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                                                                                                                        Abstract

                                                            CD4 regulatory T cells play a critical role in establishment of immune tolerance and prevention of graft-versus-host disease after allogeneic hematopoietic stem cell transplantation. The recovery and maintenance of regulatory T cells is dependent on homeostatic factors including the generation of naïve regulatory T cells from hematopoietic precursor cells, the proliferation and expansion of mature regulatory T cells, and the survival of regulatory T cells in vivo. In this study, quantitation of mitochondrial apoptotic priming was used to compare susceptibility of regulatory T cells, conventional CD4 T cells and CD8 T cells to intrinsic pathway apoptosis in 57 patients after allogeneic hematopoietic stem cell transplantation and 25 healthy donors. In healthy donors, regulatory T cells are more susceptible to mitochondrial priming than conventional T cells. Mitochondrial priming is increased after hematopoietic stem cell transplantation in all T-cell subsets and particularly in patients with chronic graft-versus-host disease. Regulatory T cells express high levels of CD95 and are also more susceptible than conventional T cells to apoptosis through the extrinsic pathway. However, CD95 expression and extrinsic pathway apoptosis is not increased after hematopoietic stem cell transplantation. Decreased expression of BCL2 and increased expression of BIM, a mitochondrial cell death activator protein, in regulatory T cells contributes to increased mitochondrial priming in this T-cell subset but additional factors likely contribute to increased mitochondrial priming following hematopoietic stem cell transplantation.
                                                            
                                                            Introduction
After allogeneic hematopoietic stem cell transplantation (HSCT) donor T cells are the primary immune cells responsible for graft-versus-leukemia (GvL) effect and graft-versus-host disease (GvHD). T-cell engraftment and the establishment of normal T-cell homeostasis play an important role in the clinical outcome of patients undergoing transplantation.31 Within the T-cell compartment, both murine and clinical studies have shown that CD4 regulatory T cells (Treg) play a critical role in the establishment of immune tolerance and prevention of GvHD after allogeneic HSCT.134 The maintenance of adequate numbers of Treg is dependent on the balance of homeostatic factors that include the generation of mature Treg from hematopoietic precursor cells, the proliferation of mature Treg, and the survival of these cells in vivo.1514 These observations led us to undertake a more detailed analysis of apoptotic pathways in Treg and to examine the role that these pathways play in regulating Treg survival after allogeneic HSCT.
Two major pathways provide complementary mechanisms of apoptosis in T lymphocytes.16 The extrinsic pathway includes surface membrane molecules such as Fas/APO-1/CD95, which directly initiate death receptor-induced apoptosis. The intrinsic pathway involves a complex set of mitochondrial-associated death signaling molecules. Activation of the intrinsic pathway results in mitochondrial outer membrane permeabilization (MOMP) and release of cytochrome C.1917 This pathway is regulated by interactions between a large number of BCL2 family proteins, which include antiapoptotic, pro-apoptotic and effector proteins.20 Often, cell death initiated by the extrinsic pathway can recruit the intrinsic pathway via caspase 8-mediated cleavage and activation of the pro-apoptotic BCL2 family protein BIM.
Apoptosis via the intrinsic pathway is a threshold event, with some cells starting closer than others to the threshold. Proximity to the threshold of apoptosis, or apoptotic ‘priming’, can be measured using BH3 profiling.2421 In this assay, mitochondria are exposed to peptides derived from the BH3 (BCL-2 homology 3) domains of pro-death BCL2 family proteins. The level of MOMP induced by each peptide is then measured. In our experiments, MOMP is quantified by the fluorescent dye TMRE, which accumulates in intact mitochondria but is released following MOMP. BH3 profiling thus provides an assessment of mitochondrial susceptibility to MOMP that integrates the functional activity of all of the BCL2 family proteins that regulate the intrinsic apoptosis pathway in individual cells. This method also allows us to simultaneously compare BH3 peptide-induced mitochondrial membrane depolarization (‘priming’) in different T-cell subsets: Treg, conventional CD4 T cells (Tcon), and CD8 T cells. Using this approach, our analysis of apoptotic pathways demonstrated that Treg are more susceptible to apoptosis through both intrinsic and extrinsic pathways than other T-cell subsets. This difference is evident in healthy donors indicating that increased susceptibility to apoptosis is reflective of normal Treg homeostasis. In addition, mitochondrial apoptotic priming of Treg and other T-cell subsets is significantly increased after HSCT and particularly in patients with active chronic GvHD (cGvHD).
