 10.1182/blood-2016-02-698241

28. Iamsawat, S, Tian, L, Daenthanasanmak, A, Wu, Y, Nguyen, HD, Bastian, D, et al. Vitamin c stabilizes CD8+ iTregs and enhances their therapeutic potential in controlling murine GVHD and leukemia relapse. Blood Adv (2019) 3:4187–201. doi: 10.1182/bloodadvances.2019000531

29. Fransolet, G, Ehx, G, Somja, J, Delens, L, Hannon, M, Muller, J, et al. Azacytidine mitigates experimental sclerodermic chronic graft-versus-host disease. J Hematol Oncol (2016) 9:53. doi: 10.1186/s13045-016-0281-2

30. Cooper, ML, Choi, J, Karpova, D, Vij, K, Ritchey, J, Schroeder, MA, et al. Azacitidine mitigates graft-versus-Host disease via differential effects on the proliferation of T effectors and natural regulatory T cells In vivo. J Immunol (2017) 198:3746–54. doi: 10.4049/jimmunol.1502399

31. Cao, J, Chen, C, Zeng, L, Li, L, Li, Z, and Xu, K. Engineered regulatory T cells prevent graft-versus-host disease while sparing the graft-versus-leukemia effect after bone marrow transplantation. Leuk Res (2010) 34:1374–82. doi: 10.1016/j.leukres.2009.11.024

32. Nam, M, Shin, S, Park, KU, Kim, I, Yoon, SS, Kwon, TK, et al. Association of FOXP3 single nucleotide polymorphisms with clinical outcomes after allogenic hematopoietic stem cell transplantation. Ann Lab Med (2018) 38:591–8. doi: 10.3343/alm.2018.38.6.591

33. 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

34. Agle, K, Vincent, BG, Piper, C, Belle, L, Zhou, V, Shlomchik, W, et al. Bim regulates the survival and suppressive capability of CD8(+) FOXP3(+) regulatory T cells during murine GVHD. Blood (2018) 132:435–47. doi: 10.1182/blood-2017-09-807156

35. Iamsawat, S, Daenthanasanmak, A, Voss, JH, Nguyen, H, Bastian, D, Liu, C, et al. Stabilization of Foxp3 by targeting JAK2 enhances efficacy of CD8 induced regulatory T cells in the prevention of graft-versus-Host disease. J Immunol (2018) 201:2812–23. doi: 10.4049/jimmunol.1800793

36. Haug, T, Aigner, M, Peuser, MM, Strobl, CD, Hildner, K, Mougiakakos, D, et al. Human double-negative regulatory T-cells induce a metabolic and functional switch in effector T-cells by suppressing mTOR activity. Front Immunol (2019) 10:883. doi: 10.3389/fimmu.2019.00883

37. 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

38. Paz, K, Flynn, R, Du, J, Qi, J, Luznik, L, Maillard, I, et al. Small-molecule BCL6 inhibitor effectively treats mice with nonsclerodermatous chronic graft-versus-host disease. Blood (2019) 133:94–9. doi: 10.1182/blood-2018-03-839993

39. Vinci, P, and Hanash, AM. BCL6 inhibition: a chronic GVHD twofer. Blood (2019) 133:4–5. doi: 10.1182/blood-2018-11-879692

40. Vinci, P, Garcia-Martinez, E, O'connor, MH, Egorova, A, Mertelsmann, AM, Nicoletti, E, et al. Graft-Versus-Host disease leads to systemic elimination of innate lymphoid cells and abolishes their development. Biol Blood Marrow Transplant (2019) 25:S27–8. doi: 10.1016/j.bbmt.2018.12.098

41. Schraml, BU, Hildner, K, Ise, W, Lee, W-L, Smith, WAE, Solomon, B, et al. The AP-1 transcription factor batf controls T(H)17 differentiation. Nature (2009) 460:405–9. doi: 10.1038/nature08114

42. Ullrich, E, Abendroth, B, Rothamer, J, Huber, C, Buttner-Herold, M, Buchele, V, et al. BATF-dependent IL-7RhiGM-CSF+ T cells control intestinal graft-versus-host disease. J Clin Invest (2018) 128:916–30. doi: 10.1172/JCI89242

43. Zeng, D. Newly found arsons ignite the fire of gut GVHD. J Clin Invest (2018) 128:897–9. doi: 10.1172/JCI98685

44. Baron, C, Somogyi, R, Greller, LD, Rineau, V, Wilkinson, P, Cho, CR, et al. Prediction of graft-versus-host disease in humans by donor gene-expression profiling. PloS Med (2007) 4:e23. doi: 10.1371/journal.pmed.0040023

45. Giroux, M, Delisle, JS, Gauthier, SD, Heinonen, KM, Hinsinger, J, Houde, B, et al. SMAD3 prevents graft-versus-host disease by restraining Th1 differentiation and granulocyte-mediated tissue damage. Blood (2011) 117:1734–44. doi: 10.1182/blood-2010-05-287649

46. Wang, YY, Jiang, H, Wang, YC, Huang, XR, Pan, J, Yang, C, et al. Deletion of Smad3 improves cardiac allograft rejection in mice. Oncotarget (2015) 6:17016–30. doi: 10.18632/oncotarget.4849

47. Shaulian, E, and Karin, M. AP-1 in cell proliferation and survival. Oncogene (2001) 20:2390–400. doi: 10.1038/sj.onc.1204383

48. Dang, CV. MYC on the path to cancer. Cell (2012) 149:22–35. doi: 10.1016/j.cell.2012.03.003

49. Trop-Steinberg, S, Azar, Y, and Or, R. Early cell-cycle gene expression in T-cells after hematopoietic stem cell transplantation. Transpl Immunol (2013) 29:146–54. doi: 10.1016/j.trim.2013.03.002

50. Park, MJ, Moon, SJ, Lee, SH, Yang, EJ, Min, JK, Cho, SG, et al. Curcumin attenuates acute graft-versus-host disease severity via in vivo regulations on Th1, Th17 and regulatory T cells. PloS One (2013) 8:e67171. doi: 10.1371/journal.pone.0067171

