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Summary

Regulatory T cells (Treg cells) represent a CD4+ T-cell lineage that plays a critical role in 

restraining immune responses to self and foreign antigens and associated inflammation. Due to the 

suppressive function of Treg cells, inhibition or ablation of these cells can be used to boost the 

immunity against malignant cells. On the other hand, augmenting the activity of Treg cells can be 

employed for the treatment of inflammatory or autoimmune diseases and allogeneic conflicts 

associated with transplantation. Graft-versus-host disease (GvHD) is a leading cause of morbidity 

and mortality after haematopoietic stem cell transplantation (HSCT). In this review, we describe 

basic biological properties of Treg cells and their role in GvHD. We focus on the application of 

adoptive transfer of Treg cells and the therapeutic modulation of their activity for the prevention 

and treatment of GvHD in pre-clinical models and in clinical settings. We also discuss the main 

obstacles to applying Treg cell-based therapies for GvHD in clinical practice.
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Biology of Treg cells and their therapeutic use for autoimmune diseases

Regulatory T cells (Treg cells) represent a distinct lineage of CD4+ T cells that restrain the 

immune response against self and foreign antigens (Table I) (Sakaguchi, et al 2011). These 

cells, which constitute 5–10% of CD4+ cells, exert their suppressive function both by direct 

cell-cell interactions as well as by secretion of inhibitory cytokines such as interleukin 

(IL)-10 or transforming growth factor β (TGF-β) (Josefowicz, et al 2012). The transcription 

factor FOXP3 is a lineage-specific marker of Treg cells which is critical for their function 

(Fontenot, et al 2003, Hori, et al 2003). In addition, Treg cells express high amounts of Il-2 

receptor α-chain (IL-2Rα; also termed IL2RA, CD25), but do not produce IL-2 themselves. 

Treg cells can be broadly classified into two groups according to their developmental origin: 

thymic regulatory T cells (tTreg cells) and extrathymic or peripheral Treg cells (pTreg cells). 
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tTreg cells are generated in the thymus from CD4+ single-positive thymocytes and express 

T-cell receptors (TCR) with an increased affinity for self-peptides (Josefowicz, et al 2012). 

On the other hand, pTreg cells develop from conventional CD4+ T cells in the periphery 

after encountering an antigen in the presence of high amounts of TGF-β (Kanamori, et al 
2016). When the conversion of conventional CD4+ T cells to Treg cells occurs in vitro these 

cells are termed induced Treg cells (iTreg cells). Currently, tTreg cells and pTreg cells/iTreg 

cells cannot be reliably differentiated by specific markers. Recent studies indicate that Treg 

cells are much more heterogeneous than implied from this classification. First, Treg cells 

that reside in non-lymphoid organs (tissue Treg cells) exhibit gene expression profiles 

distinct from those of Treg cells found in secondary lymphoid organs. Furthermore, different 

tissue Treg cells were reported to differ in their transcriptomes (Li, et al 2018). Secondly, 

different populations of Treg cells can be delineated based on the expression of distinct 

transcription factors, which affect their function. For example, Treg cells which express the 

transcription factor T-bet specifically inhibit TH1 and CD8+ T cell activation (Levine, et al 
2017).

The initial discovery of Treg cells resulted from a search for a population of immune 

suppressive cells capable of preventing autoimmunity and inflammation in rodents subjected 

to neonatal thymectomy. This quest culminated in the discovery first of CD25 and later of 

FOXP3 as a definitive marker of Treg cells (Sakaguchi 2011). Treg cell deficiency in 

humans, resulting from inactivating mutations in the FOXP3 gene leads to the development 

of IPEX (immune dysregulation, polyendocrinopathy, enteropathy, X-linked) syndrome 

(Bennett, et al 2001). Similarly, fatal aggressive systemic disease is observed in Treg cell-

deficient mice (Brunkow, et al 2001). In many autoimmune diseases, including type I 

diabetes mellitus (DM), multiple sclerosis and rheumatoid arthritis, a defect in the Treg cell 

number or function has been described (Grant, et al 2015). Several attempts have been made 

to harness Treg cells for treating autoimmune diseases. For example, an IL-2 antibody that 

stabilizes IL-2 in a conformation that leads to its preferential binding to the IL-2 receptor 

and to STAT5 phosphorylation, was able to induce remission of type I DM in mice and 

protect mice against GvHD (Trotta, et al 2018). Although these strategies have not been 

reduced to clinical practice, they emphasize the potential of Treg cell-based therapies for 

autoimmune diseases (Bluestone and Tang 2018).

Treg cells in GvHD patients

During the last several decades it has been established that allogeneic haematopoietic cell 

transplantation (HSCT) can lead to the cure of several haematological malignancies, mainly 

acute leukaemia, as well as of genetic immune deficiencies (Appelbaum 2007). Despite the 

effectiveness of this treatment, HSCT is a challenging procedure with life-threatening 

complications. One of these common complications is GvHD, which is a leading cause of 

morbidity and mortality after HSCT.