Methods
Patients and sample collection
Blood samples were obtained from 57 patients who had undergone allogeneic HSCT at the Dana-Farber Cancer Institute and Brigham and Women’s Hospital (Boston, MA, USA). Written informed consent was obtained from each patient before sample collection in accordance with the Declaration of Helsinki. This protocol has been reviewed and approved by the Institutional Review Board of the Dana-Farber Harvard Cancer Center. The severity of cGvHD was classified according to NIH criteria. We also studied 25 healthy individuals.
BH3 profiling assay
The BH3 profiling assay has been previously described.262521 PBMC were incubated with anti-CD4, anti-CD25, anti-CD127, and anti-CD8 at 4°C for 20 min. After incubation, 2.4 × 10 cells were washed and suspended in T-EB Buffer.26 Individual BH3 peptides were added to 50 μl of cell suspension for 30 min at room temperature. After incubation, 12.5 μl of 22.5 μM TMRE (Invitrogen) was added for 30 min.25 Cells were analyzed on the BD LSRFortessa using FACS Diva software (BD Biosciences). CD4 T-cell subsets were defined by surface antigen expression: Tcon as CD4CD25CD127 and Treg as CD4CD25CD127.2714 Examples of flow cytometry plots comparing mitochondrial depolarization in Treg, Tcon and CD8 T cells in response to BMF peptide are shown in the Online Supplementary Figure S1. Comparison of mitochondrial priming in Treg in a healthy donor and individual patients with no GvHD or chronic GvHD is shown in Online Supplementary Figure S2.
Other methods
Additional flow cytometry methods are detailed in the Online Supplementary Methods.
Statistical analysis
Descriptive statistics were used for patients’ and transplant-related characteristics. Fisher’s exact test or a χ test was used for group comparisons for categorical variables in Table 1. The Wilcoxon rank sum test was used for pair-wise group comparisons for continuous variables. The Wilcoxon signed test was used for the difference in BH3 profiling, expression levels of BCL2 family proteins and proliferation and functional assays between two T-cell subsets within the same blood samples. For the Wilcoxon signed test, percent change was calculated between two T-cell subsets and an absolute change of 10% or higher was regarded as significantly different between two T-cell subsets. Multivariate linear regression analysis was also performed to compare T-cell subsets after adjusting for age, steroid use, donor type, conditioning intensity, grade II-IV aGvHD, cGvHD status, and time from HSCT to sampling date using PROC MIXED in SAS 9.2 (SAS Institute Inc., Cary, NC, USA). For comparisons between cGvHD and no cGvHD within each T-cell subset, multivariable linear regression analysis was also performed adjusting the same factors as above in the model using PROC GLM in SAS 9.2. Distributions of individual variables as well as their residuals were investigated for normality prior to performing regression analysis. An appropriate transformation (e.g. loge, log10 or square root) was made wherever needed. All tests were two-sided at the significance level of 0.05, and multiple comparisons were not adjusted. Heatmaps were generated using dChip software.28
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Table 1.Patients’ characteristics.
Results
Patients’ clinical characteristics
Immunological studies were undertaken in blood samples obtained from 57 adult patients who had undergone allogeneic HSCT between February 2001 and July 2010 and who had survived more than two years (Table 1). Patients were divided into two groups: 27 patients with no cGvHD and 30 patients with cGvHD (15 had mild cGvHD, 8 moderate cGvHD, and 7 severe cGvHD). Blood samples were also obtained from 25 healthy adults (median age 52 years; range 21–71). Median age of patients was 57 years (range 25–73). As expected, the use of immune suppressive medications (prednisone, tacrolimus) was more frequent in the cGvHD group (P<0.001 and P=0.02). Prior history of acute GvHD (grade 2–4) was also more frequent in the cGvHD group (P=0.003). CD4 T-cell counts were relatively low in both groups and CD4 Treg counts were significantly decreased in the cGvHD group (P=0.02).