51. Yu, M, Wang, J, Fang, Q, Liu, P, Chen, S, Zhe, N, et al. High expression of heme oxygenase-1 in target organs may attenuate acute graft-versus-host disease through regulation of immune balance of TH17/Treg. Transpl Immunol (2016) 37:10–7. doi: 10.1016/j.trim.2016.05.002

52. Harris, R, Mammadli, M, Hiner, S, Suo, L, Yang, Q, Sen, JM, et al. TCF-1 regulates NKG2D expression on CD8 T cells during anti-tumor responses. Cancer Immunol Immunother (2022) 72(6):1581–601. doi: 10.21203/rs.3.rs-1910637/v1

53. Boieri, M, Shah, P, Jalapothu, D, Zaitseva, O, Walter, L, Rolstad, B, et al. Rat acute GvHD is Th1 driven and characterized by predominant donor CD4+ T-cell infiltration of skin and gut. Exp Hematol (2017) 50:33–45.e3. doi: 10.1016/j.exphem.2017.02.002

54. Kallies, A, and Good-Jacobson, KL. Transcription factor T-bet orchestrates lineage development and function in the immune system. Trends Immunol (2017) 38:287–97. doi: 10.1016/j.it.2017.02.003

55. Gowdy, KM, Nugent, JL, Martinu, T, Potts, E, Snyder, LD, Foster, WM, et al. Protective role of T-bet and Th1 cytokines in pulmonary graft-versus-host disease and peribronchiolar fibrosis. Am J Respir Cell Mol Biol (2012) 46:249–56. doi: 10.1165/rcmb.2011-0131OC

56. Sabet-Baktach, M, Eggenhofer, E, Rovira, J, Renner, P, Lantow, M, Farkas, SA, et al. Double deficiency for RORγt and T-bet drives Th2-mediated allograft rejection in mice. J Immunol (2013) 191:4440–6. doi: 10.4049/jimmunol.1301741

57. Fu, J, Wang, D, Yu, Y, Heinrichs, J, Wu, Y, Schutt, S, et al. T-Bet is critical for the development of acute graft-versus-host disease through controlling T cell differentiation and function. J Immunol (2015) 194:388–97. doi: 10.4049/jimmunol.1401618

58. Fu, J, Wu, Y, Nguyen, H, Heinrichs, J, Schutt, S, Liu, Y, et al. T-Bet promotes acute graft-versus-Host disease by regulating recipient hematopoietic cells in mice. J Immunol (2016) 196:3168–79. doi: 10.4049/jimmunol.1501020

59. Amarnath, S, Laurence, A, Zhu, N, Cunha, R, Eckhaus, MA, Taylor, S, et al. Tbet is a critical modulator of FoxP3 expression in autoimmune graft-&lt;em<versus&lt;/em<-host disease. Haematologica (2017) 102:1446. doi: 10.3324/haematol.2016.155879

60. Balakrishnan, A, Gloude, N, Sasik, R, Ball, ED, and Morris, GP. Proinflammatory dual receptor T cells in chronic graft-versus-Host disease. Biol Blood Marrow Transplant (2017) 23:1852–60. doi: 10.1016/j.bbmt.2017.07.016

61. Iclozan, C, Yu, Y, Liu, C, Liang, Y, Yi, T, Anasetti, C, et al. T helper17 cells are sufficient but not necessary to induce acute graft-versus-host disease. Biol Blood Marrow Transplant (2010) 16:170–8. doi: 10.1016/j.bbmt.2009.09.023

62. Buchele, V, Abendroth, B, Büttner-Herold, M, Vogler, T, Rothamer, J, Ghimire, S, et al. Targeting inflammatory T helper cells via retinoic acid-related orphan receptor gamma t is ineffective to prevent allo-Response-Driven colitis. Front Immunol (2018) 9:1138. doi: 10.3389/fimmu.2018.01138

63. Yu, Y, Wang, D, Liu, C, Kaosaard, K, Semple, K, Anasetti, C, et al. Prevention of GVHD while sparing GVL effect by targeting Th1 and Th17 transcription factor T-bet and RORgammat in mice. Blood (2011) 118:5011–20. doi: 10.1182/blood-2011-03-340315

64. Fulton, LM, Carlson, MJ, Coghill, JM, Ott, LE, West, ML, Panoskaltsis-Mortari, A, et al. Attenuation of acute graft-versus-host disease in the absence of the transcription factor RORγt. J Immunol (2012) 189:1765–72. doi: 10.4049/jimmunol.1200858

65. Joo, YD, Lee, WS, Won, HJ, Lee, SM, Kim, HR, Park, JK, et al. G-CSF-treated donor CD4+ T cells attenuate acute GVHD through a reduction in Th17 cell differentiation. Cytokine (2012) 60:277–83. doi: 10.1016/j.cyto.2012.06.289

66. Yang, D, Wang, LP, Zhou, H, Cheng, H, Bao, XC, Xu, S, et al. Inducible costimulator gene-transduced bone marrow-derived mesenchymal stem cells attenuate the severity of acute graft-Versus-Host disease in mouse models. Cell Transplant (2015) 24:1717–31. doi: 10.3727/096368914X684592

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

68. Betts, BC, Sagatys, EM, Veerapathran, A, Lloyd, MC, Beato, F, Lawrence, HR, et al. CD4+ T cell STAT3 phosphorylation precedes acute GVHD, and subsequent Th17 tissue invasion correlates with GVHD severity and therapeutic response. J Leukoc Biol (2015) 97:807–19. doi: 10.1189/jlb.5A1114-532RR

69. Hazenberg, MD, Haverkate, NJE, Van Lier, YF, Spits, H, Krabbendam, L, Bemelman, WA, et al. Human ectoenzyme-expressing ILC3: immunosuppressive innate cells that are depleted in graft-versus-host disease. Blood Adv (2019) 3:3650–60. doi: 10.1182/bloodadvances.2019000176

70. Rawlings, JS, Rosler, KM, and Harrison, DA. The JAK/STAT signaling pathway. J Cell Sci (2004) 117:1281–3. doi: 10.1242/jcs.00963

71. Leng, C, Gries, M, Ziegler, J, Lokshin, A, Mascagni, P, Lentzsch, S, et al. Reduction of graft-versus-host disease by histone deacetylase inhibitor suberonylanilide hydroxamic acid is associated with modulation of inflammatory cytokine milieu and involves inhibition of STAT1. Exp Hematol (2006) 34:776–87. doi: 10.1016/j.exphem.2006.02.014