Several studies have been conducted in human patients to elucidate the association between 

GvHD severity and relative abundance of Treg cells. One of the main limitations of early 

GvHD studies is that unambiguous quantification of Treg cells based on expression of cell 

surface markers, such as CD25, is not attainable because CD25 is also expressed by 
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activated T cells. The detection of Treg cells was improved in more recent studies by gating 

on CD25high and CD127low cells or by detecting FOXP3 expression using intracellular 

staining or by quantifying its transcript level in tissues. The different methods for Treg cell 

detection might explain, at least partially, the inconsistency in studies that examined the 

correlation between peripheral blood (PB) Treg cells and GvHD severity. Most of the studies 

found an inverse correlation between the number of Treg cells and the development of acute 

GvHD (aGvHD) (Fujioka, et al 2013, Li, et al 2010, Magenau, et al 2010, Rieger, et al 2006, 

Ukena, et al 2011), but some studies did not observe this association (Noel, et al 2008, 

Sanchez, et al 2004). The results are more inconsistent in case of chronic GvHD (cGvHD), 

which was associated with a reduced relative Treg cell abundance in some (Li, et al 2010, 

Zorn, et al 2005), but not in other studies (Clark, et al 2004, Sanchez, et al 2004, Ukena, et al 
2011). Several studies also assessed the association between the numbers or proportion of 

Treg cells in the graft and GvHD. Most of these studies found an inverse correlation between 

graft or donor Treg cells and GvHD, mainly aGVHD (Lu, et al 2011, McIver, et al 2013, 

Pabst, et al 2007, Rezvani, et al 2006), but not all of them (Arimoto, et al 2007, Stanzani, et 
al 2004). The Treg cell content can also vary in different graft sources. Compared to bone 

marrow (BM) grafts, the number of Treg cells in PB grafts is lower and these cells have 

lower expression of CD62L (also termed SELL) (Blache, et al 2010). On the other hand, 

cord blood (CB) Treg cells are mostly naïve and, compared to PB Treg cells, have higher 

expression of CD25, which enables easier isolation of these cells (Godfrey, et al 2005). 

However, it is not completely clear whether the suppressive activity of CB Tregs cells is 

comparable to that of expanded PB Treg cells (Fujimaki, et al 2008, Godfrey, et al 2005).

It is likely that the importance of Treg cells in GvHD could be assessed in a more direct and 

convincing manner through their analyses in GvHD target organs rather than in the PB. One 

study analysed the number of infiltrating Treg cells in intestinal biopsies using 

immunohistochemical detection of FOXP3 expression (Rieger, et al 2006). The 

FOXP3+/CD8+ T cell ratios in patients with acute and chronic GvHD was similar to healthy 

controls and lower than in patients with infectious inflammation or in allograft patients 

without GvHD, implying that GvHD is associated with an insufficient up-regulation in Treg 

cell numbers in intestinal GvHD lesions. This notion is supported by analysing FOXP3+ 

Treg cells in skin biopsies (Fondi, et al 2009). In contrast to these studies, another study did 

not find an inverse association between gastric Treg cells and gastric GvHD (Lord, et al 
2011), which raises the possibility of differences between GvHD target organs.

Thus, despite the limitations mentioned above and some conflicting results, overall, these 

studies imply that GvHD (mainly aGvHD) is associated with a diminished proportion of 

Treg cells.

Therapeutic use of Treg cells for GvHD in preclinical models

Several pre-clinical studies have been conducted in experimental GvHD models to explore 

the therapeutic potential of Treg cells for GvHD prevention (the main findings of these 

studies are summarized in Table II). Although these studies have several limitations, they 

established the notion that Treg cells have a significant potential to ameliorate GvHD.
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In early studies, depletion of Treg cells from the graft using depleting CD25 antibody led to 

an earlier onset of GvHD, while supplementation of CD4+CD25+ Treg cells significantly 

delayed or prevented the development of GvHD (Cohen, et al 2002, Taylor, et al 2002). 

Importantly, the CD4+CD25+ Treg cell population was not able to induce GvHD on its own.

In one study, lethally irradiated BALB/c hosts were injected with C57BL/6-derived T cell-

depleted BM cells with and without splenic CD4+CD25- and CD4+CD25+ T cells. At a 1:1 

ratio of CD4+CD25+ Treg cells and effector CD4+CD25- T cells, the recipient mice were 

protected from aGvHD with 93% of animals surviving for 100 days. The protective effect of 

Treg cells was dependent, at least partially, on IL-10 production (Hoffmann, et al 2002). 

Another study by the same group demonstrated, using bioluminescence imaging, that 

CD4+CD25+ Treg cells inhibited the early expansion of allogeneic conventional T (Tconv) 

cells in lymphoid organs and GvHD target organs (Edinger, et al 2003).

In another study, Treg cell localization was tracked over time in vivo in a mouse GvHD 

model by using whole body bioluminescence imaging (BLI) (Nguyen, et al 2007). Within 

the first 24–48 h after transplantation, donor Treg cells localized to the peripheral lymph 

nodes and spleen. By day 4, Treg cells had migrated to the liver and the gut followed by skin 

infiltration between days 5 and 6. This study also found that the best therapeutic effect of 

transplanted Treg cells is achieved in early phases of inflammation, during which lower Treg 

cell numbers were also required to protect from GvHD. Moreover, the best therapeutic effect 

of infused Treg cells was achieved when Treg cells were administered prior to the Tconv cell 

transfer. In contrast, by 3 weeks after HSCT, the addition of Treg cells reduced the morbidity 

and mortality of GvHD at a significantly lower rate.