BH3 profiling of T-cell subsets in healthy donors
BH3 profiling was used to compare apoptotic priming of Treg, Tcon and CD8 T cells to intrinsic pathway apoptosis in 25 healthy donors (Figure 1A). Treg were more primed than Tcon when challenged with low concentration of BIM (BIM 0.03 μM), BAD, BAD+NOXA, PUMA and BMF peptides (P=0.003, P=0.002, P=0.0005, P<0.0001 and P=0.004, respectively). When compared with CD8 T cells, Treg were more primed when challenged with PUMA peptide (P=0.008). We also directly measured expression of anti-apoptotic (BCL2, BCLXL and MCL1) and pro-apoptotic (BIM) proteins in each T-cell subset by flow cytometry (Figure 1B). When compared to Tcon, Treg had lower levels of BCL2 (P<0.0001) and higher levels of BIM (P<0.0001). When compared to CD8 T cells, Treg had higher levels of BIM (P=0.002). These results are consistent with the results of BH3 profiling showing that Treg are more primed than Tcon and CD8 T cells.
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Figure 1.Apoptosis pathways in T-cell subsets: healthy donors (n=25). (A) BH3 profiling. Mitochondrial membrane depolarization after challenge with BH3 peptides in each T-cell subset (CD8: green; Tcon: blue; Treg: red). The percentage of depolarization was determined after challenge with individual peptides indicated on the x-axis. (B) Expression of anti-apoptotic proteins and BIM in each T-cell subset. Protein expression was measured by flow cytometry. Relative levels of BCL2, BCLXL, MCL1 and BIM were calculated by dividing the median MFI for each protein by the median MFI of isotype control IgG. (C) Expression of Fas (CD95) and cell proliferation (Ki67) in each T-cell subset were measured by flow cytometry. (D) Apoptosis induction after in vitro stimulation with staurosporine (STS) or anti-CD95 monoclonal antibody. Rapid induction of apoptosis in each T-cell subset was assessed by annexin V/7-AAD co-staining. CD95-induced apoptosis data were log-transformed. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
We also measured expression of CD95 as a marker of the death receptor pathway and Ki67 as a marker of proliferation in each T-cell subset (Figure 1C).29 Treg expressed higher levels of CD95 and Ki67 than Tcon and CD8 T cells (P<0.0001). These results suggest that Treg are more susceptible to apoptosis than Tcon and CD8 subsets through the extrinsic pathway and this was confirmed after in vitro stimulation with anti-CD95 antibody (P=0.0005 and P=0.006, respectively) (Figure 1D). Consistent with results of BH3 profiling and differential expression of apoptotic proteins, STS induced apoptosis of Treg was significantly greater than Tcon (P<0.0001) and CD8 T cells (P=0.003).
Characterization of apoptotic pathways of CD4 Treg after allogeneic HSCT
BH3 profiling was used to assess susceptibility of Treg, Tcon and CD8 T cells to intrinsic pathway apoptosis in 57 patients after allogeneic HSCT (Figure 2A). Treg were more primed than Tcon when their mitochondria were challenged with BIM 0.03, BAD, BAD+NOXA, PUMA and BMF peptides (P≤0.0001, except BMF P=0.016). Similarly, CD8 T cells were more primed than Tcon when challenged with BIM 0.03, BAD, BAD+NOXA, PUMA and BMF peptides. There were no significant differences in priming of Treg and CD8 T cells. When compared to Tcon, post-transplant Treg expressed lower levels of BCL2, higher levels of BCLXL and BIM (P<0.0001 for all comparisons) (Figure 2B). When compared to CD8 T cells, post-transplant Treg expressed higher levels of BIM (P<0.0001) but there was no difference in expression of BCLXL, BCL2 and MCL1. Post-transplant Treg also expressed higher levels of CD95 and Ki67 than Tcon and CD8 T cells (Figure 2C). Functional assays for apoptosis after in vitro stimulation with staurosporin (STS) and anti-CD95 antibody (Figure 2D) confirmed that Treg were more susceptible to apoptosis than Tcon through both intrinsic (STS) and extrinsic (CD95) pathways. CD8 T cells were also more susceptible to apoptosis through both pathways than Tcon, but the differences between CD8 T cells and Treg were relatively small. These differences were confirmed in multivariate linear regression analysis on CD95, Ki67, Apoptosis STS, and Apoptosis CD95 in which base-line characteristics, grade II-IV aGvHD, cGvHD, and time from HSCT to sample were adjusted for (Online Supplementary Table S1A). The observation that priming was increased in response to several BH3 peptides, suggests that changes in multiple pro- and anti-apoptotic proteins contribute to increased susceptibility to mitochondrial apoptosis after HSCT.