72. Ma, H, Lu, C, Ziegler, J, Liu, A, Sepulveda, A, Okada, H, et al. Absence of Stat1 in donor CD4(+) T cells promotes the expansion of tregs and reduces graft-versus-host disease in mice. J Clin Invest (2011) 121:2554–69. doi: 10.1172/JCI43706

73. Ma, HH, Ziegler, J, Li, C, Sepulveda, A, Bedeir, A, Grandis, J, et al. Sequential activation of inflammatory signaling pathways during graft-versus-host disease (GVHD): early role for STAT1 and STAT3. Cell Immunol (2011) 268:37–46. doi: 10.1016/j.cellimm.2011.01.008

74. Lamarthee, B, Malard, F, Gamonet, C, Bossard, C, Couturier, M, Renauld, JC, et al. Donor interleukin-22 and host type I interferon signaling pathway participate in intestinal graft-versus-host disease via STAT1 activation and CXCL10. Mucosal Immunol (2016) 9:309–21. doi: 10.1038/mi.2015.61

75. Kiykim, A, Charbonnier, LM, Akcay, A, Karakoc-Aydiner, E, Ozen, A, Ozturk, G, et al. Hematopoietic stem cell transplantation in patients with heterozygous STAT1 gain-of-Function mutation. J Clin Immunol (2019) 39:37–44. doi: 10.1007/s10875-018-0575-y

76. Lu, SX, Alpdogan, O, Lin, J, Balderas, R, Campos-Gonzalez, R, Wang, X, et al. STAT-3 and ERK 1/2 phosphorylation are critical for T-cell alloactivation and graft-versus-host disease. Blood (2008) 112:5254–8. doi: 10.1182/blood-2008-03-147322

77. Zhu, F, Zhong, XM, Qiao, J, Liu, Q, Sun, HY, Chen, W, et al. Cytotoxic T lymphocyte antigen-4 down-regulates T helper 1 cells by increasing expression of signal transducer and activator of transcription 3 in acute graft-versus-Host disease. Biol Blood Marrow Transplant (2016) 22:212–9. doi: 10.1016/j.bbmt.2015.11.003

78. 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

79. Laurence, A, Amarnath, S, Mariotti, J, Kim, YC, Foley, J, Eckhaus, M, et al. STAT3 transcription factor promotes instability of nTreg cells and limits generation of iTreg cells during acute murine graft-versus-host disease. Immunity (2012) 37:209–22. doi: 10.1016/j.immuni.2012.05.027

80. Lee, SH, Moon, SJ, Park, MJ, Kim, EK, Moon, YM, and Cho, ML. PIAS3 suppresses acute graft-versus-host disease by modulating effector T and b cell subsets through inhibition of STAT3 activation. Immunol Lett (2014) 160:79–88. doi: 10.1016/j.imlet.2014.03.014

81. Park, MJ, Lee, SH, Lee, SH, Kim, EK, Lee, EJ, Moon, YM, et al. GRIM19 ameliorates acute graft-versus-host disease (GVHD) by modulating Th17 and treg cell balance through down-regulation of STAT3 and NF-AT activation. J Transl Med (2016) 14:206. doi: 10.1186/s12967-016-0963-0

82. Zhao, K, Ruan, S, Tian, Y, Zhao, D, Chen, C, Pan, B, et al. IL-22 promoted CD3+ T cell infiltration by IL-22R induced STAT3 phosphorylation in murine acute graft versus host disease target organs after allogeneic bone marrow transplantation. Int Immunopharmacol (2016) 39:383–8. doi: 10.1016/j.intimp.2016.08.012

83. Flynn, R, Paz, K, Du, J, Reichenbach, DK, Taylor, PA, Panoskaltsis-Mortari, A, et al. Targeted rho-associated 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

84. Jia, H, Cui, J, Jia, X, Zhao, J, Feng, Y, Zhao, P, et al. Therapeutic effects of STAT3 inhibition by nifuroxazide on murine acute graft graft-vs.-host disease: old drug, new use. Mol Med Rep (2017) 16:9480–6. doi: 10.3892/mmr.2017.7825

85. Blazar, BR, Sharpe, AH, Chen, AI, Panoskaltsis-Mortari, A, Lees, C, Akiba, H, et al. Ligation of OX40 (CD134) regulates graft-versus-host disease (GVHD) and graft rejection in allogeneic bone marrow transplant recipients. Blood (2003) 101:3741–8. doi: 10.1182/blood-2002-10-3048

86. Vogtenhuber, C, Bucher, C, Highfill, SL, Koch, LK, Goren, E, Panoskaltsis-Mortari, A, et al. Constitutively active Stat5b in CD4+ T cells inhibits graft-versus-host disease lethality associated with increased regulatory T-cell potency and decreased T effector cell responses. Blood (2010) 116:466–74. doi: 10.1182/blood-2009-11-252825

87. Reddy, P, Teshima, T, Hildebrandt, G, Williams, DL, Liu, C, Cooke, KR, et al. Pretreatment of donors with interleukin-18 attenuates acute graft-versus-host disease via STAT6 and preserves graft-versus-leukemia effects. Blood (2003) 101:2877–85. doi: 10.1182/blood-2002-08-2566

88. Prigent, L, Robineau, M, Jouneau, S, Morzadec, C, Louarn, L, Vernhet, L, et al. The aryl hydrocarbon receptor is functionally upregulated early in the course of human T-cell activation. Eur J Immunol (2014) 44:1330–40. doi: 10.1002/eji.201343920

89. Dant, TA, Lin, KL, Bruce, DW, Montgomery, SA, Kolupaev, OV, Bommiasamy, H, et al. T-Cell expression of AhR inhibits the maintenance of pTreg cells in the gastrointestinal tract in acute GVHD. Blood (2017) 130:348–59. doi: 10.1182/blood-2016-08-734244

90. Punj, S, Kopparapu, P, Jang, HS, Phillips, JL, Pennington, J, Rohlman, D, et al. Benzimidazoisoquinolines: a new class of rapidly metabolized aryl hydrocarbon receptor (AhR) ligands that induce AhR-dependent tregs and prevent murine graft-Versus-Host disease. PloS One (2014) 9:e88726. doi: 10.1371/journal.pone.0088726

