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Abstract
In a cross-sectional study, we assessed effects of calcineurin inhibitor (CNI) or rapamycin on T-
regulatory (Treg) cells from children with stable liver (n=53) or kidney (n=9) allografts several
years post-transplant. We analyzed Treg number, phenotype, suppressive function, and
methylation at the Treg-specific demethylation region (TSDR) using Tregs and peripheral blood
mononuclear cells. 48 patients received CNI (39 as monotherapy) and 12 patients received
rapamycin (9 as monotherapy). Treg numbers diminished over time on either regimen, but reached
significance only with CNI (r=−0.424, p=0.017). CNI levels inversely correlated with Treg
number (r=−0.371, p=0.026), and positively correlated with CD127+ expression by Tregs
(r=0.437, p=0.023). Patients with CNI levels >3.6 ng/ml had weaker Treg function than those with
levels <3.6 ng/ml, whereas rapamycin therapy positively correlated with Treg numbers (r=0.628,
p=0.029) and their expression of CTLA4 (r=0.726, p=0.041). Overall, CTLA4 expression, TSDR
demethylation and an absence of CD127 were important for Treg suppressive function. We
conclude that rapamycin has beneficial effects on Treg biology, whereas long-term and high dose
CNI use may impair Treg number, function and phenotype, potentially acting as a barrier to
attaining host hyporesponsiveness to an allograft.
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Introduction
Though essential for allograft survival in most recipients, immunosuppression can cause
opportunistic infections, malignancies, cardiovascular diseases and nephrotoxicity (1).
Despite excellent one-year graft survival rates, chronic allograft dysfunction persists,
perhaps reflecting, at least in part, impairment of FOXP3+ Tregs (2). CNI use, central to
most immunosuppressive regimens (3), blocks IL-2 production and may adversely affect
Tregs (4–6). Experimentally, rapamycin enhances de novo conversion, proliferation and
suppressive function of Tregs (5, 6), and may increase Treg numbers clinically (7, 8),
though ongoing deterioration in renal function occurred in some (9) but not other series (10).
Given this uncertainty, we developed a composite approach to simultaneously analyze 4 key
Treg parameters: numbers, phenotype, suppressive function under highly standardized
conditions, and FOXP3 epigenetic status. We show the clinical utility of our approach by
determining the effects of CNI or rapamycin therapy in pediatric transplant (Tx) recipients.

Materials and Methods
Healthy normal donors

Healthy volunteer donors (n=13, 7 males) provided peripheral blood mononuclear cells
(PBMC) via the University of Pennsylvania Human Immunology Core.

Patients
We studied 62 patients with stable liver (n=53) or kidney (n=9) allografts (Tables 1–2). CNI
(tacrolimus) blood levels were 0.7–7.4 ng/ml (mean=3.61±0.21 ng/ml), and rapamycin
levels were 1–9.1 ng/ml (mean=4.1±0.69 ng/ml). Patients were similarly distributed for
gender, race, time post-Tx, donor type (living or deceased), proportions receiving liver or
kidney allografts, primary diseases leading to Tx, and concomitant medications, but varied
in ages (CNI=13.1±0.5 and Rapa=10.7±0.9 years, p=0.03). As ages were not correlated with
data except time post-Tx (r=0.561, p<0.001), rapamycin and CNI groups were suitable for
comparisons.

Cellular studies
PBMC were isolated from 32 ml of blood and shipped overnight at 4 °C to Children's
Hospital of Philadelphia (CHOP). For standardization, CHOP samples were also kept at 4°C
overnight. Cell numbers and viability were determined, and Tregs isolated using magnetic
beads (CD4+CD25+Treg isolation kit, Miltenyi-Biotec). Aliquots of Tregs were
immediately tested in suppression assays (11), and frozen for flow cytometry and DNA
isolation. To ensure suppression assays reflected effects of immunosuppression on Tregs
and not conventional T effector (Teff) cells, the same healthy donor CFSE-labeled T-cells
were used in each assay. In preliminary studies, these cells were tested with different healthy
donor Tregs to ensure absence of variability due to HLA differences (data not shown). In
parallel, we assessed proliferation of patient CFSE-labeled CD3-stimulated CD4+CD25−
Teff cells. Aliquots of isolated Tregs were stained for CD4, CD25, CD127, CTLA4, FOXP3
(PCH101, eBioscience) and LIVE/DEAD Kit (Invitrogen). PBMC stimulated overnight with
CD3/CD28 mAb-coated beads 1:1 (Invitrogen) and 100 U/ml IL-2 (Roche) were stained
with CD4, CD25, CD31, CD39, Helios and FOXP3 mAbs. Staining for FOXP3, CTLA4 and
Helios were performed using FOXP3 Fix/Perm kit (eBioscience). FOXP3 TSDR-
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methylation assays used DNA from 60–100×103 Tregs or 100–400×103 PBMC (12). TSDR-
methylation was evaluated separately by gender, but also percentages of demethylated Tregs
in girls were calculated as %Tregs = (100-HM)*2, where HM is %TSDR-hypermethylation.

Statistical analysis
Data are shown as mean ± SEM. For continuous variables with normal distribution,
statistical significance was assessed by Student's t-test to compare two groups, and Pearson
correlation assay used to test correlations, unless specified. In some cases, we performed
partial correlation assays with FOXP3 as a controlling variable. For testing association in
two-way tables, we used chi-square or Fisher exact test. To test correlations between
variables not normally distributed, we used nonparametric Spearman test. To standardize
results of each suppression assay, we calculated area-under-curve as described (11) and
shown (Figure S1). A two-tailed p value of <0.05 was considered statistically significant.
For all calculations, all available data without any type of variable reductions (outliers etc.)
or adjustments were used.