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Figure 2.Apoptosis pathways in T-cell subsets: post-HSCT patients (n=57). (A) BH3 profiling. Mitochondrial membrane depolarization after challenge with BH3 peptides in each T-cell subset (CD8: green; Tcon: blue; Treg: red). The percentage of depolarization was determined after challenge with individual peptides indicated on the x-axis. (A) Expression of anti-apoptotic proteins and BIM in each T-cell subset. Protein expression was measured by flow cytometry. Relative levels of BCL2, BCLXL, MCL1 and BIM were calculated by dividing the median MFI for each protein by the median MFI of isotype control IgG. (B) Expression of CD95 and Ki67 in each T-cell subset was measured by flow cytometry. (C) Apoptosis induction after in vitro stimulation with STS or anti-CD95 monoclonal antibody. Rapid induction of apoptosis in each T-cell subset was assessed by annexin V/7-AAD co-staining. CD95-induced apoptosis data were log-transformed. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
Increased priming associated with cGvHD
Figure 3 compares mitochondrial BH3 profiling for samples obtained from patients with and without cGvHD. Results in healthy donors are also included and each T-cell subset is shown individually. When compared with healthy donors, Treg were more primed in post-transplant samples. This difference was evident when Treg were challenged with BIM 0.03, BAD, NOXA, BAD+NOXA, PUMA, BMF and HRK peptides. However, in most samples, only Treg from patients with active cGvHD showed increased priming and Treg priming from patients without cGvHD (BIM 0.03, BAD+NOXA, PUMA and BMF) was similar to healthy donors. In general, BH3 profiling of Tcon and CD8 T cells showed very similar patterns of priming. Both Tcon and CD8 subsets were more primed after transplant, but in most samples this was only in patients with cGvHD. The only exception to this pattern was challenge with HRK peptide, where there was either no difference in priming (CD8 T cells) or post-transplant samples from patients without GvHD (Tcon and Treg) showed increased priming.
[image: ]

Figure 3.BH3 priming in T-cell subsets after allogeneic HSCT. Percentage of depolarization was determined in each T-cell subset after challenge with individual BH3 peptides. Within each T-cell subset, results are compared for healthy donors (HD), patients without cGvHD (no cGvHD) and patients with cGvHD. *, **, *** denote significant differences between HD and cGvHD and between HD and no cGvHD: *P<0.05; **P<0.01; ***P<0.001. +, ++ denote significant differences between cGvHD and no cGvHD: +P<0.05; ++P<0.01.
Levels of several key apoptotic proteins in Treg, Tcon and CD8 T cells are shown in Figure 4A. Remarkably, BCL2 expression was increased in each T-cell subset in patients with cGvHD. In contrast, expression of BCL2 in patients without GvHD was similar to the levels observed in each subset in healthy donors. Expression of BCLXL was reduced in all T-cell subsets in post-transplant samples compared to healthy donors. In contrast to BCL2 expression, BCLXL levels were similar in patients with and without cGvHD. Expression of MCL1 was similar in all T-cell subsets from post-transplant patients and healthy donors. Expression of BIM varied widely in Treg but was similar in post-transplant samples and healthy donors. Expression of BIM was reduced in Tcon and CD8 T cells in post-transplant samples compared to healthy donors.
[image: ]

Figure 4.Expression of apoptotic proteins in T-cell subsets in patients with and without cGvHD and healthy donors. (A) Expression of anti-apoptotic (BCL2, BCLXL, MCL1) and pro-apoptotic proteins (BIM) in each T-cell subset. (B) Expression of cell surface CD95 and Ki67 in each T-cell subset. (C) Apoptosis induction after in vitro stimulation with STS or anti-CD95 monoclonal antibody in each T-cell subset. CD95-induced apoptosis data were log-transformed. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
Expression of CD95 and Ki67 in T-cell subsets from patients with cGvHD is shown in Figure 4B. Treg expressed the highest levels of CD95, but expression was similar in patients with and without cGvHD and in healthy donors. CD95 expression in Tcon was increased in post-transplant samples compared with healthy donors. However, CD95 expression was similar in patients with and without cGvHD, and the overall level of increase was relatively small. CD95 expression in CD8 T cells was relatively low and was similar in patients with and without cGvHD and in healthy donors. Proliferation was highest in Treg, but expression of Ki67 was similar in patients with and without cGvHD and in healthy donors. Expression of Ki67 in Tcon and CD8 T cells was similar in patients with and without cGvHD and in healthy donors.