Although the results of these pioneering pre-clinical studies were encouraging, they raised 

several questions regarding the application of this treatment to human patients. One of the 

cardinal issues is the number of Treg cells, which are required to obtain a significant anti-

GvHD effect. In these pre-clinical studies, Treg cells were usually administrated in similar 

proportions to donor T cells, whereas a lower ratio of Treg cells, similar to their 

physiological proportion, had no protective effect against GvHD (Hoffmann, et al 2002). 

This obstacle could be mitigated by in vitro expansion of Treg cells, which showed initial 

encouraging results. However, in vitro expansion of Treg cells might lead to preferential 

expansion of Tconv cells (Riley, et al 2009). Another strategy, which might be more efficient 

for treating human patients, is to generate in vitro induced Treg cells (iTreg cells) from 

conventional CD4+ T cells, usually upon stimulation with CD3 and CD28 antibodies in the 

presence of IL-2 and TGF-β. However, FOXP3 expression in iTreg cells is typically unstable 

and these cells do not convey significant protection against aGvHD (Beres, et al 2011, 

Koenecke, et al 2009). Several pharmacological manipulations have been attempted to 

improve the stability of FOXP3 expression, which include CpG methylation targeting 

agents, histone deacetylase inhibitors and the mechanistic target of rapamycin (mTOR) 

inhibitor, rapamycin (Lal, et al 2009, Polansky, et al 2008). Furthermore, rapamycin, which 

inhibits conventional T cell expansion while sparing Treg cells, can be combined with low-

dose IL-2 administration to improve the stability of FOXP3 expression and augment the 

suppressive properties of iTreg cells, including FOXP3 expressing CD8+ T cells (see below) 

(Shin, et al 2011, Zhang, et al 2013). According to one of these studies (Zhang, et al 2013), 
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in vivo administration of rapamycin led to migration and expansion of iTreg cells in the 

gastrointestinal tract and spleen and to a reduction in pro-inflammatory cytokine levels. A 

different strategy to overcome the low numbers of Treg cells is to enhance their suppressive 

activity. Priming of donor Treg cells in the presence of tumour necrosis factor-α (TNF-α) 

has been shown to increase FOXP3 expression, and to enhance Treg cell suppressive 

function in a GvHD model (Pierini, et al 2016). Alternatively, recipient Treg cells could be 

expanded in vitro before HSCT using a tumour necrosis factor receptor 2 (TNFR2) agonist 

(Chopra, et al 2016). In addition, Treg cells that express a constitutively active form of 

STAT5b (STAT5b-CA) have been shown to be more potent in suppressing GvHD compared 

to wild type Treg cells (Vogtenhuber, et al 2010). It has also been found that ex vivo 
fucosylation of human Treg cells reduced the number of Treg cells required to ameliorate 

GvHD in a mouse xenogeneic GvHD model (Parmar, et al 2015). Finally, it has been 

suggested that disruption of the vimentin network can enhance Treg suppressive activity in a 

GvHD mouse model (McDonald-Hyman, et al 2018).

In addition to the number of Treg cells required to achieve a therapeutic anti-GvHD effect, 

an important issue in considering their therapeutic application is whether the graft-versus-

tumour (GvT) effect is unimpeded upon infusion of Treg cells. Several studies demonstrated 

a GvT effect in the presence of Treg cells (Edinger, et al 2003, Jones, et al 2003, Martelli, et 
al 2014, Nguyen, et al 2007, Trenado, et al 2003). However, a more recent study, where blast 

crisis chronic myeloid leukaemia (CML) cells were used as the tumour, showed that 

adoptive transfer of Treg cells impaired the graft-versus-leukaemia (GvL) effect (Zhang, et 
al 2013). Therefore, the effect of Treg cells on GvT might be dependent on several 

parameters, such as the effector to Treg cell ratio, the specific tumour type and the extent of 

tumour burden, which should be explored in-depth.

Another important issue is the transplant type and its relation to the efficiency of Treg cell 

treatment. Many pre-clinical studies that demonstrated a beneficial effect of Treg cell 

treatment were conducted in a fully allogeneic model, where usually a HSC graft of a 

C57BL/6 (H-2b) mouse origin was transplanted into BALBc (H-2d) recipients (Edinger, et al 
2003, Hoffmann, et al 2002). However, some of the studies were performed in a 

haploidentical GvHD mouse model, which extends the findings to a setup that is more 

similar to the human disease (Cohen, et al 2002, Taylor, et al 2002, Wysocki, et al 2005, 

Zhang, et al 2013). Notably, in one of the studies, the therapeutic effect of Treg cells was 

less pronounced in a haploidentical GvHD model (Taylor, et al 2002). The therapeutic effect 

of Treg cells has been also demonstrated in the case of minor histocompatibility antigen 

disparity (Jones, et al 2003). More studies are warranted to explore the therapeutic efficacy 

of Treg cell transfer in antigenically different GvHD models.