Results
Transplant recipients often display altered Treg phenotypes

Patient Tregs isolated using CD4+CD25+ beads had consistently high purity (85.8±5%), but
unlike in healthy donors, had variable FOXP3+ expression (Figure S2A). To assess
contamination by CD4+CD25+CD127+ activated Teffs, we analyzed FOXP3+ and
FOXP3− cells within CD4+CD25+ isolates. About 50% of patients had FOXP3+ cells
mostly within the CD25highCD127− subset, and FOXP3− cells occurred mostly within the
CD25−/lowCD127+ subset (Figure S2B, patients a, d), like in normal donors. However,
additional unusual distributions of FOXP3+ and FOXP3− cells were noted, including
increases in CD25+CD127+FOXP3+ cells (Figure S2B, patients b & c) or
CD25+/highCD127−/lowFOXP3− cells (Figure S2B, patients e & f). In healthy donor Tregs,
CD25high or CD25highCD127− gating strategies showed 90–96% FOXP3+ cells, but in Tx
recipients with unusual FOXP3 distributions this led to only 75–80% FOXP3+ cells and
extremely low yields (20%–50% of yields with magnetic beads, data not shown). Given
limited blood volumes available from pediatric recipients, sorting of CD4+CD25+CD127−
cells would not generate enough Tregs for functional and methylation studies, and would
provide the same variable FOXP3 purity as achieved by bead isolation. We therefore stained
aliquots of each isolated Treg sample for CD4, CD25, FOXP3, CD127 and CTLA4, and
adjust our data according to FOXP3 expression, as shown in figure legends and text. Thus,
we calculated numbers of CD4+CD25+ isolated Tregs and CD4+CD25+FOXP3+ Tregs and
described both statistics. When two groups of Tregs were compared (e.g. CNI &
rapamycin), we tested differences in FOXP3 expression. We also evaluated correlations of
various markers in isolated Tregs with suppressive function, FOXP3 epigenetic status and
clinical variables, and used CD4+CD25+FOXP3+ phenotype to exclude effects of varying
FOXP3 expression. During Treg isolation, calculation of viable CD4+ cells and
CD4+CD25+ Tregs collected from 1×106 PBMC allowed us to evaluate Treg numbers with
regard to number of isolated CD4+CD25+ Tregs, number of CD4+CD25+FOXP3+ Tregs,
and number of TSDR-demethylated Tregs. TSDR-demethylation data was adjusted by
gender as described in Methods, but also analyzed separately for boys and girls.

Treg numbers decreased over time on CNI immunosuppression
The number of CD4+CD25+ Tregs and CD4+CD25+FOXP3+ Tregs inversely correlated
with years post-Tx (r=–0.357, p=0.02 for CD4+CD25+ Tregs in liver recipients). If
rapamycin-treated patients were excluded, this correlation increased (r=−0.424, p=0.017).
There was no significant correlation for rapamycin (r=−0.30, p=0.43), and no correlation
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between patient age and Treg number, indicating an effect specific for chronic CNI use.
These data suggest continuous CNI therapy is linked with progressive decline in Treg
numbers.

CNI but not rapamycin use led to impaired Treg numbers and function
CNI blood levels correlated inversely with the number of Tregs (and FOXP3+ Tregs) in
PBMC, numbers of Tregs in the CD4+ subset, and numbers of TSDR-demethylated Tregs in
PBMC (Table 3, Figure 1A). Additionally, CNI blood levels correlated with CD127+
expression in CD25+FOXP3+ Tregs (Figure 1A). Two groups of CNI patients defined by
mean trough CNI levels (< or > 3.6 ng/ml) had differential Treg function, being impaired in
those with CNI >3.6 ng/ml. This was observed in all patients, in liver recipients alone, and
in CNI monotherapy patients (Figure 1A and not shown), excluding possible additional
effects of combined therapies. CNI “low” and “high” groups had no differences in other
clinical and demographic data (not shown). In contrast to CNI, rapamycin blood levels were
positively correlated with Treg numbers (Figure 1B) and high CTLA4++ expression in
isolated Treg cells (Figure 1B). Patients on CNI had significantly higher CD127+ expression
in CD4+CD25+FOXP3+ Tregs (8.31±0.85% vs. 4.95±0.47%, p=0.046 for all patients,
7.80±0.74% vs. 4.99±0.54%, p=0.048 for patients on monotherapies). To test effects of high
CNI or rapamycin concentrations, we compared patients with CNI blood levels >3.6 ng/ml
with patients having rapamycin levels >4.1 ng/ml and found that CNI patients had fewer
Tregs in the CD4+ subset (1.73±0.15% in CNI vs. 2.96±0.71% in Rapamycin, p=0.011).
These data indicate differential effects of long-term CNI and rapamycin therapy on Treg
numbers and suppressive function.

Patients with histories of multiple rejections differ in CTLA4 and CD127 expression in
Tregs

In liver Tx patients, tacrolimus blood levels correlated with number of biopsy-proven acute
rejection episodes (r=0.327, p=0.042 for all CNI patients; r=0.351, p=0.033 for CNI
monotherapy, Spearman tests), but neither rapamycin blood level nor dosing had such
correlations. Given CNI-rejection data, we tested if patients with multiple rejections differed
from others in any Treg-associated markers. We found CNI patients with multiple rejections
(>=2) had more CD127 and tended to have less CTLA4 expression in Tregs compared with
0–1 rejections group (Figure 2A for all patients and not shown for liver recipients). The
number of acute rejections correlated with in vitro proliferative ability of patient
CD4+CD25− Teffs (r=0,798, p=0.03, Spearman), suggesting a persisting greater capacity
for T cell proliferation in patients with histories of multiple rejections.