91. Lee, S-M, Park, HY, Suh, Y-S, Yoon, EH, Kim, J, Jang, WH, et al. Inhibition of acute lethal pulmonary inflammation by the IDO–AhR pathway. Proc Natl Acad Sci (2017) 201615280:E5881-E5890. doi: 10.1073/pnas.1615280114

92. Wu, W, Qiu, Q, Wang, H, Whitman, SA, Fang, D, Lian, F, et al. Nrf2 is crucial to graft survival in a rodent model of heart transplantation. Oxid Med Cell Longevity (2013) 2013:919313–3. doi: 10.1155/2013/919313

93. Han, J, Ma, S, Gong, H, Liu, S, Lei, L, Hu, B, et al. Inhibition of acute graft-versus-Host disease with retention of graft-versus-Tumor effects by dimethyl fumarate. Front Immunol (2017) 8. doi: 10.3389/fimmu.2017.01605

94. Tsai, JJ, Velardi, E, Shono, Y, Argyropoulos, KV, Holland, AM, Smith, OM, et al. Nrf2 regulates CD4(+) T cell-induced acute graft-versus-host disease in mice. Blood (2018) 132:2763–74. doi: 10.1182/blood-2017-10-812941

95. Yi, T, Li, X, Wang, E, Zhang, Y, Fu, Y, Li, J, et al. Activation of the nuclear erythroid 2-related factor 2 antioxidant responsive element (Nrf2-ARE) signaling pathway alleviates acute graft-Versus-Host disease by reducing oxidative stress and inhibiting infiltration of inflammatory cells in an allogeneic stem cell transplantation mouse model. Med Sci Monit (2018) 24:5973–9. doi: 10.12659/MSM.908130

96. Hu, X, Li, L, Yan, S, and Li, Z. Arsenic trioxide suppresses acute graft-versus-host disease by activating the Nrf2/HO-1 pathway in mice. Br J Haematol (2019) 186:e145–8. doi: 10.1111/bjh.15982

97. Yvon, ES, Vigouroux, S, Rousseau, RF, Biagi, E, Amrolia, P, Dotti, G, et al. Overexpression of the notch ligand, jagged-1, induces alloantigen-specific human regulatory T cells. Blood (2003) 102:3815–21. doi: 10.1182/blood-2002-12-3826

98. Kopan, R. Notch: a membrane-bound transcription factor. J Cell Sci (2002) 115:1095. doi: 10.1242/jcs.115.6.1095

99. Zhang, Y, Sandy, AR, Wang, J, Radojcic, V, Shan, GT, Tran, IT, et al. Notch signaling is a critical regulator of allogeneic CD4+ T-cell responses mediating graft-versus-host disease. Blood (2011) 117:299–308. doi: 10.1182/blood-2010-03-271940

100. Sandy, AR, Chung, J, Toubai, T, Shan, GT, Tran, IT, Friedman, A, et al. T cell-specific notch inhibition blocks graft-versus-host disease by inducing a hyporesponsive program in alloreactive CD4+ and CD8+ T cells. J Immunol (2013) 190(11):5818–28. doi: 10.4049/jimmunol.1203452

101. Tran, IT, Sandy, AR, Carulli, AJ, Ebens, C, Chung, J, Shan, GT, et al. Blockade of individual notch ligands and receptors controls graft-versus-host disease. J Clin Invest (2013) 123:1590–604. doi: 10.1172/JCI65477

102. Amsen, D. T Cells take directions from supporting cast in graft-versus-host disease. J Clin Invest (2017) 127:1215–7. doi: 10.1172/JCI93552

103. 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

104. Radojcic, V, Paz, K, Chung, J, Du, J, Perkey, ET, Flynn, R, et al. Notch signaling mediated by delta-like ligands 1 and 4 controls the pathogenesis of chronic GVHD in mice. Blood (2018) 132:2188–200. doi: 10.1182/blood-2018-03-841155

105. Del Papa, B, Pierini, A, Sportoletti, P, Baldoni, S, Cecchini, D, Rosati, E, et al. The NOTCH1/CD39 axis: a treg trip-switch for GvHD. Leukemia (2016) 30:1931–4. doi: 10.1038/leu.2016.87

106. Luo, X, Xu, L, Li, Y, and Tan, H. Notch pathway plays a novel and critical role in regulating responses of T and antigen-presenting cells in aGVHD. Cell Biol Toxicol (2017) 33:169–81. doi: 10.1007/s10565-016-9364-7

107. Luo, X, Xu, L, Liu, L, Li, Y, and Tan, H. Notch inhibition enhances graft-versus-leukemia while reducing graft-versus-host disease. Eur J Pharmacol (2019) 843:226–32. doi: 10.1016/j.ejphar.2018.10.004

108. Chung, J, Radojcic, V, Perkey, E, Parnell, TJ, Niknafs, Y, Jin, X, et al. Early notch signals induce a pathogenic molecular signature during priming of alloantigen-specific conventional CD4(+) T cells in graft-versus-Host disease. J Immunol (2019) 203:557–68. doi: 10.4049/jimmunol.1900192

109. Chung, J, and Maillard, I. Notch signaling in alloreactive T cell immunity. Curr Top Microbiol Immunol (2012) 360:135–50. doi: 10.1007/82_2012_226

110. Chung, J, Riella, LV, and Maillard, I. Targeting the notch pathway to prevent rejection. Am J Transplant (2016) 16:3079–85. doi: 10.1111/ajt.13816

111. Ghosh, A, Holland, AM, Dogan, Y, Yim, NL, Rao, UK, Young, LF, et al. PLZF confers effector functions to donor T cells that preserve graft-versus-tumor effects while attenuating GVHD. Cancer Res (2013) 73:4687–96. doi: 10.1158/0008-5472.CAN-12-4699

112. Vodanovic-Jankovic, S, Hari, P, Jacobs, P, Komorowski, R, and Drobyski, WR. NF-kappaB as a target for the prevention of graft-versus-host disease: comparative efficacy of bortezomib and PS-1145. Blood (2006) 107:827–34. doi: 10.1182/blood-2005-05-1820