While preclinical studies discussed above concentrated on aGvHD, several studies assessed 

the effect of Treg cells in mouse models of cGvHD. The most common cGvHD model is the 

B10.D2 (H-2d) graft into BALB/c (H-2d) donor, which, while being major 

histocompatibility complex (MHC)-compatible, features multiple minor histocompatibility 

antigen (miHA) mismatches. This mouse model shares many features with cGvHD observed 

in human HSCT patients. In one of the studies, it was observed that donor-type CD103+ 

Treg cells from cGVHD mice were more potent in ameliorating ongoing cGvHD when 
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transferred to other mice in which cGvHD was induced compared to CD25hi Treg cells 

isolated from healthy mouse donors (Zhao, et al 2008). According to another study, host 

CD4+CD25+ T cells, which survive irradiation, play a role in ameliorating cGvHD, in 

addition to donor CD4+CD25+ cells (Anderson, et al 2004).

Finally, in these pre-clinical studies, Treg cells are usually administered together with the 

graft as a prophylactic treatment for GvHD (Cohen, et al 2002, Edinger, et al 2003, Taylor, 

et al 2002). However, in human patients, Treg cells might be required clinically for GvHD 

treatment and not only for prophylaxis, and this issue should also be better explored.

The therapeutic role of Treg cells in ameliorating GvHD has been also observed in a 

xenogeneic model where human PB mononuclear cells (PBMCs) were injected into 

immunodeficient mice. This model has its own limitations given that, in this case, the 

presentation of mouse antigens depends on human antigen presenting cells (APCs) that 

present these antigens in the context of class MHC and, therefore, mainly enables the 

evaluation of the role of CD4+ T cells. When human PBMCs were transferred into RAG2γc
−/− mice, depletion of CD25+ Treg cells exacerbated the lethality of xenogeneic GvHD 

(Mutis, et al 2006). Conversely, co-administration of Treg cells with autologous PBMCs 

reduced the development of lethal GvHD. The protection from GvHD was associated with a 

significant increase in the plasma levels of IL-10 and γ-interferon. This therapeutic effect of 

Treg cells in xenogeneic GvHD models has been also observed when PB Treg cells were 

expanded in vitro (Hippen, et al 2011) or when purified CB Treg cells were used for 

adoptive transfer (Hippen, et al 2008) with allogeneic PBMCs at a 1:1 ratio.

CD8+FOXP3+ Treg cells represent another less-studied population of cells with a likely 

immunoregulatory function. These cells, which are induced during GvHD, have been 

suggested to exhibit suppressor function and to ameliorate GvHD in mouse models (Robb, 

et al 2012, Sawamukai, et al 2012). In addition, these cells are thought to exhibit cytotoxic 

activity against tumour cells, activity which could prevent tumour relapse during GvHD 

(Zheng, et al 2013). Although CD8+FOXP3+ T cells are present in limited numbers, the 

latter can be increased upon TCR-induced stimulation in the presence of rapamycin and 

IL-2. However, FOXP3 expression is less stable in CD8+FOXP3+ cells compared to their 

CD4+ counterparts. Recently, it has been suggested that the generation of CD8+ iTreg cells 

from JAK2-deficient T cells enables high FOXP3 expression in these cells (Iamsawat, et al 
2018), which raises the possibility that JAK2 inhibitors could promote stability of CD8+ 

iTreg cells. Another recent study demonstrated that down-regulation of BIM (also termed 

BCL2L11) in CD8+ Treg cells enabled prolonged survival of these cells, leading to 

improvement in GvHD (Agle, et al 2018).

Apart from ameliorating GvHD, several studies in mice demonstrated that CD25+ Treg cells 

can prevent BM graft rejection (Hanash and Levy 2005, Joffre, et al 2004, Steiner, et al 
2006, Taylor, et al 2004) and to improve immune reconstitution after transplantation in 

mouse models (Trenado, et al 2003).
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Features of Treg cells capable of ameliorating GvHD in pre-clinical models

Several studies were conducted to define characteristics of Treg cells capable of 

ameliorating GvHD. Two studies demonstrated that the expression of CD62L, a homing 

molecule enabling migration into lymph nodes, is important for ameliorating GvHD as well 

as for BM engraftment (Ermann, et al 2005, Taylor, et al 2004). In these studies, donor Treg 

cells were separated into CD62Lhigh or CD62Llow expressing cells. While the infusion of 

CD62Llow Treg cells did not protect mice from lethal GvHD, CD62Lhigh Treg cells inhibited 

the expansion of effector T cells in the spleen and in secondary lymphoid organs. In another 

study, it has been shown that Treg cells lacking the chemokine receptor CCR5 were less 

effective in preventing lethal GvHD. The lack of CCR5 correlated with impaired 

accumulation of Treg cells in the liver, lung, spleen and mesenteric lymph nodes in the 

second week after transplantation, implying that this receptor is important for later 

recruitment of Treg cells to lymphoid tissues and GvHD target organs (Wysocki, et al 2005). 

Thus, Treg cells expressing specific chemokine receptors can be therapeutically important in 

the recruitment of Treg cells to specific GvHD target organs. Indeed, Treg cells transfected 

with the chemokine receptor CXCR3 were able to better migrate to the liver, lung and 

intestine when compared to control Treg cells, leading to enhanced control of GvHD in these 

organs (Hasegawa, et al 2008). Taken together, these studies, as well as others mentioned 

above (Edinger, et al 2003, Nguyen, et al 2007), emphasise that the therapeutic effect of 

Treg cells depends both on their presence in lymphoid organs and in GvHD target organs. 

However, this issue, as well as the exact mechanism of the suppressive effect of Treg cells in 

ameliorating GvHD, should be better explored in future studies.