CTLA4 and absence of CD127, but not FOXP3 expression are important for Tregs function
To assess whether CTLA4 expression is important for Treg suppression in Tx recipients, we
divided patients into 2 groups based upon mean value of CTLA4++ expression (< or > 9.5%
CTLA4++ Treg). Tregs in the group with higher CTLA4++ expression had better
suppression (Figure 2B), lower CD127 expression, and lower rates of Teff proliferation in
vitro (Figure 2C). The same differences were observed in CNI-treated patients, indicating
this was not due to rapamycin-CNI differences. The suppressive function of patient Tregs
correlated with CTLA4++ expression (r=0.462, p=0.03 for CD4+ responders). Low CD127
expression appeared important for Treg suppression since CD25+FOXP3+ Tregs with
higher CD127+ expression were weaker suppressors (Figure 2D), and this was true when
CNI-treated liver recipients were analyzed separately (not shown). While FOXP3 expression
correlated with CTLA4 and absence of CD127 expression in all tested groups (not shown),
and despite variable FOXP3+ expression in Tregs after isolation, FOXP3+ “high” and “low”
Tregs (< or > mean 47.7%) had comparable suppressive function (Fig. 2E), despite
differences in CTLA4 and CD127 expression (Figure 2F). FOXP3 expression in Tregs did
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not correlate with suppressive function for any group (all patients, liver grafts, boys, girls,
patients on CNI) (Figure S3 and not shown). Collectively, these data suggest that CD127−
and CTLA4+ are likely surrogate markers of functional FOXP3 protein and therefore should
be used in conjunction with FOXP3 evaluation by flow cytometry.

Analysis of FOXP3 TSDR-demethylation alone in PBMC is not an accurate guide to Treg
numbers

TSDR-demethylation within PBMC or tissue samples is reportedly the most specific
indicator of “true” Tregs (13). We therefore tested TSDR-demethylation correlated with the
number of Tregs post-Tx, calculated as CD4+CD25+ cells, CD4+CD25+FOXP3+ cells, or
as TSDR-demethylated CD4+CD25+ cells. We found no correlations between TSDR-
demethylation and any Treg isolate in all patients, or in boys or in girls (Table 4). Moreover,
TSDR-demethylation had no correlations with numbers of CD127− or CTLA4+ cells (not
shown). To assess whether TSDR-demethylation in PBMC was affected by T cell activation
conditions, we stimulated healthy donor PBMC with CD3/CD28 mAbs ± IL-2. CD4+ T
cells significantly upregulated FOXP3 expression and increased TSDR-demethylation, and
addition of IL-2 reduced TSDR-demethylation without affecting FOXP3 upregulation
(Figure 3). Importantly, CD4+FOXP3+ stimulated cells were CD25+ and CD127−, and had
comparable CD39, CD31 and Helios markers, despite different TSDR-demethylation. These
data indicate monitoring TSDR-demethylation levels in PBMC is not an accurate means to
assess Treg numbers post-Tx.

Epigenetic status of FOXP3 is an important Treg marker
Hypermethylated-TSDR FOXP3 in boys negatively correlated with CTLA4 and with
absence of CD127 expression in Tregs (Figure 4 A, B), i.e. with markers linked to enhanced
suppressive function. TSDR-hypermethylated Tregs tended to have impaired suppressive
function (Figure 4C), but the strongest correlation was found for FOXP3 protein (r=−0.732,
p=0.002). In contrast to induced Tregs (iTregs) and FOXP3+ activated T cells, natural Tregs
have TSDR-demethylation (13). To characterize patient Treg subsets, we calculated the ratio
of %FOXP3+ cells to %TSDR-demethylated cells within isolated suppressive CD4+CD25+
Tregs (FOXP3+/TSDR ratio). In only 12.5% cases was the ratio ≈1, and CNI and rapamycin
groups showed interesting differences. Most patients receiving CNI had FOXP3+/TSDR
ratios <1, while in rapamycin-treated patients had ratios typically >1 (p=0.033, Fisher's
exact test, Figure 4D). FOXP3+/TSDR ratios <1 indicate cells with TSDR-demethylation
but not FOXP3 expression, consistent with CNI inhibition of the transcription factor, nuclear
factor of activated T cells (NFAT) (14) (Figure 5), whereas FOXP3+/TSDR ratios >1
suggest FOXP3+ cells with methylated-TSDR, e.g. iTregs or activated Teffs. Since the
group with FOXP3+/TSDR ratios >1 had more suppressive Tregs and higher CTLA4
expression than the group with FOXP3+/TSDR ratios <1 (Figure S4), it is likely the
rapamycin group had increased numbers of FOXP3+ TSDR-methylated suppressive iTregs
rather than Teff cells (Figure 5). Collectively, these data suggest TSDR-demethylation is a
useful component of Treg (though not PBMC) characterization, and that the associated
FOXP3+/TSDR ratio provides insight into the relative contributions of Treg subsets in
clinical Tx recipients.