113. O'shaughnessy, MJ, Vogtenhuber, C, Sun, K, Sitcheran, R, Baldwin, AS, Murphy, WJ, et al. Ex vivo inhibition of NF-kappaB signaling in alloreactive T-cells prevents graft-versus-host disease. Am J Transplant (2009) 9:452–62. doi: 10.1111/j.1600-6143.2008.02533.x

114. Li, L, Wang, H, Kim, J, Pihan, G, and Boussiotis, V. The cyclin dependent kinase inhibitor (R)-roscovitine prevents alloreactive T cell clonal expansion and protects against acute GvHD. Cell Cycle (2009) 8:1794–802. doi: 10.4161/cc.8.11.8738

115. Murray, SE, Polesso, F, Rowe, AM, Basak, S, Koguchi, Y, Toren, KG, et al. NF-kappaB-inducing kinase plays an essential T cell-intrinsic role in graft-versus-host disease and lethal autoimmunity in mice. J Clin Invest (2011) 121:4775–86. doi: 10.1172/JCI44943

116. Song, EK, Yim, JM, Yim, JY, Song, MY, Rho, HW, Yim, SK, et al. Rosiglitazone prevents graft-versus-host disease (GVHD). Transpl Immunol (2012) 27:128–37. doi: 10.1016/j.trim.2012.09.001

117. Yamanouchi, S, Adachi, Y, Shimo, T, Umezawa, K, Okigaki, M, Tsuji, S, et al. A nuclear factor-kappaB inhibitor, dehydroxymethylepoxyquinomicin, ameliorates GVHD in allogeneic bone marrow transplantation. Immunobiology (2015) 220:1059–66. doi: 10.1016/j.imbio.2015.05.011

118. Mukai, S, Ogawa, Y, Saya, H, Kawakami, Y, and Tsubota, K. Therapeutic potential of tranilast for the treatment of chronic graft-versus-host disease in mice. PloS One (2018) 13:e0203742. doi: 10.1371/journal.pone.0203742

119. Kuba, A, Raida, L, Mrazek, F, Schneiderova, P, Kriegova, E, Langova, K, et al. NFKB1 gene single-nucleotide polymorphisms: implications for graft-versus-host disease in allogeneic hematopoietic stem cell transplantation. Ann Hematol (2020) 99:609–18. doi: 10.1007/s00277-020-03935-5

120. Siednienko, J, Maratha, A, Yang, S, Mitkiewicz, M, Miggin, SM, and Moynagh, PN. Nuclear factor κB subunits RelB and cRel negatively regulate toll-like receptor 3-mediated β-interferon production via induction of transcriptional repressor protein YY1. J Biol Chem (2011) 286:44750–63. doi: 10.1074/jbc.M111.250894

121. Amarnath, S. C-rel in GVHD biology: a missing link. Eur J Immunol (2013) 43:2255–8. doi: 10.1002/eji.201343924

122. Yu, Y, Wang, D, Kaosaard, K, Liu, C, Fu, J, Haarberg, K, et al. C-rel is an essential transcription factor for the development of acute graft-versus-host disease in mice. Eur J Immunol (2013) 43:2327–37. doi: 10.1002/eji.201243282

123. Shono, Y, Tuckett, AZ, Ouk, S, Liou, HC, Altan-Bonnet, G, Tsai, JJ, et al. A small-molecule c-rel inhibitor reduces alloactivation of T cells without compromising antitumor activity. Cancer Discovery (2014) 4:578–91. doi: 10.1158/2159-8290.CD-13-0585

124. Macdonald, KP, Kuns, RD, Rowe, V, Morris, ES, Banovic, T, Bofinger, H, et al. Effector and regulatory T-cell function is differentially regulated by RelB within antigen-presenting cells during GVHD. Blood (2007) 109:5049–57. doi: 10.1182/blood-2007-01-067249

125. Sun, Y, Wang, Y, Toubai, T, Oravecz-Wilson, K, Liu, C, Mathewson, N, et al. BET bromodomain inhibition suppresses graft-versus-host disease after allogeneic bone marrow transplantation in mice. Blood (2015) 125:2724–8. doi: 10.1182/blood-2014-08-598037

126. Kiu, H, and Nicholson, SE. Biology and significance of the JAK/STAT signalling pathways. Growth Factors (Chur Switzerland) (2012) 30:88–106. doi: 10.3109/08977194.2012.660936

127. Khandelwal, P, Teusink-Cross, A, Davies, SM, Nelson, AS, Dandoy, CE, El-Bietar, J, et al. Ruxolitinib as salvage therapy in steroid-refractory acute graft-versus-Host disease in pediatric hematopoietic stem cell transplant patients. Biol Blood Marrow Transplant (2017) 23:1122–7. doi: 10.1016/j.bbmt.2017.03.029

128. Khoury, HJ, Langston, AA, Kota, VK, Wilkinson, JA, Pusic, I, Jillella, A, et al. Ruxolitinib: a steroid sparing agent in chronic graft-versus-host disease. Bone Marrow Transplant (2018) 53:826–31. doi: 10.1038/s41409-017-0081-5

129. Von Bubnoff, N, Ihorst, G, Grishina, O, Rothling, N, Bertz, H, Duyster, J, et al. Ruxolitinib in GvHD (RIG) study: a multicenter, randomized phase 2 trial to determine the response rate of ruxolitinib and best available treatment (BAT) versus BAT in steroid-refractory acute graft-versus-host disease (aGvHD) (NCT02396628). BMC Cancer (2018) 18:1132. doi: 10.1186/s12885-018-5045-7

130. Kroger, N, Shahnaz Syed Abd Kadir, S, Zabelina, T, Badbaran, A, Christopeit, M, Ayuk, F, et al. Peritransplantation ruxolitinib prevents acute graft-versus-Host disease in patients with myelofibrosis undergoing allogenic stem cell transplantation. Biol Blood Marrow Transplant (2018) 24:2152–6. doi: 10.1016/j.bbmt.2018.05.023