Although expression of BCL2 was increased in each T-cell subset in patients with cGvHD, this difference was not reflected in STS-induced apoptosis. As shown in Figure 4C, STS-induced apoptosis was increased in each T-cell subset in post-transplant samples. This finding is consistent with results of BH3 profiling except that differences in priming with HRK peptide was not reflected in increased apoptosis in samples from patients with cGvHD. CD95-induced apoptosis was highest in Treg; however, extrinsic pathway apoptosis was not significantly different in patients with cGvHD compared to patients without GvHD. For each cell type (CD8, Treg, Tcon), cGvHD versus no cGvHD was compared in multivariable analysis adjusting for age, grade 2–4 aGvHD (with/without), prednisone use (Yes/No), donor type, conditioning intensity, time from HSCT to sample date. The results of this analysis confirm the similarity between patients with and without cGvHD shown in Figure 4B and C (Online Supplementary Table S1B).
Apoptotic pathways of T-cell subsets associated with severity of cGvHD
Increased mitochondrial priming associated with cGvHD was further examined by dividing the cGvHD patients into 3 groups according to severity of clinical manifestations. As shown in Figure 5, increased priming was observed primarily in patients with mild and moderate cGvHD. For Treg, this was evident when cells were challenged with BIM 0.03, BAD+NOXA and BMF. In each of these assays, Treg priming was significantly increased in patients with mild or moderate cGvHD compared with patients with severe cGvHD. Similar patterns of priming were observed in Tcon and CD8 T cells, but differences in these subsets were less marked and only samples from patients with mild cGvHD were significantly more primed than patients with severe cGvHD. Measurement of apoptotic proteins showed that the differences in mitochondrial priming observed in patients with severe cGvHD appeared to reflect significantly increased expression of BCL2 in these samples (Figure 6A). This was evident in Treg, Tcon and CD8 T cells where BCL2 expression was similar in patients with mild or moderate cGvHD but was lower in these samples when compared to patients with severe cGvHD. Expression of BCLXL, MCL1 and BIM did not vary with severity of cGvHD in any T-cell subset. Similarly, expression of CD95 and Ki67 did not vary with severity of cGvHD (Figure 6B). Although BCL2 expression was relatively higher in T cells from patients with severe cGvHD, this was not reflected in lower levels of STS-induced apoptosis (Figure 6C).
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Figure 5.BH3 priming in T-cell subsets in patients with cGvHD. Percentage of depolarization was determined in each T-cell subset after challenge with individual BH3 peptides. Within each T-cell subset, results are compared for patients with mild, moderate or severe cGvHD. *, ** denote significant differences in BH3 priming between mild or moderate cGvHD and severe cGvHD. *P<0.05; **P<0.01. There were no significant differences between mild and moderate cGvHD.
[image: ]

Figure 6.Expression of apoptotic proteins in T-cell subsets in patients with severe, moderate or mild cGvHD. (A) Expression of anti-apoptotic (BCL2, BCLXL, MCL1) and pro-apoptotic proteins (BIM) in each T-cell subset. (B) Expression of cell surface CD95 and Ki67 in each T-cell subset. (C) Apoptosis induction after in vitro stimulation with STS or anti-CD95 monoclonal antibody in each T-cell subset. CD95-induced apoptosis data were log-transformed. *P<0.05; **P<0.01; ***P<0.001.
To examine whether decreased priming in patients with severe cGvHD might reflect more intensive immunosuppressive therapy (especially prednisone), we performed multivariable linear regression analysis (Online Supplementary Table S2). In this analysis, severe cGvHD is significantly associated with Treg expression of BCL2 and priming with BIM 0.03, BAD+NOXA and BMF at the significance level of <0.01, but was independent of prednisone use, aGvHD and time from transplant. To examine the influence of various factors on BH3 profiling, we also created two heatmaps based on unsupervised hierarchical clustering of Treg data: one for all patients (Online Supplementary Figure S3A) and the other for patients with cGvHD only (Online Supplementary Figure S3B). In these heatmaps, steroid use does not appear to be associated with severity of cGvHD or results of BH3 profiling.