Another important issue is the significance of using antigen-specific Treg cells to ameliorate 

GvHD compared to using polyclonal Treg cells. This strategy can potentially lead to more 

efficient Treg-mediated suppression with a lower requirement of infused cells. Although this 

notion has been much more established in autoimmune diseases (especially type I DM) 

(Bluestone, et al 2015, Veerapathran, et al 2011), some studies also demonstrated an 

advantage of antigen-specific Treg cells in ameliorating GvHD, in which the expanded Treg 

cells were cultured in the presence of cells expressing recipient-type alloantigens (Cohen, et 
al 2002, Trenado, et al 2003) or even exogenous antigen (nondonor, nonrecipient) (Martin, et 
al 2013). Recently, it has been shown that antigen-specific Treg cells can be produced by 

expressing chimeric antigen receptor (CAR) (MacDonald, et al 2016). This study 

demonstrated that Treg cells that express a HLA-A2-specific CAR were more efficient than 

Treg cells expressing an irrelevant CAR in preventing GvHD in a xenogeneic mouse model.

Finally, the importance of human leucocyte antigen (HLA) matching between Treg cells and 

Tconv cells has also been studied. GvHD protection can be achieved by donor type Treg 

cells, rather than by host type Treg cells (Hoffmann, et al 2002). Interestingly, Treg cells 

produced from third-party donors are also very efficient in protecting mice from GvHD, 

with comparable efficiency to donor-derived Treg cells in an MHC minor mismatch model 

(but with some reduced efficiency in a complete allogeneic model) (Pierini, et al 2015). This 

finding implies that third-party Treg cells are a useful source of Treg cells and that, 

mechanistically, Treg cells can be effective independently of Treg/Tconv HLA matching.
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Expanding Treg cells for the treatment of GvHD patients

The encouraging pre-clinical results led to several clinical studies of Treg cell therapy for 

human GvHD patients. Clinical translation of this therapeutic approach raised several 

questions: What is the preferred source of cells for adoptive transfer (PB versus CB)? 

Should natural Treg cells be isolated or should Treg cells be generated in vitro? How should 

Treg cells be expanded in vitro? Should the Treg cells be polyclonal or be enriched for 

specific antigens? Should additional medications be administered to improve the Treg cell 

treatment efficiency? Figure 1 summarizes the prevalent sources of therapeutic Treg cells 

and the main methods for expanding them in vitro and in vivo.

The isolation of human natural Treg cells poses the following difficulties. Firstly, it is a rare 

population of cells. Secondly, as mentioned above, Treg cells cannot be unambiguously 

defined by cell surface markers. In clinical studies of Treg cells for GvHD, Treg cells are 

usually isolated by positive selection with CD25 antibody, with or without a prior negative 

selection stage with anti-CD8 and anti-CD19 antibodies. Although this method leads to 

significant enrichment of CD4+CD25+FOXP3+ cells (Di Ianni, et al 2009), the purity of 

FOXP3+ cells is not high enough [50–80%, (Martelli, et al 2014, Peters, et al 2008)], but can 

reach 87% after expansion (Brunstein, et al 2016). The problem of human Treg cell purity 

has been largely solved by sorting CD4+CD25hiCD127lo cells introduced by Bluestone and 

colleagues, which markedly improved the purity of human Treg cell isolation (in this case in 

type I DM patients) (Putnam, et al 2009).

As for the expansion of Treg cells, several studies demonstrated the utility of ex vivo 
expansion of human natural Treg cells to preserve their functional activity. Stimulation of 

Treg cells isolated from the PB with CD3 and CD28 monoclonal antibodies and high 

amounts of IL-2, led to a marked expansion of the cells and to the enhancement of their 

suppressor function (Godfrey, et al 2004). In other studies, Treg cells were expanded in vitro 
using artificial antigen presenting cells (aAPC) loaded with CD3 antibody with remarkable 

efficiency, while preserving the expression of FOXP3 and the suppressive functions of the 

cells. These cells have been shown to ameliorate GvHD in a xenogeneic mouse model 

(Hippen, et al 2011). Another proposed strategy to expand functionally-potent human Treg 

cells is based on the use of a TNFR2 agonist (Okubo, et al 2013).

Umbilical cord blood (UCB) is another potential source of therapeutic Treg cells. The purity 

of Treg cells isolated from UCB is higher compared to cells isolated from adult PB, 

probably because of the presence of activated effector CD4+ T cells with variable levels of 

CD25 expression in the adult PB as the result of their antigenic exposure (Godfrey, et al 
2004). However, the numbers of Treg cells present in UCB samples are limiting. UCB-

derived Treg cells can be expanded successfully using cell-based aAPCs preloaded with 

CD3 and CD28 antibodies (Godfrey, et al 2005). UCB-derived Treg cell expansion can be 

further improved upon incorporation of OX40L or 4–1BBL into aAPCs. This approach 

enabled increased survival of Treg cells in a xenogeneic GvHD model (Hippen, et al 2008).

Finally, Treg cells can be generated in vitro in the presence of rapamycin, which enhances 

TGF-β-dependent FOXP3 expression and limits activation and expansion of effector T cells 
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(Battaglia, et al 2005). In vivo administration of rapamycin to primates has also been shown 

to enhance the half-life and stability of adoptively transferred Treg cells (Singh, et al 2014). 

