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Abstract
It is widely believed that CD4+CD25+ regulatory T cells (Treg) are defective in type 1 diabetes (T1D)
and other autoimmune diseases. However, this conclusion is based on the suboptimal in vitro
suppression results from very small numbers of subjects. Furthermore, the cells responsible for the
suboptimal suppression have not been defined. Therefore, we carried out extensive in vitro
suppression assays using both autologous and heterologous donors of Tregs, effector T cells and
antigen-presenting cells (APC) from both T1D patients and normal controls. Our in vitro suppression
data indicated that a significantly higher proportion (40.0%) of T1D patients have “very low
suppression” activity (defined as < 25%) by autologous Treg compared to controls (6.3%) (p=0.002).
Meta-analysis of the published results confirmed this observation with 45.7% low suppressors in
T1D and 7.8% in controls (p = 0.00002). Interestingly, suppression assays using heterologous Tregs,
effector T cells and APC suggest that the source of APC is correlated with the suppression activity.
The frequencies of CD4+CD25+ and CD4+CD25hi T cells were found to increase with age in normal
controls but not in T1D patients, resulting in significantly higher frequencies of CD4+CD25+ (p =
0.001) and CD4+CD25hi (p = 0.009) T cells in young T1D subjects than age-matched controls but
slightly lower CD4+CD25+ (p = 0.003) and CD4+CD25hi (p = 0.08) T cells in old T1D subjects than
age-matched controls.

The immune system has evolved a number of mechanisms to control the balance between
immune self tolerance and immune responses against infectious agents. The central mechanism
of self tolerance, clonal deletion of auto-reactive T-cells in the thymus, is effective but
incomplete since a number of auto-reactive T cells can be found in the peripheral circulation
in healthy individuals [1] as well as in patients with autoimmune diseases [2–4]. It is believed
that multiple immune regulatory mechanisms, which keep self-reactive cells in check in healthy
individuals, may be defective in autoimmune patients. The CD4+CD25+ regulatory T cells
(Treg) play an important role in the regulation of peripheral self-reactive T cells. This
regulatory T-cell population was first identified in normal mice [5,6]. These cells are anergic
to antigen stimulation in vitro, and can suppress the response of co-cultured CD4+CD25− cells
in a cell contact-dependent manner [7]. Mice deficient in CD4+CD25+ Treg cells develop
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multi-organ autoimmune diseases, and adoptive transfer of CD4+CD25+ T-cells from normal
mice protect them against autoimmune diseases[8–10]. Human CD4+CD25+ Treg have in
vitro features similar to their murine counterparts, except that the CD4+CD25hi population
assembles the majority of suppressive cells [11–14].

Three recent studies examined the frequencies of CD4+CD25+ and CD4+CD25hi T cells in
T1D patients and controls [15–17] and none of these studies found a significant difference
between T1D and controls, although one study found an increasing trend with age in both
normal controls and T1D subjects [15]. These results suggest that there is no evidence for a
deficiency in the number of CD4+ Treg as defined by CD25. It is well established that CD25
is also expressed on activated T cells and it is not a perfect marker for Treg, especially in
autoimmune patients. A recent study attempted to examine the Treg frequencies using intra-
cellular staining of FOXP3 protein and found no difference between T1D and controls [18].
However, the anti-FOXP3 antibody used in this study was recently shown to stain non-
specifically [19].

Two reports [15,16] have documented significantly reduced in vitro suppression of T cell
proliferation by Treg from human T1D patients. However, the sample size for both studies is
very small and the results are contradicted by a third report [17]. Therefore, additional studies
are necessary to assess the suppression function of Treg in T1D patients. A second important
issue that has not been addressed concerns the cell population(s) responsible for the suboptimal
suppression observed in T1D and other autoimmune diseases. The in vitro suppression data
have been interpreted as reflecting a functional defect of Treg. However, there is no direct
evidence from human subjects for or against this interpretation. Recent studies in mouse models
including the NOD mouse [20–22] suggested that the suboptimal suppression may be due to
defects in APC or effector T cells. These data from animal models prompted us to examine the
respective contribution of the three cell populations (Treg, effector T cells and APC) to the
suppression activity in human subjects. Our results as well as a meta-analysis with published
data provide strong evidence for a defective suppression of T cell proliferation in a large
proportion of T1D patients. We also provide evidence that highlight an intrinsic defect in the
APC compartment in the suppression function of Treg.