131. Carniti, C, Gimondi, S, Vendramin, A, Recordati, C, Confalonieri, D, Bermema, A, et al. Pharmacologic inhibition of JAK1/JAK2 signaling reduces experimental murine acute GVHD while preserving GVT effects. Clin Cancer Res (2015) 21:3740–9. doi: 10.1158/1078-0432.CCR-14-2758

132. 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

133. Schroeder, MA, Choi, J, Staser, K, and Dipersio, JF. The role of janus kinase signaling in graft-Versus-Host disease and graft versus leukemia. Biol Blood Marrow Transplant (2018) 24:1125–34. doi: 10.1016/j.bbmt.2017.12.797

134. Okiyama, N, Furumoto, Y, Villarroel, VA, Linton, JT, Tsai, WL, Gutermuth, J, et al. Reversal of CD8 T-cell-mediated mucocutaneous graft-versus-host-like disease by the JAK inhibitor tofacitinib. J Invest Dermatol (2014) 134:992–1000. doi: 10.1038/jid.2013.476

135. Kheirkhah, A, Di Zazzo, A, Satitpitakul, V, Fernandez, M, Magilavy, D, and Dana, R. A pilot randomized trial on safety and efficacy of a novel topical combined inhibitor of janus kinase 1/3 and spleen tyrosine kinase for GVHD-associated ocular surface disease. Cornea (2017) 36:799–804. doi: 10.1097/ICO.0000000000001206

136. Betts, BC, Bastian, D, Iamsawat, S, Nguyen, H, Heinrichs, JL, Wu, Y, et al. Targeting JAK2 reduces GVHD and xenograft rejection through regulation of T cell differentiation. Proc Natl Acad Sci (2018) 115:1582. doi: 10.1073/pnas.1712452115

137. Schroeder, MA, Khoury, HJ, Jagasia, M, Ali, H, Schiller, GJ, Staser, K, et al. A phase 1 trial of itacitinib, a selective JAK1 inhibitor, in patients with acute graft-versus-host disease. Blood Adv (2020) 4:1656–69. doi: 10.1182/bloodadvances.2019001043

138. Alahmari, B, Cooper, M, Ziga, E, Ritchey, J, Dipersio, JF, and Choi, J. Selective targeting of histone modification fails to prevent graft versus host disease after hematopoietic cell transplantation. PloS One (2018) 13:e0207609. doi: 10.1371/journal.pone.0207609

139. Huang, Q, He, S, Tian, Y, Gu, Y, Chen, P, Li, C, et al. Hsp90 inhibition destabilizes Ezh2 protein in alloreactive T cells and reduces graft-versus-host disease in mice. Blood (2017) 129:2737–48. doi: 10.1182/blood-2016-08-735886

140. He, S, Xie, F, Liu, Y, Tong, Q, Mochizuki, K, Lapinski, PE, et al. The histone methyltransferase Ezh2 is a crucial epigenetic regulator of allogeneic T-cell responses mediating graft-versus-host disease. Blood (2013) 122:4119–28. doi: 10.1182/blood-2013-05-505180

141. Yao, Y, Wang, L, Zhou, J, and Zhang, X. HIF-1alpha inhibitor echinomycin reduces acute graft-versus-host disease and preserves graft-versus-leukemia effect. J Transl Med (2017) 15:28. doi: 10.1186/s12967-017-1132-9

142. Wang, Y, Liu, Y, Bailey, C, Zheng, P, and Liu, Y. PC-1 Genetic and pharmaceutical inactivation of hypoxia-inducible factor 1α reveals a molecular switch from graft vs host diseases to graft vs leukemia effect. JAIDS J Acquired Immune Deficiency Syndromes (2019) 81.

143. Ditschkowski, M, Elmaagacli, AH, Koldehoff, M, Gromke, T, Trenschel, R, and Beelen, DW. Bronchiolitis obliterans after allogeneic hematopoietic SCT: further insight–new perspectives? Bone Marrow Transplant (2013) 48:1224–9. doi: 10.1038/bmt.2013.17

144. Kryczek, I, Zhao, E, Liu, Y, Wang, Y, Vatan, L, Szeliga, W, et al. Human TH17 cells are long-lived effector memory cells. Sci Transl Med (2011) 3:104ra100. doi: 10.1126/scitranslmed.3002949

145. Vaeth, M, Bauerlein, CA, Pusch, T, Findeis, J, Chopra, M, Mottok, A, et al. Selective NFAT targeting in T cells ameliorates GvHD while maintaining antitumor activity. Proc Natl Acad Sci U.S.A. (2015) 112:1125–30. doi: 10.1073/pnas.1409290112

146. Kubota, H, Masuda, T, Noura, M, Furuichi, K, Matsuo, H, Hirata, M, et al. RUNX inhibitor suppresses graft-versus-host disease through targeting RUNX-NFATC2 axis. EJHaem (2021) 2:449–58. doi: 10.1002/jha2.230

147. Schutt, SD, Wu, Y, Kharel, A, Bastian, D, Choi, HJ, Hanief Sofi, M, et al. The druggable transcription factor fli-1 regulates T cell immunity and tolerance in graft-versus-host disease. J Clin Invest (2022) 132:e143950. doi: 10.1172/JCI143950

148. Piper, C, Zhou, V, Komorowski, R, Szabo, A, Vincent, B, Serody, J, et al. Pathogenic Bhlhe40+ GM-CSF+ CD4+ T cells promote indirect alloantigen presentation in the GI tract during GVHD. Blood (2020) 135:568–81. doi: 10.1182/blood.2019001696

149. Verbeek, S, Izon, D, Hofhuis, F, Robanus-Maandag, E, Te Riele, H, Van De Wetering, M, et al. An HMG-box-containing T-cell factor required for thymocyte differentiation. Nature (1995) 374:70–4. doi: 10.1038/374070a0

150. Staal, FJ, and Clevers, H. Tcf/Lef transcription factors during T-cell development: unique and overlapping functions. Hematol J (2000) 1:3–6. doi: 10.1038/sj.thj.6200001

151. Yu, Q, Sharma, A, and Sen, JM. TCF1 and beta-catenin regulate T cell development and function. Immunol Res (2010) 47:45–55. doi: 10.1007/s12026-009-8137-2