Discussion
While murine studies showed increased numbers of FOXP3+ Tregs in tolerant allograft
recipients (15), the induction of CD25 and FOXP3 upon activation of human Teffs (16) has
led to far more variable clinical data. Thus, Treg numbers were increased in tolerant
recipients (17, 18), whereas others found no differences (19, 20). Similarly, Treg numbers
were decreased in patients with acute (21–23) or chronic (19, 24) rejection in some Centers
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but not others (25, 26). Despite an ever-expanding list of markers to identify “true” human
Tregs, including CD127−/low and CD49d−, CD39+, CTLA4+, GARP+, CD120+, LAP+,
CD27+ etc., none have proven appropriately Treg-specific using patient samples. E.g. in
healthy donors CD4+CD25+CD127−/low gated cells are 90–95% FOXP3+, whereas that
subset is enriched by FOXP3− cells in rheumatoid arthritis (27). In Tx recipients, we found
variable FOXP3 expression by CD4+CD25+ cells, many FOXP3+ cells outside the CD25+
+CD127− gate, and contamination of that gate by FOXP3− cells. Others noted similar
findings in renal Tx patients (28). Thus, currently flow cytometry alone cannot satisfactorily
enumerate Treg cells post-Tx, and needs to be accompanied by assessment of Treg function.

Treg suppression assays have pitfalls, since isolation of CD4+CD25+ (or
CD4+CD25+CD127−) cells from Tx recipient results in a mix of suppressive (Tregs) and
activated (Teffs) cells. We are unaware of any literature assessing at least FOXP3 (or better,
FOXP3, CD127 and CTLA4) expression within isolated cells and corresponding assessment
of Treg suppressive function post-Tx. Moreover, using autologous cells as responders in
Treg assays can be misleading, since immunosuppression can decrease their proliferative
capacity. Such use may explain why Tregs from patients with rejection had impaired
suppressive function in some studies (24, 26) but not others (23, 29, 30). We therefore
assessed CD25, CD127, CTLA4 and FOXP3 expression in isolated Tregs, and performed
suppression assays under highly standardized conditions, with Tregs as the only variable.
We found Treg function post-Tx correlated with CTLA4 and absence of CD127 expression,
but not with FOXP3, despite its role as a master regulator in Tregs (2). This likely reflects
how activated human T cells can induce FOXP3 without acquiring a Treg phenotype or
suppressive function, and is consistent with dominance of CTLA4 over FOXP3 for human
Treg suppressive function (11).

The epigenetic status of FOXP3 is useful given the TSDR is demethylated only in natural
Tregs with stable FOXP3 expression (13). We found that TSDR-demethylation indeed
correlated with a “true” Treg CD127−CTLA4+ phenotype and suppressive function, and
described a new way to evaluate Treg subsets within isolated Tregs: the ratio of FOXP3+
cells to TSDR-demethylated cells (FOXP3/TSDR). Almost all Tregs from CNI patients had
FOXP3/TSDR ratios <1, showing FOXP3 gene transcription was impaired, while TSDR
FOXP3 demethylation was preserved. Conversely, most Tregs in rapamycin-treated patients
had FOXP3/TSDR ratios >1, showing the Treg subset was enriched by suppressive,
CTLA4+FOXP3+ cells with a methylated-TSDR, and indicative of iTregs (Figure 5).
Rapamycin stimulates iTreg conversion through inhibition of the mTOR pathway and
enhancing TGF-β production by conventional T cells (2).

Assessment of TSDR-demethylation is proposed as way to determine Treg numbers in
PBMC or tissue samples (13), but requires at least two conditions. First, every TDSR-
demethylated cell should have normal FOXP3 transcription and hence, FOXP3 protein.
Second, cells with methylated-TSDR should be unable to produce FOXP3 or, if FOXP3 is
produced, the cells should not be suppressive. This concept does not adequately account for
iTregs. TSDR-demethylation in PBMC post-Tx showed no correlations with Treg numbers,
calculated as CD4+CD25+, CD4+CD25+FOXP3+ or even as CD4+CD25+TSDR-
demethylated cells. We are unaware of any previous comparison of Treg numbers calculated
using TSDR-demethylation in PBMC and TSDR-demethylation in Tregs, and note that
TSDR-demethylation in PBMC varies with activation.

Our study design has several points to note. We excluded patients undergoing acute or
chronic rejection, or those graft failure, allowing us to evaluate Tregs from patients with
stable graft function and receiving conventional immunosuppression. However, patients
with impaired grafts may provide additional insights. Second, we excluded patients with
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conditions affecting Treg number or function, such as cancer, autoimmune diseases,
hepatitis and serious infections, to minimize their possibly confounding effects. Lastly, our
study had a small size and cross-sectional design. Despite this, our composite approach
showed that even in patients with stable graft function, CNI use may adversely affect Tregs.
Serial studies including collection of samples preand post-Tx will likely produce key
additional insights, and are now underway in our lab.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CNI calcineurin inhibitors