RESEARCH DRSIGN AND METHODS
Subjects

Three groups of Caucasian subjects were recruited from the Augusta, GA area: T1D patients,
normal controls (NC) without family history of type 1 diabetes, and controls with a diabetic
first degree relative (FDR). Diagnosis of T1D was made using the criteria of the National
Diabetes Data Group. Healthy controls were subjects who had no autoimmune disorders and
were negative for the presence of T1D-associated autoantibodies. Demographic information
was presented in Table 1.

FACS analysis
Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll-Isopaque density gradient
centrifugation according to the manufacturer’s protocol (StemCell Technologies). For each
staining, 5×105 PBMC were resuspended in 100ul PBS buffer, stained with antibodies, FITC
anti-CD4 (clone RPA-T4, BD PharMingen), PE anti-CD25 (clone M-A251, BD PharMingen),
and then incubated on ice in the dark for 30 min. Background fluorescence was assessed using
appropriate isotype antibodies. Fluorescence was quantified using a FACS Calibur flow
cytometer (BD Biosciences). Cells were electronically gated on forward angle light scatter to
exclude contaminating erythrocytes and small debris and on 90° light scatter to exclude
granulocytes. Data were analyzed using Cell Quest.
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Cell Purification
Peripheral blood (~30ml) was collected in sodium-heparin vacutainer tubes (BD Biosciences).
An accessory cell population (>90% T-cell depleted) was isolated from PBMC of ~10ml blood
using a Pan T cell isolation kit (Miltenyi Biotech, Germany) with separation on the AutoMACS
sorter (Miltenyi). The CD4+ T-cell population was purified by negative selection using a
CD4+ T cells enrichment cocktail (StemCell, Canada) from ~20 ml blood. The CD4+ T cell
population (>90% purity) (Fig. 1a) then underwent a positive selection for CD4+CD25+ T cells
using CD25 microbeads (Miltenyi Biotech, Germany) with separation on AutoMACS. The
volume of CD25 microbeads was reduced to half based on manufacturer instructions yielding
CD4+CD25high T (Treg) cells (>90% pure) (Fig. 1b). The unlabeled CD4+CD25− population
(>85% purity) (Fig. 1c) was used as effector T cells (Teff) in both proliferation and suppression
assays.

Cell culture
Cells were cultured in RPMI 1640 medium (Cellgro, VA) with 10% FBS (Sigma, MO), 5mM
HEPES (Invitrogen, NY), penicillin (50ug/ml), streptomycin(50ug/ml), neomycin (100ug/ml)
(Cellgro VA), and 50uM 2-mercaptoethanol (Sigma, MO) in round bottom 96-well plates
(Costa, Cambridge, MA).

Proliferation and suppression assay
CD4+CD25− Teffs (5 × 103 cells/well) were co-cultured with CD4+CD25+ Treg cells with
different ratios (1:0, 1:1, 2:1 and 0:1) with a stimulus of 5 μg/ml soluble/plate-bound anti-CD3
(clone HIT3a) and 2.5 μg/ml soluble anti-CD28 (clone CD28.2; BD Pharmingen). Irradiated
(3,300 rad) T-cell-depleted accessory cells (5 × 104) were added to each well to a total volume
of 200 μl. All assays were done in triplicate for each sample. On day 5, 0.5 μCi 3H-thymidine
(Amersham Biosciences, Piscataway, NJ) was added for the final 16 h of culture to assess
proliferation. Percentage of suppression was calculated as [1 −(mean cpm Treg + Teff)/(mean
cpm Teff) × 100%].