152. Steinke, FC, Yu, S, Zhou, X, He, B, Yang, W, Zhou, B, et al. TCF-1 and LEF-1 act upstream of Th-POK to promote the CD4(+) T cell fate and interact with Runx3 to silence Cd4 in CD8(+) T cells. Nat Immunol (2014) 15:646–56. doi: 10.1038/ni.2897

153. Xu, Z, Xing, S, Shan, Q, Gullicksrud, JA, Bair, TB, Du, Y, et al. Cutting edge: β-Catenin-Interacting Tcf1 isoforms are essential for thymocyte survival but dispensable for thymic maturation transitions. J Immunol (Baltimore Md 1950) (2017) 198:3404–9. doi: 10.4049/jimmunol.1602139

154. Gullicksrud, JA, Shan, Q, and Xue, H-H. Tcf1 at the crossroads of CD4+ and CD8+ T cell identity. Front Biol (2017) 12:83–93. doi: 10.1007/s11515-017-1445-3

155. Wu, T, Ji, Y, Moseman, EA, Xu, HC, Manglani, M, Kirby, M, et al. The TCF1-Bcl6 axis counteracts type I interferon to repress exhaustion and maintain T cell stemness. Sci Immunol (2016) 1:eaai8593. doi: 10.1126/sciimmunol.aai8593

156. Gullicksrud, JA, Li, F, Xing, S, Zeng, Z, Peng, W, Badovinac, VP, et al. Differential requirements for Tcf1 long isoforms in CD8(+) and CD4(+) T cell responses to acute viral infection. J Immunol (Baltimore Md 1950) (2017) 199:911–9. doi: 10.4049/jimmunol.1700595

157. Wang, Y, Hu, J, Li, Y, Xiao, M, Wang, H, Tian, Q, et al. The transcription factor TCF1 preserves the effector function of exhausted CD8 T cells during chronic viral infection. Front Immunol (2019) 10:169–9. doi: 10.3389/fimmu.2019.00169

158. Mammadli, M, Suo, L, Sen, JM, and Karimi, M. TCF-1 is required for CD4 T cell persistence functions during AlloImmunity. Int J Mol Sci (2023) 24:4326. doi: 10.3390/ijms24054326

159. Blazar, BR, Murphy, WJ, and Abedi, M. Advances in graft-versus-host disease biology and therapy. Nat Rev Immunol (2012) 12:443–58. doi: 10.1038/nri3212

160. Choi, J, Ritchey, J, Prior, JL, Holt, M, Shannon, WD, Deych, E, et al. In vivo administration of hypomethylating agents mitigate graft-versus-host disease without sacrificing graft-versus-leukemia. Blood (2010) 116:129–39. doi: 10.1182/blood-2009-12-257253

161. Ghimire, S, Weber, D, Mavin, E, Wang, XN, Dickinson, AM, and Holler, E. Pathophysiology of GvHD and other HSCT-related major complications. Front Immunol (2017) 8:79. doi: 10.3389/fimmu.2017.00079

162. Wysocki, CA, Panoskaltsis-Mortari, A, Blazar, BR, and Serody, JS. Leukocyte migration and graft-versus-host disease. Blood (2005) 105:4191–9. doi: 10.1182/blood-2004-12-4726

163. Chen, BJ, Deoliveira, D, Cui, X, Le, NT, Son, J, Whitesides, JF, et al. Inability of memory T cells to induce graft-versus-host disease is a result of an abortive alloresponse. Blood (2007) 109:3115–23. doi: 10.1182/blood-2006-04-016410

164. Matthews, K, Lim, Z, Afzali, B, Pearce, L, Abdallah, A, Kordasti, S, et al. Imbalance of effector and regulatory CD4 T cells is associated with graft-versus-host disease after hematopoietic stem cell transplantation using a reduced intensity conditioning regimen and alemtuzumab. Haematologica (2009) 94:956–66. doi: 10.3324/haematol.2008.003103

165. De Koning, C, Prockop, S, Van Roessel, I, Kernan, N, Klein, E, Langenhorst, J, et al. CD4+ T-cell reconstitution predicts survival outcomes after acute graft-versus-host-disease: a dual-center validation. Blood (2021) 137:848–55. doi: 10.1182/blood.2020007905

166. Henden, AS, and Hill, GR. Cytokines in graft-versus-Host disease. J Immunol (2015) 194:4604–12. doi: 10.4049/jimmunol.1500117




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 Harris and Karimi. 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-14-1194984-g001.jpg
eIf antlgen
Alloactivated T
Cells
Created with

T cell BioRender.com

@,
Proliferation % Differentiation ‘ Cell Survival & @
3 i A
rzdtu o(f(giirt]:o Cytokme Gene
e Productlon Mlgratlon Expressmn
mediators

SmaII Intestlne Skin Liver






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





OEBPS/Images/fimmu.2023.1194984_cover.jpg
’ frontiers | Frontiers in Immunology

Dissecting the regulatory network of
transcription factors in T cell
phenotype/functioning during GVHD and
GVT





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Dissecting the regulatory network of transcription factors in T cell phenotype/functioning during GVHD and GVT

      

        		

          1 Introduction

        



        		

          2 Search strategy

        



        		

          3 Transcription factors which impact but likely do not separate GVHD/GVL

        

          		

            3.1 Eomesodermin (Eomes)

          



          		

            3.2 Forkhead box P3 (Foxp3) and regulatory T cells (Tregs)

          



          		

            3.3 B cell lymphoma 6 (Bcl6)

          



          		

            3.4 Basic leucine zipper transcription factor, ATF-like (Batf)

          



          		

            3.5 Mothers against decapentaplegic homolog 3 (Smad3)

          



          		

            3.6 c-Fos/c-Jun (Ap-1) and c-Myc

          



        



        



        		

          4 Transcription factors which may separate GVHD/GVL

        

          		

            4.1 T-box transcription factor TBX21 (T-bet)

          



          		

            4.2 Retinoic-acid-receptor-related orphan nuclear receptor gamma, isoform T (Roryt)

          



          		

            4.3 Signal transducer and activator of transcription (Stats)

          



          		

            4.4 Aryl hydrocarbon receptor (Ahr)

          



          		

            4.5 Nuclear factor (erythroid-derived 2)-like 2 (Nrf2)

          



        



        



        		

          5 Transcription factors which separate GVHD and GVL effects

        