GFR glomerular filtration rate

NFAT nuclear factor of activated T cells

Rapa rapamycin

Teffs conventional CD4+CD25− T-effector cells

Tregs T-regulatory cells

TSDR Treg-specific demethylated region

Tx transplantation
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Figure 1. Effects of CNI and Rapamycin on Tregs
(A) Left column: CNI level in blood inversely correlates with CD4+CD25+Tregs number in
PBMC (36 patients) and positively correlates with CD127 expression in
CD4+CD25+FOXP3+ Tregs (27 patients). Right column: all patients (top) or liver graft
patients (bottom) were divided into 2 groups according to mean of CNI blood level, >3.6 ng/
ml and <3.6 ng/ml. Patients with higher CNI level showed impaired Treg ability to suppress
divisions of CD4+ or CD8+ healthy donor responder cells (20 patients). Suppression was
calculated as AUC (see Material and Methods and Figure S1). Compared groups had no
differences in FOXP3 expression. (B) Rapamycin therapy positively correlates with
CD4+CD25+ Treg number in PBMC (12 patients) and with CTLA4++ expression in Tregs
(8 patients). Partial correlation assay with FOXP3 as potential controlling variable showed
that rapamycin use still correlated with CTLA4++ expression in Tregs when effects of
FOXP3 were removed (r=0.866, p=0.012).
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Figure 2. Correlations of CTLA4, CD127 and FOXP3 with Treg suppression and clinical
variables
(A) 28 patients receiving CNI were divided into 2 groups: those with a history of multiple
rejections (≥2) and those with less than 2 acute rejection episodes. Patients who had
experienced multiple rejections had less CTLA4+ (p=0.07, not significant) and more CD127
in FOXP3+ Tregs. (B), (C) Patients were divided into 2 groups: with high CTLA++
expression in isolated Tregs (≥9.5%) and decreased CTLA4++ expression (<9.5%). Patients
with higher CTLA4++ expression have (B) stronger Treg suppressive function (p=0.038 for
CD4+ responders and not significant p=0.073 for CD8+ responders, 21 patients) and (C)
lower CD127+ expression in Tregs (37 patients) with lower ex vivo proliferative abilities of
patient CD4+CD25− responders (13 patients). (D) Patients with higher CD127+ expression
in CD4+CD25+FOXP3+Tregs (≥7.4%) have impaired suppressive function in comparison
with those who have less CD127 in Tregs (not significant p=0.066 for CD4+ responders and
p=0.0008 for CD8+ responders, 21 patients). Suppression of both CD4+ and CD8+
responders strongly correlated with each other in all tested groups (r=0.8, p<0.0001 for all
patients) and CD127+ expression in Tregs inversely correlated with CTLA4 expression in
all tested groups (r=−0.552, p<0.001 for CTLA4+, r=−0.381, p=0.019 for CTLA4++ for all
patients). (E) Patients with higher (≥47.7%) or lower FOXP3 expression in isolated Tregs
did not differ with regard to suppressive function (136 AUC vs. 165 AUC, p=0.55 for CD4+
responders, 58 AUC vs. 104 AUC for CD8+ responders, p=0.16, 21 patients), but (F)
differed in CD127 and CTLA4 expression, 37 patients.
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Figure 3. FOXP3 TSDR-demethylation in PBMC is sensitive to CD3/CD28 stimulation and/or
IL-2
Healthy donor PBMC were stimulated overnight with CD3/CD28 mAb-coated beads (1:1) ±
IL-2 (100 U/ml). Cells were split and stained for CD4, CD25 and FOXP3, or used to isolate
DNA and test TSDR-demethylation. (A) Compared with untreated controls, CD3/CD28
stimulation increased TSDR-demethylation in PBMC, from 5.3 to 19.7% without IL-2, and
to 10.2% with IL-2, p=0.0273, Kruskal-Wallis test. Dunn's multiple comparison post-test
showed that untreated control differed from CD3/28 stimulated PBMC, p<0.05. (B) In
parallel, CD3/CD28 stimulation led to FOXP3 upregulation from 7.2 to 20.8% (without
IL-2) and to 19.1% (with IL-2) in CD4+ cells. Experiment was set up in triplicate, TSDR
demethylation was tested separately for each of three wells, and flow cytometry was
performed using pooled samples.
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Figure 4. Role of TSDR-methylation in Tregs
(A) In boys, hypermethylation in TSDR correlates inversely with (A) CTLA4 expression
and (B) with absence of CD127 expression in isolated CD4+CD25+FOXP3+ Tregs (15
patients). The same (and also stronger) correlations were observed in boys receiving CNI
therapy: r=−0.647, p=0.032 for CD4+CD25+CTLA4+ Tregs and r=−0.838, p=0.001 for
CD25+FOXP3+CD127−Tregs (11 patients). (C) Tregs, hypermethylated in TSDR (≥30%
methylation adjusted to gender as HMgirls=100-((100-HM)*2) for girls where HM - % of
hypermethylated-TSDR) tend to have lower suppressive function than Tregs with <30%
methylation: 125 vs. 144 AUC, p=0.68 for CD4+ responders and 55 vs. 70, p=0.54 for
CD8+ responders (17 patients). (D) Ratio between FOXP3+ Tregs to TSDR-demethylated
Tregs in isolated suppressive CD4+CD25+ cells (FOXP3/TSDR) was calculated in boys in
CNI vs. rapamycin groups (15 patients). Most patients in CNI group have FOXP3/TSDR
ratios <1, while most patients in the rapamycin group have FOXP3/TSDR ratios >1. An
absolute percent of TSDR-demethylation in Tregs was similar in CNI and rapamycin groups
(not shown).
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Figure 5. Basis for different FOXP3/TSDR ratios in Tregs from CNI and Rapamycin groups
To initiate FOXP3 gene transcription, the FOXP3 promoter and at least 1 of 2 enhancer
elements must be activated. In natural Tregs, enhancer 2 (TSDR) is demethylated, resulting
in sustained FOXP3 expression. In peripherally induced Tregs, TGF-β sensitive enhancer is
activated, leading to transient FOXP3 expression. Top: in healthy donors, most Tregs are
natural thymic-derived cells expressing FOXP3 and demethylated at the TSDR. Middle:
CNI exposure disrupts NFAT signaling, leading to impaired FOXP3 promoter activation
(14) and, as a result, leads to an increased percent of TSDR-demethylated (in CNS2 region)
cells that are unable to activate FOXP3 transcription, within CD4+CD25+ Tregs. The
enhancer 1 region may also be sensitive to CNI, since TGF-β activated induction occurs
through the cooperation of NFAT and Smad3 and that can lead to further aggravation of
impaired FOXP3 expression in Tregs. Bottom: Activation of enhancer 1 through TGF-β-
dependent and TGF-β-independent pathways (the latter not shown in schematic) can be
disrupted by AKT-mTOR activity and inhibited by rapamycin, resulting in increased
numbers of FOXP3+ peripherally induced Tregs with TSDR-methylated FOXP3. Green
regions are active, yellow regions are partially inactive.