Statistical analysis
The percentages of CD4+CD25+ and CD4+CD25hi T cells, proliferation and suppression data
were used as dependent variables in all analyses, and all were transformed using the log
transformation to stabilize the variances, and provide a better estimate of the relevant fold
changes. We used analyses of variance to test for differences in means in the four dependent
variables. First, we examined analyses of variance in which age was a continuous independent
variable, phenotype group (T1D, NC, and FDR) was a factor, and the interaction between
phenotype group and age was included. Since the interaction of phenotype group and age was
significant for percent CD4+CD25+ cells and percent CD4+CD25hi T cells, we included
phenotype group and age in the analysis. For proliferation and suppression, we only included
age as a covariate. We also noted what appeared to be an association between proliferation and
age in which the frequency of younger individuals with low proliferation was much higher
than the frequency of older individuals with low proliferation. We therefore decided to use
separate the subjects into two groups (age <14 and age ≥14), and used the Mann-Whitney U
test to compare the medians of these two groups.

RESULTS
CD4+CD25+ and CD4+CD25hi T cell frequencies

PBMCs were stained with antibodies against CD4 and CD25 to identify CD4+CD25−,
CD4+CD25+ and CD4+CD25hi T cells. CD4+CD25+ T cells were defined using isotype control
and CD4+CD25hi T cells were defined as CD4+ cells that have CD25 expression exceeding all
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CD4− cells (Fig. 1d). The percentages of CD4+CD25+ and CD4+CD25hi T cells among
CD4+ T cells were determined in 37 T1D patients, 20 normal controls and 14 FDR controls.
When all subjects were analyzed, no significant difference was found between the three groups
for the percentages of CD4+CD25+ or CD4+CD25hi T cells (Table 2). However, the frequencies
of CD4+CD25+ and CD4+CD25hi T cells T cells increased with age in both the NC and FDR
control groups (Fig. 2a). In contrast, the frequencies of CD4+CD25+ and CD4+CD25hi T cells
did not increase with age, but had a trend of decreasing, in T1D subjects (Fig. 2a). The
regression of the frequencies of CD4+CD25+ cells according to age was significantly different
in T1D patients versus controls (p = 0.0002 for CD4+CD25+ T cells and p =0.008 for
CD4+CD25hi T cells). Furthermore, the mean percentages of CD4+CD25+ cells evaluated at
the mean age were significantly different between T1D patients and the combined control group
(p = 0.0026), while the means for the two control groups did not differ between themselves (p
= 0.60). The difference in mean percentages of CD4+CD25hi cells evaluated at mean age
between the controls and the T1D subjects did not reach statistical significance (p = 0.08). To
further examine the age related differences between T1D and controls, we specifically
examined the frequencies of CD4+CD25+ or CD4+CD25hi T cells after dividing all subjects
into young versus older groups using puberty as a cutoff age (14 years). These analyses
confirmed the regression results that young T1D subjects had higher frequency of
CD4+CD25+ T cells than age-matched normal controls (p = 0.0011, Table 2 and Fig. 2) while
older T1D subjects had lower frequency of CD4+CD25+ T cells (p = 0.009). Similar
observation was made for CD4+CD25hi T cells (Table 2, Fig. 2).

Proliferation of CD4+CD25− T cells
The proliferation of CD25− naïve T cells was initially tested in 7 healthy control subjects with
two different stimulation conditions: 1) 5 μg/ml of soluble anti-CD3, 2.5 μg/ml of soluble anti-
CD28 plus 5×104 irradiated APCs, and, 2) identical to condition 1 except plate plate-bounded
anti-CD3 was used in the place of soluble anti-CD3. The first condition resulted in moderate
proliferation (mean cpm = 22,529 ± 11,168), while the second condition resulted in stronger
proliferation (mean cpm = 53,343 ± 15,377) (Fig. 3a). We then used the seven healthy controls
to test the ability of CD4+CD25+ T cells to suppress the proliferation of naïve T cells under
the two stimulation conditions (Fig. 3b). As expected, CD4+CD25+ T cells suppressed the
responder T cell proliferation under both conditions. The stronger stimulation with plate-bound
anti-CD3 resulted in weaker suppression compared to the weaker stimulation condition with
soluble anti-CD3 (p < 0.001). These results also indicated large variation among individuals
in terms of the proliferation of CD4+CD25− T cells. Based on these results, we decided to use
the moderate stimulation (with soluble anti-CD3/anti-CD28 plus APC) for the subsequent
proliferation studies.