Discussion
The establishment of immune tolerance after allogeneic HSCT is a complex process that involves various cell types including CD4 Treg, CD8 Treg, invariant NKT cells (iNKT), dendritic cell subsets and B-regulatory cells as well as soluble mediators and multiple immune pathways.4030129 CD4 Treg have clearly defined phenotypic and functional characteristics and, as a result, have been studied extensively in various models of GvHD as well as in clinical studies. The relative deficiency of CD4 Treg after allogeneic HSCT appears to contribute to both acute and cGvHD, and this observation has prompted efforts to understand the mechanisms responsible for the inadequate reconstitution of this important T-cell subset after transplant.45416 These studies have revealed that Treg reconstitution after allogeneic HSCT is primarily driven by proliferation and expansion of mature memory Treg. However, Treg proliferation is offset by relatively low levels of thymic Treg production. Increased susceptibility to apoptosis also appears to limit the ability to maintain adequate numbers of Treg.14 Previous studies have shown that Treg have relatively short telomeres and cGvHD is associated with low levels of telomerase activity.27 Treg also express high levels of CD95 (Fas) and are highly susceptible to Fas-mediated death through the extrinsic apoptosis pathway.46
To assess Treg susceptibility to apoptosis through the intrinsic pathway, we used BH3 profiling, a functional assay that measures mitochondrial membrane depolarization after challenge with a panel of BH3 peptides.2221 This approach provides an integrated functional assessment of individual cell susceptibility to intrinsic pathway apoptosis, termed ‘priming’. In previous studies, priming has been used to characterize tumor cell susceptibility to chemotherapeutic agents, and levels of priming have been correlated with clinical response after treatment.2422 We were able to examine priming of different T-cell subsets within the same blood samples and compare priming in patients after stem cell transplant with healthy controls. When comparing results in different T-cell subsets and patient populations, the absolute differences in priming were relatively small. To ensure that these differences were functionally significant, we required that the absolute difference in priming be at least 10%. Moreover, statistically significant differences in priming were further correlated with functional assays of apoptosis and quantitative assessment of several key pro- and anti-apoptotic proteins. The results of these comparisons provide several insights into mechanisms that modulate survival of Treg in vivo in normal individuals as well as in patients with cGvHD.
In healthy adults, both Treg and CD8 T cells are more primed than Tcon. It was not possible to quantify expression of all pro-apoptotic, anti-apoptotic and effector proteins in the BCL2 family, but the relatively low level of Tcon priming compared with other T-cell subsets appears to primarily reflect higher levels of BCL2 and lower levels of BIM in Tcon. Treg and CD8 had similar levels of priming and express similar levels of BCL2. Further analysis of BH3 profiling in a cross-sectional cohort of 57 patients who were more than two years after allogeneic HSCT revealed that, similar to healthy donors, both Treg and CD8 T cells are more primed than Tcon. In this setting, the relatively low level of priming in Tcon compared to Treg and CD8 T cells also appears to primarily reflect higher levels of BCL2 and lower levels of BIM in this subset. Notably, direct comparison of priming in patients’ samples and those of healthy donors revealed generally higher levels of priming in all T-cell subsets that was most evident in patients with cGvHD. Except when challenged with NOXA and HRK peptides, priming in patients without GvHD was similar to healthy donors. This increased level of priming associated with cGvHD could not be explained by differences in expression of any of the BCL2 family proteins we measured (BCL2, BCLXL, MCL1 and BIM). In fact, BCL2 levels were increased in all T-cell subsets in patients with cGvHD compared to patients without cGvHD and healthy donors. Since BH3 profiling provides an integrated functional assessment of mitochondrial susceptibility to membrane depolarization, these findings suggest that other cellular changes occur in all T cells in association with cGvHD to enhance susceptibility to intrinsic pathway apoptosis. These changes do not appear to be associated with administration of corticosteroids or other individual immune suppressive agents, but further studies are needed to define the mechanisms responsible for increased priming of all major T-cell subsets in patients with cGvHD.
We further examined whether the severity of cGvHD influenced the level of T-cell priming. This analysis revealed that priming was decreased in all T-cell subsets in patients with severe cGvHD. In this setting, decreased priming appeared to reflect higher levels of BCL2 in severe cGvHD, but there were no differences in STS-induced apoptosis associated with severity of cGvHD. Although STS induces mitochondrial membrane depolarization, this agent also has other direct effects on apoptotic signaling and measurements of STS-induced apoptosis do not only reflect the level of mitochondrial priming in individual cells. Similarly, expression of CD95 was not affected by the severity of cGvHD, which remained higher in Treg than other T-cell subsets.