Akimova et al. Page 14

Am J Transplant. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Akimova et al. Page 15

Ta
bl

e 
1

C
lin

ic
al

 a
nd

 d
em

og
ra

ph
ic

 d
at

a 
of

 e
nr

ol
le

d 
pa

tie
nt

s

Si
te

a
St

ud
y 

ID
Se

x
A

ge
 y

rs
Y

rs
 p

os
t-

T
x

G
ra

ft
D

on
or

 t
yp

e
N

o.
 a

cu
te

 r
ej

ec
ti

on
s

Im
m

un
e 

su
pp

re
ss

io
n 

(I
S)

b
P

ri
m

ar
y 

di
se

as
e

C
H

O
P

01
-0

1L
M

6.
2

5.
3

liv
er

D
ec

ea
se

d
1

R
ap

a
B

ili
ar

y 
at

re
si

a

C
H

O
P

01
-0

2L
M

13
.3

1.
8

liv
er

D
ec

ea
se

d
0

C
N

I
B

ili
ar

y 
at

re
si

a

C
H

O
P

01
-0

3L
F

7.
5

6.
8

liv
er

L
iv

in
g

0
N

o 
IS

B
ili

ar
y 

at
re

si
a

C
H

O
P

01
-0

4L
F

15
.4

14
.3

liv
er

D
ec

ea
se

d
0

C
N

I
B

ili
ar

y 
at

re
si

a

C
H

O
P

01
-0

5L
F

17
.6

6.
3

liv
er

D
ec

ea
se

d
0

C
N

I
B

ili
ar

y 
at

re
si

a

C
H

O
P

01
-0

6L
F

11
.5

10
.9

liv
er

D
ec

ea
se

d
3

C
N

I
B

ili
ar

y 
at

re
si

a

C
H

O
P

01
-0

7L
M

9.
8

9.
5

liv
er

D
ec

ea
se

d
1

C
N

I
B

ili
ar

y 
at

re
si

a

C
H

O
P

01
-0

8L
M

6.
5

5.
8

liv
er

D
ec

ea
se

d
0

C
N

I
B

ili
ar

y 
at

re
si

a

C
H

O
P

01
-0

9L
F

10
.7

9.
8

liv
er

L
iv

in
g

0
R

ap
a

B
ili

ar
y 

at
re

si
a

C
H

O
P

01
-1

0L
F

9.
2

7.
0

liv
er

D
ec

ea
se

d
0

R
ap

a
B

ili
ar

y 
at

re
si

a

C
H

O
P

01
-1

2L
M

16
.9

12
.9

liv
er

D
ec

ea
se

d
1

C
N

I
In

de
te

rm
in

at
e

H
SC

02
-0

1L
F

15
.6

13
.6

liv
er

D
ec

ea
se

d
6

C
N

I
In

de
te

rm
in

at
e

H
SC

02
-0

2L
M

15
.8

10
.2

liv
er

D
ec

ea
se

d
4

C
N

I
T

yr
os

in
em

ia

H
SC

02
-0

3L
M

16
.3

8.
2

liv
er

D
ec

ea
se

d
1

C
N

I
U

re
a 

cy
cl

e 
di

so
rd

er

H
SC

02
-0

4L
F

12
.4

5.
1

liv
er

D
ec

ea
se

d
1

C
N

I
A

la
gi

lle
 s

yn
dr

om
e

H
SC

02
-0

5L
F

6.
2

6.
1

liv
er

L
iv

in
g

0
R

ap
a

H
ep

at
ob

la
st

om
a

H
SC

02
-0

6L
M

7.
3

5.
8

liv
er

L
iv

in
g

2
C

N
I

B
ili

ar
y 

at
re

si
a

H
SC

02
-0

7L
F

13
.0

12
.8

liv
er

D
ec

ea
se

d
0

C
N

I
B

ili
ar

y 
at

re
si

a

H
SC

02
-0

8L
F

17
.0

15
.9

liv
er

D
ec

ea
se

d
0

C
N

I
B

ili
ar

y 
at

re
si

a

H
SC

02
-0

9L
F

13
.4

11
.1

liv
er

D
ec

ea
se

d
0

C
N

I
B

ili
ar

y 
at

re
si

a

H
SC

02
-1

0L
M

8.
8

5.
9

liv
er

D
ec

ea
se

d
0

C
N

I
H

ep
at

ob
la

st
om

a

H
SC

02
-1

1L
M

10
.3

10
.0

liv
er

L
iv

in
g

0
R

ap
a

B
ile

 a
ci

d 
sy

nt
he

si
s 

de
fe

ct

H
SC

02
-1

2L
M

7.
1

4.
3

liv
er

D
ec

ea
se

d
3

R
ap

a
B

ili
ar

y 
at

re
si

a

H
SC

02
-1

3L
M

14
.5

8.
8

liv
er

D
ec

ea
se

d
0

C
N

I
B

ili
ar

y 
at

re
si

a

H
SC

02
-1

4L
F

14
.2

13
.0

liv
er

L
iv

in
g

2
C

N
I

In
de

te
rm

in
at

e

H
SC

02
-1

5L
F

16
.4

14
.8

liv
er

L
iv

in
g

0
C

N
I

B
ili

ar
y 

at
re

si
a

Am J Transplant. Author manuscript; available in PMC 2013 December 01.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Akimova et al. Page 16