The proliferation of CD4+CD25− T cells was examined in 41 T1D (20 with age <14ys; 21 with
age > 14ys), 40 normal controls (NC) (10 with age <14ys; 30 with age >14ys), and 6 FDR
control subjects (all with age < 14ys). The extent of T cell proliferation in these data showed
a large level of biological variation as proliferation ranged from almost none (CPM < 100) to
very high (cpm > 290,000). Based on an analysis of variance that included both phenotype
group (T1D, NC, or FDR) as a factor and age as a covariate, the T1D and control groups showed
no significant difference in mean proliferation (p = 0.76). However, the proliferation was
associated with age (p = 0.0013), when all subjects from the three phenotype groups were
analyzed together. To further examine the influence of age on T cell proliferation, we divided
all study subjects (T1D and both control groups) into young children versus adults based on
puberty age (14 years). As shown by Boxplots (Fig. 3c), the 25th percentile and 50th percentile
of proliferation were higher in the older subject group than younger subject group (p < 0.0001).
Interestingly, there was also higher frequency of subjects with very low proliferation
(<1,000cpm) in the T1D group (30%) than in the NC group (11%) (OR = 3.7, p < 0.03).
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Suboptimal suppression of T cell proliferation in T1D
The moderate stimulation (soluble anti-CD3/antiCD-28 plus APC) was used to examine the
suppression of CD4+CD25− T cell proliferation. We performed suppression assays with
different doses of CD4+CD25+ T cells. As expected, a dose-dependent suppression was
observed in all experiments (Fig. 3d). A total of 37 T1D subjects and 36 controls were examined
for their in vitro suppression activity with a 1:1 Treg:Teff ratio. A subset of the subjects from
both groups was excluded from data analysis because their proliferation without Treg was
below 1,000 cpm and the suppression function cannot be reliably measured. After this
exclusion, 32 NC subjects and 25 T1D patients could be used for data analysis. No significant
association was observed between suppression and age, disease duration or proliferation (data
not shown). As shown in Fig. 4, the suppression activity varied greatly among individuals from
both phenotype groups (range: 0 – 99%). The mean of suppression was slightly lower in T1D
(38.6%) compared to controls (47.5%), although the difference was not statistically significant
(p = 0.18). Examination of the data indicated a greater proportion of T1D patients with very
low suppression compared to controls. Therefore, we assessed the potential difference in the
frequency of subjects with low suppression activity (below 25% or the first quartile). Ten of
the 25 T1D subjects (40%) had very low suppression, while only 2 of the 32 control subjects
(6.3%) had very low suppression (Table 3 & Fig. 4). The frequency of subjects with very low
suppression was significantly higher in T1D subjects than normal controls (OR = 10, p < 0.002)
(Table 3).

Correlation between APC source and suppression activity
The suboptimal suppression observed in diabetic patients has conventionally been attributed
to defects in the Treg cells. However, this view has now been questioned by results obtained
in different mouse models. Therefore, we attempted to identify the cell populations responsible
for the suboptimal suppression function observed in human subjects. For this purpose, we
decided to compare the in vitro suppression ability by mixing Treg, Teff and APC from one
high suppressor (H) and one low suppressor (L) selected based on autologous suppression
results. Data showing in Fig. 5a suggest that APC from high suppressors can induce high
suppression activity of Treg cells from low suppressor and APC from low suppressors cannot
induce strong suppression activity with Treg cells from high suppressors. These experiments
indicate that the Treg from low suppressors may not defective but the APC from low
suppressors may be defective in activating Treg. To further substantiate the importance of APC
in the suppression function, we carried out suppression assays using Treg and Teff cells from
one common blood donor with high suppression function to test the function of APC from six
other individuals, three with high autologous suppression and three with very low autologous
suppression. As shown in the top panel of Fig. 5b, the autologous suppression activity was
significantly correlated with the heterologous suppression activity in these subjects with very
low or very high autologous suppression (R2 = 0.87, p < 0.01). We further tested six other
subjects who have moderate autologous suppression. The heterologous suppression activity
was also moderate in all six subjects with moderate autologous suppression (Fig. 5b, bottom
panel). When all twelve subjects are analyzed together, the autologous and heterologous
suppression activity (APC function) are significantly correlated (Fig. 5b bottom panel, R2 =
0.48, p < 0.05). These results highlight the critical importance of APC in the suppression
function; however, they do not exclude the possibility that Treg cells may be responsible for
the suppression defects observed in some other individuals.