Taken together, this analysis of apoptotic pathways in T cells after allogeneic HSCT demonstrates that CD4 Treg are significantly more primed than CD4 Tcon and this regulatory subset is highly susceptible to both intrinsic and extrinsic apoptosis pathways. The relative differences in mitochondrial priming between Treg and Tcon likely contribute to the relative deficiency of Treg after transplantation. These differences are also found in healthy donors suggesting that the high level of priming in Treg represents a normal response to high levels of homeostatic proliferation and constitutes a natural mechanism for limiting the overall number of Treg and preventing excessive levels of immune suppression. After allogeneic HSCT, priming is increased in patients with cGvHD, but this effect is observed in all T-cell subsets without a selective effect on Treg. This increased level of priming in cGvHD is reversed in the subset of patients with severe GvHD. These patients are typically lymphopenic and also receive more intensive immune suppressive therapy. In our cohort, total lymphocytes, total CD4, Tcon and Treg counts were all significantly reduced in patients with severe cGvHD compared with moderate or mild cGvHD (P<0.03) (data not shown). The non-selective lowering of the level of priming in this setting may, therefore, reflect the selective persistence of T cells that are less susceptible to apoptosis as well as the effects of immune suppressive therapeutic agents.
Our studies focused on CD4 Treg in patients with well established cGvHD who were at least 20 months post transplant (median 37 months). CD4 Treg also likely play a role in the modulation of acute GvHD and the establishment of immune tolerance at earlier times after transplant.4847441110 In the early post-transplant period, CD4 Treg are primarily derived from mature Treg present in the hematopoietic stem cell graft. In this setting, the number of CD4 Treg and the proliferative and functional capacity of Treg in the stem cell product likely play an important role in their ability to modulate acute GvHD.54 Previous studies examined in vitro-expanded umbilical cord blood-derived CD4 Treg and found that expression of various pro- and anti-apoptotic proteins was markedly influenced by the signaling pathways used to stimulate and facilitate in vitro expansion.49 Umbilical cord blood Treg are predominately naïve cells compared to adult Treg that are predominately memory cells. These differences affect the ability of these cells to undergo homeostatic expansion after transplantation as memory CD4 Treg have more limited proliferative capacity and are more susceptible to apoptosis.27 Activation of various signaling pathways also has distinct effects on CD4 Treg function in vivo. For example, activation of STAT3 limits the function and survival of CD4 Treg and limits the ability of these cells to control GVHD in vivo.5150 In contrast, activation of STAT5 in CD4 Treg promotes their survival and ability to suppress GVHD reactions.54517
The observation that CD4 Treg deficiency contributes to the development of GvHD has led to the development of therapeutic approaches to selectively expand these cells or enhance their function after transplant.575536 These approaches have included adoptive therapy with highly purified CD4 Treg expanded in vitro as well as daily administration of low-dose IL-2.6458 CD4 Treg that have undergone extensive proliferation in vitro may become more susceptible to apoptosis and this may limit the survival of these cells in vivo after adoptive transfer. Our analysis of patients receiving low-dose IL-2 revealed that this treatment had multiple effects on CD4 Treg, which included induction of proliferation, generation of new Treg, and increased expression of BCL2.65 In some experiments, we also compared priming in memory and naive CD4 Treg subsets. Memory Treg had higher levels of priming and lower levels of BCL2 than naive Treg (data not shown). CD4 memory Treg are the predominant regulatory population in patients with cGvHD and the high level of priming in this subset further contributes to the inability to maintain adequate numbers of CD4 Treg after transplant. Naïve Treg exhibit relatively low levels of priming and strategies to increase the generation of new CD4 Treg in the early post-transplant period may, therefore, be one approach to promote immune tolerance and prevent the development of cGvHD. As clinical efforts to enhance CD4 Treg recovery and function after allogeneic HSCT are evaluated in clinical trials, it will be important to consider the inherent susceptibility of CD4 Treg to intrinsic pathway apoptosis and to develop concurrent strategies to enhance the survival of these cells in vivo. Other immune regulatory cells including CD8 Treg, iNKT cells, dendritic cell subsets and B-regulatory cells also likely have distinct homeostatic characteristics and further studies to identify factors that promote the function and survival of these cells in vivo may lead to new approaches to sustain immune tolerance and prevent chronic GvHD.
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