Si
te

a
St

ud
y 

ID
Se

x
A

ge
 y

rs
Y

rs
 p

os
t-

T
x

G
ra

ft
D

on
or

 t
yp

e
N

o.
 a

cu
te

 r
ej

ec
ti

on
s

Im
m

un
e 

su
pp

re
ss

io
n 

(I
S)

b
P

ri
m

ar
y 

di
se

as
e

H
SC

02
-1

6L
M

10
.8

6.
1

liv
er

L
iv

in
g

0
C

N
I

U
re

a 
cy

cl
e 

di
so

rd
er

H
SC

02
-1

7L
F

10
.0

9.
2

liv
er

L
iv

in
g

0
C

N
I

B
ili

ar
y 

at
re

si
a

H
SC

02
-1

8L
M

16
.5

16
.2

liv
er

D
ec

ea
se

d
0

C
N

I(
C

s)
*

B
ili

ar
y 

at
re

si
a

H
SC

02
-1

9L
F

12
.3

10
.6

liv
er

L
iv

in
g

0
C

N
I

B
ili

ar
y 

at
re

si
a

C
C

H
M

C
03

-0
1L

M
12

.3
12

.0
liv

er
D

ec
ea

se
d

1
R

ap
a

B
ili

ar
y 

at
re

si
a

C
C

H
M

C
03

-0
2L

F
10

.2
10

.1
liv

er
D

ec
ea

se
d

0
C

N
I

H
em

an
gi

oe
nd

ot
he

lio
m

a

C
C

H
M

C
03

-0
3L

F
10

.5
9.

8
liv

er
L

iv
in

g
0

C
N

I
B

ili
ar

y 
at

re
si

a

C
C

H
M

C
03

-0
4L

M
13

.4
13

.2
liv

er
D

ec
ea

se
d

1
C

N
I

C
ry

pt
og

en
ic

 c
ir

rh
os

is

C
C

H
M

C
03

-0
5L

F
16

.2
14

.6
liv

er
L

iv
in

g
2

C
N

I
B

ili
ar

y 
at

re
si

a

C
C

H
M

C
03

-0
6L

F
15

.9
15

.1
liv

er
D

ec
ea

se
d

0
C

N
I(

C
s)

*
B

ili
ar

y 
at

re
si

a

C
C

H
M

C
03

-0
7L

F
8.

7
6.

3
liv

er
L

iv
in

g
1

C
N

I
B

ili
ar

y 
at

re
si

a

C
C

H
M

C
03

-0
8L

F
10

.6
4

liv
er

D
ec

ea
se

d
0

C
N

I
A

lp
ha

-1
-a

nt
itr

yp
si

n

C
C

H
M

C
03

-0
9L

M
12

.7
12

.1
liv

er
D

ec
ea

se
d

0
C

N
I

B
ili

ar
y 

at
re

si
a,

 H
ep

at
ob

la
st

om
a

C
C

H
M

C
03

-1
0L

M
9.

6
7.

1
liv

er
D

ec
ea

se
d

0
C

N
I

B
ili

ar
y 

at
re

si
a

C
C

H
M

C
03

-1
1L

F
13

.9
5

liv
er

D
ec

ea
se

d
1

C
N

I+
M

M
F/

M
PA

B
ili

ar
y 

at
re

si
a

C
C

H
M

C
03

-1
2L

M
15

.4
5.

8
liv

er
D

ec
ea

se
d

1
C

N
I+

M
M

F/
M

PA
O

th
er

 tu
m

or

C
C

H
M

C
03

-1
3L

F
9.

3
5.

9
liv

er
D

ec
ea

se
d

1
C

N
I

H
ep

at
ob

la
st

om
a

C
C

H
M

C
03

-1
4L

F
11

.3
10

.6
liv

er
D

ec
ea

se
d

0
C

N
I

B
ili

ar
y 

at
re

si
a

C
C

H
M

C
03

-1
5L

M
10

.8
7

liv
er

D
ec

ea
se

d
0

C
N

I
G

ly
co

ge
n 

st
or

ag
e 

di
se

as
e

C
C

H
M

C
03

-1
6L

M
17

.2
13

liv
er

D
ec

ea
se

d
4

C
N

I+
M

M
F/

M
PA

B
ili

ar
y 

at
re

si
a

C
C

H
M

C
03

-1
7L

M
9.

8
8

liv
er

D
ec

ea
se

d
0

R
ap

a
T

yr
os

in
em

ia

C
C

H
M

C
03

-1
8L

M
10

.7
10

liv
er

D
ec

ea
se

d
2

C
N

I
N

eo
na

ta
l h

ep
at

iti
s,

 M
D

R
 3

 (
PF

IC
) 

di
se

as
e

C
C

H
M

C
03

-1
9L

F
10

.0
9.

1
liv

er
D

ec
ea

se
d

0
C

N
I

B
ili

ar
y 

at
re

si
a

C
C

H
M

C
03

-2
0L

F
17

.8
16

.1
liv

er
D

ec
ea

se
d

0
R

ap
a+

P
A

ut
oi

m
m

un
e 

he
pa

tit
is

C
C

H
M

C
03

-2
1L

M
10

.9
7

liv
er

L
iv

in
g

0
R

ap
a

O
th

er
 tu

m
or

C
C

H
M

C
03

-2
2L

M
17

.0
15

.2
liv

er
D

ec
ea

se
d

1
N

o 
IS

A
la

gi
lle

 s
yn

dr
om

e

C
C

H
M

C
03

-2
5L

M
16

.5
13

.3
liv

er
D

ec
ea

se
d

1
C

N
I

H
ep

at
ob

la
st

om
a

C
H

O
P

01
-0

1K
M

13
.4

8.
2

ki
dn

ey
L

iv
in

g
0

R
ap

a+
P

C
or

tic
al

 n
ec

ro
si

s

C
H

O
P

01
-0

2K
F

6.
1

4.
2

ki
dn

ey
L

iv
in

g
0

C
N

I
C

on
ge

ni
ta

l n
ep

hr
ot

ic
 s

yn
dr

om
e

Am J Transplant. Author manuscript; available in PMC 2013 December 01.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Akimova et al. Page 17