          		

            5.1 Notch

          



          		

            5.2 Promyelocytic leukemia zinc finger (Plzf)

          



          		

            5.3 Nuclear factor kappa-light-chain-enhancer of activated B cells (Nf-κb)

          



          		

            5.4 Janus kinase (Jaks)

          



          		

            5.5 Enhancer of zeste homolog 2 (Ezh2)

          



          		

            5.6 Hypoxia-inducible factor-1 alpha (Hif-1α)

          



          		

            5.7 Nuclear factor of activated T cells (Nfat)

          



          		

            5.8 Friend virus leukemia integration 1 (Fli-1)

          



          		

            5.10 Basic helix-loop-helix family member e40 (Bhlhe40)

          



        



        



        		

          6 Regulatory networks in GVHD and GVL

        

          		

            6.1 T cell factor 1 (Tcf-1)

          



        



        



        		

          7 Discussion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1194984-g002.jpg
Proliferation

© ol
oo
o

Differentiation

TCF-1 AP-1

TCF-1 F'\(IDI;(kPBB Eomes BATF
Eomes oRel Notch? EZH2
Notch i RORyT AhR
RORyT =i STATs/JAKs  SMAD3
STATs/JAKs "\ o NFkB HIF1a
BCL6 N BCL6 PLZF
FOXP3 NFAT

c-Rel/c-Myc NRF2
Fli-1

GVHD

Damaging

TCF-1 STAT1/3 c-Rel
Eomes JAKs AP-1
T-bet BCL6 c-Myc? PLZF
NFkB BATF  NFAT
EZH2 Fli-1

Bhlhe40

AhR?
HIF1a

Notch
RORyT? NRF2?

Alloactivated T
Cells

Cytokine
Production

TCF-1 NFkB
c-Rel/c-Myc
T-bet AP-1
Notch AhR
SMAD3
JAKs NFAT
Bhlhe40

Eomes

STATs/

Protective

STAT4/5/6
FOXP3
AhR?
SMAD3
NRF2?

TCF-1
T-bet?
Notch

RORyT
PLZF

AP-T TCF-12

AhR Eomes
SMAD3 T-bet
NFAT RORyT

NRF2 c-Rel/c-Myc

Dispensable

STATS5/6
JAKs
NFkB

FOXP3
NFAT






OEBPS/Images/table1.jpg
Function Impacted Role Impact of Loss

Tef-1 Cytokine Production, Survival, Promotes T cell proliferation/survival, controls cytokines/mediators, Reduced GVHD, maintained GVT
Proliferation, Chemokines, Gene affects expression of chemokines/receptors, regulates Eomes/T-bet
Expression (CD8+ only)

Eomes Proliferation, Migration, Cytokine Controls T cell migration and proliferation, affects production of Reduced GVHD, reduced GVT
Production, Differentiation cytokines/cytotoxic mediators, impacts Treg fate

T-bet Migration, Cytokine Production Controls T cell migration and production of Th1 cytokines Reduced GVHD, reduced/maintained

GVT

Notch Cytokine Production, Proliferation,  Controls T cell fate, cytokine production, response to alloantigen, and | Reduced GVHD, maintained GVT
Differentiation Treg expansion

Roryt Migration, Proliferation, Drives Th17 cell fate, proliferation, and migration No change/reduced GVHD, maintained
Differentiation GVT

Stats Differentiation, Proliferation, Controls Treg/Th subset fate, cytokine production, and proliferation Reduced (STAT1/3) or enhanced
Cytokine Production (STAT4/5/6) GVHD, maintained GVT

(STAT5/6)

Jaks Differentiation, Proliferation, Controls Th1/Th2 polarization, Treg cell fate, proinflammatory Reduced GVHD, maintained GVT
Cytokine Production cytokines, and T cell proliferation

Bcl6 Differentiation, Proliferation Regulates GC formation by Tth cells and effector CD4+ expansion Reduced cGVHD

Nf-xb Differentiation, Cytokine Regulates Treg development, cytokines, and T cell expansion Reduced GVHD, maintained GVT
Production, Proliferation

Foxp3 (and Differentiation, Proliferation Lineage factor for Tregs, stability regulates Treg function Increased GVHD, maintained GVT

Tregs)

c-Rel Differentiation, Proliferation, Regulates migration to target organs, formation of Tregs/Th1/Th17, Reduced GVHD, maintained GVT
Apoptosis, Migration, Cytokine cytokine production, and apoptosis
Production

c-Fos/c-Jun Differentiation, Migration, May regulate migration, Treg fate, and cytokine production Reduced GVHD (human studies show

(Ap-1) and c- Cytokine Production possible contradiction)

Myc

Batf Differentiation, Proliferation Controls IL-7/GM-CSF-producing T cells Reduced GVHD

Ezh2 Proliferation, Differentiation Regulates long-term proliferation/expansion, promotes differentiation = Reduced GVHD, maintained GVT

to IFN-y+ effector fate

Ahr Proliferation, Migration, Cytokine  Regulates pTregs, CD4+ proliferation, CD8+ migration, and Reduced/increased GVHD, maintained |

Production, Differentiation proinflammatory cytokine production GVT
Smad3 Migration, Differentiation, Controls Th fate decisions, T cell migration, and proinflammatory Reduced allograft rejection, enhanced
Cytokine Production cytokines GVHD
Hiflo Differentiation, Survival Inhibits Tregs and enhances Th17/Th1 cells Reduced GVHD, maintained GVT
Plzf Apoptosis, Differentiation Regulates apoptosis, Th2 fate, and Treg cells Reduced GVHD, maintained GVT
Nfat Proliferation, Migration, Cytokine ~ Regulates migration, Treg development, cytokine production, and Reduced GVHD, maintained GVT
Production, Differentiation proliferation of T cells
Nrf2 Differentiation, Migration Inhibits Helios+ Tregs, controls migration to periphery Reduced/enhanced GVHD ()2,

maintained GVT

Fli-1 Differentiation, Activation Regulates CD4+ T cell differentiation to Treg/Tth fates, regulates Reduced GVHD, maintained GVT
effector CD4+ T cells

Bhlhe40 Cytokine Production Regulates GM-CSF production in CD4+ T cells Reduced GVHD