According to a recent study, Treg cells can be induced by stimulation of naïve CD4+ T cells 

in conditions of low tryptophan plus kynurenines. However, adoptive transfer of these Treg 

cells in a xenogeneic GvHD model did not prolong survival, despite transient clinical 

improvement (Hippen, et al 2017). Lastly, even freezing and thawing of murine and human 

Treg cells might impair their function by reducing the expression of CD62L, which, as 

mentioned above, contributes to the protective effect of Treg cells in vivo (Florek, et al 
2015).

Clinical studies of adoptively transferred Treg cells for GvHD prophylaxis 

and treatment

Several clinical studies examined the efficiency of Treg cells for GvHD (summarised in 

Table III); however, not one was a randomized control study. The first clinical study of 

infused Treg cells for GvHD prophylaxis was performed in adults transplanted with UCB-

derived cells (Brunstein, et al 2011). This phase I study evaluated the safety profile of UCB 

Treg cells in 23 patients with various haematological malignancies. Treg cells were isolated 

from a third-party CB product and then expanded ex vivo for ~18 days using IL-2 and CD3- 

and CD28-antibody-coated beads (median expansion of 211-fold). The Treg cell dose target 

was achieved in 74% of all cultures, and all Treg cell cultures were suppressive in vitro. The 

patients received a dose of 0.1–30 × 105 UCB Treg cells/kg one day after double UCB 

transplantation (a subset of patients received an additional dose at day +15). After infusion, 

UCB-derived Treg cells could be detected in the PB for 14 days. Compared to a historical 

control group, the incidence of grade 2–4 aGvHD was reduced (61% vs 43%). However, as 

expected from a phase I study, the evidence for the overall efficacy of this regimen was not 

unequivocal, especially because the incidence of GvHD has been reported to be lower in 

other studies (Komanduri and Champlin 2011). In addition, the ratio of Treg:Tconv cells in 

this study was 1:5, which is lower compared to the murine studies, and the use of a 

calcineurin inhibitor could have affected the function of the Treg cells. Subsequent analysis 

of the outcomes of this study revealed a significant cumulative incidence of opportunistic 

infections during the first 30 days compared with historical controls, which did not affect 

non-relapse mortality or progression-free survival (Brunstein, et al 2013). No evidence of 

faster immune reconstitution was observed in the Treg cell treatment group compared to 

historical controls, as evaluated by the fraction of immune cell subsets on day +180. In a 

subsequent study, better expansion of Treg cells was accomplished by stimulating them with 

K562 cells that were modified to express the Fc receptor CD64 and the co-stimulatory 

molecule CD86, enabling the administration of 3–100 × 106 UCB Treg cells/kg (Brunstein, 

et al 2016). The incidence of aGvHD in this study was 9% among the 11 patients treated 

with this regimen, compared to a rate of 45% in contemporaneous controls exposed to the 

same conditioning regimen. The incidence of cGvHD was also lower. There was no 

difference between the groups in haematopoietic cell recovery and chimerism, infections, 

non-relapse associated mortality, relapse and disease-free survival (Brunstein, et al 2016). 

Similar to the previous study, Treg cells were not detected in the PB beyond 14 days despite 

higher infusion doses.
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Another clinical study examined the effect of early infusion of Treg cells in a setup of 

haploidentical HSCT (Di Ianni, et al 2011). This study included 28 patients with high risk 

haematological malignancies who underwent haploidentical HSCT. In this transplant 

protocol, after conditioning, the patients received an infusion of freshly-isolated Treg cells. 

Four days later, the patients received donor CD34+ stem cells as well as donor Tconv cells. 

The Tconv:Treg ratio in this study was 1:2 in most patients (and 1:4 in the first group of four 

patients). The study examined the utility of early infusion of Treg cells, followed by infusion 

of Tconv cells, on GvHD and immunological reconstitution in these patients compared to 

historical controls. Secondary endpoints included the incidence and severity of infections 

and transplant-related mortality, in addition to examination of post-transplant leukaemia 

relapse. The patients did not receive any post-transplant immunosuppression. In this study, 

unlike the abovementioned studies with UCB-derived Treg cells, naturally occurring Treg 

cells were infused. These cells prevented GvHD in the absence of any post-transplant 

immunosuppression as only two patients developed aGvHD and no patient developed 

cGvHD. In addition, the immune recovery of the patients was rapid, with a fast increase in 

PB T cell subsets and broadening of their T-cell receptor repertoire. T cells specific for 

pathogens inducing opportunistic infections rebounded earlier with fewer episodes of CMV 

reactivation. Finally, the graft-versus-leukaemia effect seemed to persist, because only one 

relapse has occurred at a median follow-up of 12 months in a population of high-risk 

patients. A subsequent study by the same group examined whether adoptive transfer of Treg 

and Tconv cells prevented post-transplant leukaemia relapse in 43 patients with high-risk 

acute leukaemia who underwent haploidentical transplantation after conditioning with total 

body irradiation (Martelli, et al 2014). The graft included CD34+ cells, Treg cells (mean 2.5 

× 106 cells/kg) and Tconv cells (mean 1.1 × 106 cells/kg). The Treg cells were administrated 

at day −4 and the Tconv cells at day 0. The patients did not receive post-transplant 

immunosuppression and 15% of them developed ≥grade 2 aGvHD. At a median follow-up 

of 46 months, the relapse incidence was very low (0.05) and significantly better than historic 

controls. Thus, Treg cells can suppress GvHD without losing the effect on GvL. In this 

study, there was early immune reconstitution of CD4+ and CD8+ T cells specific for 

opportunistic pathogens compared with standard haploidentical transplantation.