Si
te

a
St

ud
y 

ID
Se

x
A

ge
 y

rs
Y

rs
 p

os
t-

T
x

G
ra

ft
D

on
or

 t
yp

e
N

o.
 a

cu
te

 r
ej

ec
ti

on
s

Im
m

un
e 

su
pp

re
ss

io
n 

(I
S)

b
P

ri
m

ar
y 

di
se

as
e

C
H

O
P

01
-0

3K
M

15
.9

6.
0

ki
dn

ey
D

ec
ea

se
d

0
C

N
I,

M
M

F/
M

PA
, P

Po
st

er
io

r 
ur

et
hr

al
 v

al
ve

s

C
H

O
P

01
-0

4K
F

17
.9

10
.3

ki
dn

ey
L

iv
in

g
0

C
N

I+
A

za
, P

In
te

rs
tit

ia
l n

ep
hr

iti
s

C
H

O
P

01
-0

5K
M

17
.3

6.
6

ki
dn

ey
L

iv
in

g
0

C
N

I+
A

za
, P

In
te

rs
tit

ia
l n

ep
hr

iti
s

C
H

O
P

01
-0

6K
M

13
.0

9.
8

ki
dn

ey
L

iv
in

g
0

C
N

I,
M

M
F/

M
PA

, P
In

te
rs

tit
ia

l n
ep

hr
iti

s

C
H

O
P

01
-0

7K
M

14
.8

5.
5

ki
dn

ey
L

iv
in

g
0

C
N

I+
A

za
, P

FS
G

S

C
C

H
M

C
03

-0
1K

F
10

.5
8.

8
ki

dn
ey

L
iv

in
g

0
R

ap
a+

M
M

F/
M

PA
C

on
ge

ni
ta

l n
ep

hr
ot

ic
 s

yn
dr

om
e

C
C

H
M

C
03

-0
2K

M
14

.2
3.

8
ki

dn
ey

L
iv

in
g

2
R

ap
a,

M
M

F/
M

PA
, P

M
ed

ul
la

ry
 c

ys
tic

 k
id

ne
y 

di
se

as
e

T
ot

al
:

N
 =

 6
2:

18
 C

H
O

P
19

 H
SC

25
 C

C
H

M
C

32 M 30 F

M
ea

n 
ag

e
12

.5
±

0.
4

Y
rs

 p
os

t-
T

x
9.

3±
0.

5
L

iv
er

 5
3

K
id

ne
y 

9
D

ec
ea

se
d 

40
L

iv
in

g 
22

39
 o

f 
62

w
ith

 n
o

A
R

39
 C

N
I 

m
on

ot
he

ra
py

 (
2 

cy
cl

os
po

ri
n,

 3
7 

ta
cr

ol
im

us
)

9 
R

ap
a 

m
on

ot
he

ra
py

8 
co

m
bi

ne
d 

th
er

ap
y 

w
ith

 C
N

I
4 

co
m

bi
ne

d 
th

er
ap

y 
w

ith
 R

ap
a

2 
no

 im
m

un
os

up
pr

es
si

on

a Si
te

s:
 C

C
H

M
C

, C
in

ci
nn

at
i C

hi
ld

re
n'

s 
H

os
pi

ta
l M

ed
ic

al
 C

en
te

r;
 C

H
O

P,
 C

hi
ld

re
n'

s 
H

os
pi

ta
l o

f 
Ph

ila
de

lp
hi

a;
 H

SC
, H

os
pi

ta
l f

or
 S

ic
k 

C
hi

ld
re

n.

b Im
m

un
os

up
pr

es
si

on
: A

za
, a

za
th

io
pr

in
e;

 C
N

I,
 c

al
ci

ne
ur

in
 in

hi
bi

to
rs

 w
he

n 
C

N
I(

C
s)

 is
 c

yc
lo

sp
or

in
, a

ll 
ot

he
r 

C
N

I 
pa

tie
nt

s 
re

ce
iv

ed
 ta

cr
ol

im
us

; P
, p

re
dn

is
on

e;
 R

ap
a,

 r
ap

am
yc

in
.

Am J Transplant. Author manuscript; available in PMC 2013 December 01.



$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text

Akimova et al. Page 18

Table 2

The enrolment criteria of current study

Inclusion criteria Exclusion criteria

- males and females 5–17 yrs

- ≥ 36 mths post-transplant

- weight >20 kg

- CNI or rapamycin therapy

- normal graft function as evidenced by:

a) AST or ALT < 1.5× ULN during last 6 mths

b) direct bilirubin, and either alkaline
phosphatase or GGT<1.5× ULN during last
6 mths

c) GFR ≥ 60 ml/min/1.73 m2 as calculated by
the Schwartz formula for kidney patients

- biopsy proven acute cellular rejection in previous 6
mths

- chronic rejection or humoral rejection

- any changes of immunosuppression in the past 6 mths

- hepatitis B, C or HIV

- another allograft

- any systemic illness requiring immunosuppressive
drugs

- active untreated bacterial or viral infection

- cancer

-
use of T-cell depleting drugs during previous 6 mths

*

- CNI and rapamycin therapy at the same time

*
No patient received intravenous immunoglobulin, rituximab or cytogam, or had undergone plasmapheresis.
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