It must be noted that the utility of Treg cell infusion for the treatment of GvHD rather than 

its prophylaxis has not been tested in large-scale studies. In one report, two patients with 

GvHD received a treatment with ex vivo expanded donor Treg cells (Trzonkowski, et al 
2009). One of these patients responded, and the dose of corticosteroids could be tapered. 

Repeated stimulation of Treg cells led to a significant decrease in their numbers. In another 

study, five patients with steroid-refractory cGvHD received expanded PB Treg cells that had 

been isolated from their donors (Theil, et al 2015). Following Treg cell infusion, there was 

symptom improvement in two patients, and four patients could reduce their 

immunosuppressive therapy. Two patients developed skin tumours, yet it was unclear 

whether it was related to the Treg cell therapy.

7. Indirect measures to activate Treg cells in GvHD patients

In addition to harnessing immunosuppressive Treg cells directly as a cell therapeutic agent, 

other, indirect interventions have been employed to activate and expand these cells for the 
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treatment of GvHD. Low-dose IL-2 is an example of such an established strategy. IL-2, 

originally named T cell growth factor or TCGF, is an essential cytokine required for the 

activation of T cells, particularly CD8+ T cells, and therefore can increase the GvL effect. 

However, low doses of IL-2 preferentially activate Treg cells due to their characteristically 

abundant expression of the high-affinity IL-2 receptor CD25. In a phase I study, patients 

with active cGvHD who were refractory to glucocorticoid treatment were treated daily with 

escalating doses of low-dose IL-2 (0.3×106, 1×106, or 3×106 iu per m2 of body-surface area) 

for 8 weeks (Koreth, et al 2011). The maximum tolerated dose of IL-2 was 1×106 iu/m2/day. 

GvHD was assessed at baseline, after eight weeks of IL-2 administration and four weeks 

after the discontinuation of IL-2. None of the patients had a relapse or progression of their 

cGvHD. Out of 23 patients, 12 patients developed partial response and 11 patients had a 

stable disease. The glucocorticoid dose was tapered by 60% and there were no significant 

adverse effects to the IL-2 treatment. Mechanistically, following low dose IL-2 treatment, 

the numbers of Treg cells increased along with a selective increase in the phosphorylation of 

the transcription factor STAT5, the main downstream target of IL-2 signalling, in Treg cells 

and a decrease in STAT5 phosphorylation in Tconv cells (Koreth, et al 2011, Matsuoka, et al 
2013). In a separate phase II study, 35 patients with steroid-refractory cGVHD received 

daily doses of IL-2 (1×106 iu/m2/day) for 12 weeks (Koreth, et al 2016). Sixty-one percent 

of the patients had a clinical response at multiple cGvHD sites, including the liver, skin, 

gastrointestinal tract and lungs. Following treatment with IL-2, Treg and natural killer (NK) 

cell counts rose significantly without significant changes in the number of conventional 

CD4+ or CD8+ cells. During two years of extended IL-2 therapy, both the clinical response 

and Treg cell immune response persisted (Koreth, et al 2016). An additional prospective 

phase II study demonstrated that ultra-low doses of IL-2 administered three times per week 

for 12 weeks can be effective for GvHD prophylaxis (Matsuoka, et al 2013). In the group of 

patients who received prophylactic treatment with IL-2, there was no 2–4 grade aGHVD 

compared to 12% at the control group. In addition, the prophylactic treatment with IL-2 was 

not associated with any significant toxicities. As expected, due to this treatment, the fraction 

of Treg cells increased from 4.8% to 11.1%. Another study tested the prophylactic utility of 

IL-2 in combination with sirolimus and tacrolimus. Although the addition of IL-2 increased 

the fraction of Treg cells at day 30, by day 90, Treg cells decreased and there was no 

reduction in acute or chronic GvHD (Betts, et al 2017). Therefore, the prophylactic regimen 

of IL-2 should be further explored in future studies. Overall, the beneficial effect of low dose 

IL-2 emphasizes the potential therapeutic role for Treg cells in the prevention and treatment 

of GvHD.

Additional immunomodulatory therapies have also been shown to affect Treg cell numbers 

in GvHD besides IL-2. One study suggested that in vivo expansion of Treg cells may occur 

upon administration of a novel liposomal formulation of a synthetic derivative of alpha-

galactosyl-ceramide, a surrogate ligand that binds to CD1d and activates NKT cells (Chen, 

et al 2017, Duramad, et al 2011). Patients received this drug on day 0 of allogeneic HSCT, 

and the incidence of GvHD was lower among patients who responded to this drug. It was 

suggested that this drug can synergize with sirolimus to promote Treg cell expansion. 

Another study of GvHD in non-human primates demonstrated the utility of the mTOR 

inhibitor sirolimus (rapamycin) and a blocking antibody against OX40L, which enabled 
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better control of GvHD and maintained Treg numbers (Tkachev, et al 2017). In addition, 

antibody-mediated blockade of the IL-6 receptor has been shown to ameliorate GvHD and to 

increase the absolute number of Treg cells (Chen, et al 2009). Hypomethylating agents 

(HMAs), including decitabine and azacitidine, have been shown in mouse models to induce 

FOXP3 expression in CD4+CD25- T cells in vitro and in vivo, which enabled better control 

of GvHD (Choi, et al 2010, Ehx, et al 2017). Administration of HMAs to human patients 

after transplantation was shown to expand Treg cells and was associated with a low risk of 

GvHD (Goodyear, et al 2012). However, the exact role of HMAs in prevention of GvHD 

should be better explored in further studies.

Finally, one of the revolutionary conditioning regimens for haploidentical transplants is in 
vivo T-cell depletion by post-transplant cyclophosphamide. This treatment has been shown 

to deplete CD8+ T cells but spare Treg cells, with the prophylactic efficacy of this treatment 

dependent on donor FOXP3+ Treg cells (Ganguly, et al 2014). In two GvHD mouse models 

with matched MHC, post-transplant cyclophosphamide treatment was associated with a 

relative preservation of donor Treg cells, and Treg-depleted allografts abrogated the GvHD-

prophylactic activity of post-transplant cyclophosphamide. The suggested mechanism of 

Treg cell resistance is their high expression level of aldehyde dehydrogenase (Kanakry, et al 
2013).

Summary and future directions

Since their discovery over two decades ago as a subset of CD25+CD4+ T cells, numerous 

studies have demonstrated the potent immunosuppressive activity of Treg cells. The 

preclinical and clinical research efforts, inspired by basic studies of Treg cell biology, have 

established their potential to ameliorate GvHD. This notion has received additional support 

from observations that other effective approaches for GvHD management enhance Treg cell 

activity, foremost, low-dose IL-2 treatment. However, Treg cell therapy for GvHD has not 

yet entered clinical practice due to several remaining obstacles including the high dose of 

Treg cells required to prevent GvHD and the difficulty of expanding in vitro generated Treg 

cells. It is likely that genetic engineering of Treg cells with an enhanced immunosuppressive 

capacity and an improved ability to expand and maintain their identity will enable their use 

as a potent mainstream therapeutic modality for GvHD prevention and treatment.
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Figure 1. A summary of the main available sources of Treg cells and of the methods for expading 
them in vitro and in vivo for GvHD treatment.
Ab’s: antibodies; APCs: antigen presenting cells; GvHD: graft-versus-host disease; IL-2: 

interleukin 2; Treg: T regulatory.

The figure was produced using Servier Medical Art (www.servier.com).
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Table I.

General properties and subpopulations of Treg cells

• 5–10% of CD4+ T cells

• Play a role in suppressing an immune response

• Express the transcription factor FOXP3 and the interleukin-2 receptor α-chain (IL-2Rα; IL2RA, CD25)

• Surface stain markers - CD4+CD25hiCD127lo

• Secrete the inhibitory cytokines IL-10 and TGF-β

• Subpopulations of Treg cells:

   ○ Thymic Treg cells - generated in the thymus.

   ○ Peripheral Treg cells - develop from conventional CD4+ cells in the periphery.

   ○ Induced Treg cells – induced in vitro from conventional CD4+ cells.

   ○ Tissue Treg cells – Treg cells that reside in non-lymphoid organs.

   ○ “naïve Treg cells” express CD44loCD62Lhi; “effector-like” Treg cells express CD44hiCD62Llo. CD62L is a homing molecule that 
enables migration of Treg cells into lymph nodes.

• Properties of Treg cells in different graft sources: Bone marrow Treg cells (compared to peripheral blood Treg cells) - high numbers, high 
expression of CD62L. Cord blood Treg cells - naïve phenotype, high expression of CD25.
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Table II.

Summary of main findings in pre-clinical studies of Treg cells for GvHD

Major finding Representative references

Depletion of Treg cells from the graft exacerbates GvHD, and supplementation 
of Treg cells ameliorates GvHD

Cohen et al (2002), Taylor et al (2002)

Treg cells inhibit the early expansion of allogeneic conventional T cells in 
lymphoid organs and GvHD target organs

Edinger et al (2003)

The best therapeutic effect of transplanted Treg cells for GvHD is achieved 
when Treg cells are infused in early phases of inflammation

Nguyen et al (2007)

The graft-versus-tumour effect is unimpeded upon infusion of Treg cells Edinger et al (2003), Jones et al (2003), Martelli et al 
(2014), Nguyen et al (2007), Trenado et al (2003)

Treg cells can ameliorate GvHD in haploidentical mouse models (in addition to 
fully allogeneic models)

Wysocki et al (2005), Zhang et al (2013)

Treg cells are beneficial in chronic GvHD mouse models (in addition to acute 
GvHD models)

Anderson et al (2004), Zhao et al (2008)

Treg cells have a therapeutic role in ameliorating GvHD in xenogeneic models Hippen et al (2008), Hippen et al (2011), Mutis et al (2006)

The expression of FOXP3 in induced Treg cells is unstable, which impairs their 
ability to protect against GvHD

Beres et al (2011), Koenecke et al (2009)

Rapamycin with or without low-dose IL-2 can improve the stability of FOXP3 
in induced Treg cells

Shin et al (2011), Zhang et al (2013)

GvHD: graft-versus-host disease; IL-2: interleukin 2; Treg: T regulatory.
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