DISCUSSION
In this study, we first examined the frequencies of peripheral CD4+CD25+/hi T cells in normal
controls, FDR and T1D patients. Consistent with the three previous studies, no significant
difference in the percentages of CD4+CD25+ or CD4+CD25hi T cells could be revealed
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between T1D and controls when all subjects are analyzed together. However, the data should
be examined with age as a co-factor because the frequencies of these cells increase with age
in healthy controls. After adjusting for age, the percentages of CD4+CD25+ and
CD4+CD25hi T cells in CD4+ T cells do differ significantly between T1D and controls. In
contrast to our expectation, the young (≤ 14 years) T1D subjects actually have higher
frequencies of CD4+CD25+ and CD4+CD25hi T cells compared to age-matched healthy
controls. Interestingly, the trend is reversed in subjects older than 14 years. Although our results
need to be confirmed in other populations, the overall evidence from this study and the three
other reports suggest that the frequencies of CD4+CD25+ and CD4+CD25hi T cells are not
deficient in T1D subjects in the main age group that T1D occurs.

It can be argued that CD25 is not a specific marker for Treg and the CD25+ T cells contain
activated effector T cells. This possibility needs to be further studied in the future using more
specific Treg markers. FOXP3 is considered as a specific Treg marker, at least in the mice.
FOXP3 protein levels were previously analyzed by using intra-cellular staining [18] and no
difference was found between T1D patients and controls. However, a recent report suggested
that the anti-FOXP3 antibody from the PCH101 clone used in the study by Brusko et al. [15],
stains non-specifically [19]. The impact of non-specific staining on the results is unknown. A
more specific FOXP3 antibody should be used to further examine this question. It has also
been reported that the CD127 is a useful marker in identifying CD4+CD25+ Treg in human
[23–25]. CD127 is particularly useful in separating CD25low T cells into a Treg subset
(CD4+CD25+CD127low) and an effector subset (CD4+CD25+CD127low)[25]. However,
almost all CD4+CD25hi T cells are CD127low [25]. In this study, CD127 was not used to select
Treg cells. Therefore, the results on the frequency of CD25+ cells should not be interpreted as
pure Treg cells. However, our CD4+CD25hi population based on our gating strategy should be
mostly Treg cells.

In vitro suppression assays have been extensively used to investigate the suppression function
of Treg cells in animal models and patients with autoimmune diseases. Two previous studies
with very small sample sizes (10 patients and 9 controls in one study, and 11 patients and 10
controls in the other study) indicated a defect in Treg suppression in T1D patients compared
to normal controls [15,16]. In a third study with slightly larger sample size (17 patients and 19
controls) [17], the mean suppression in T1D patients (64.7%) was also lower than in controls
(81.1%) when soluble anti-CD3 and anti-CD8 were used as stimulation, although the authors
concluded that there was no statistical significance. Similarly, the mean suppression is lower
in T1D patients (44.2%) than controls (58.5%) when T cells were stimulated with plate-bound
anti-CD3 at very low concentration. Despite the lack of statistical support, the study does not
provide evidence against a suppression deficiency associated with T1D patients and indeed is
consistent with the two previous reports. In this study we carried out in vitro suppression assays
using a modified immuno-magnetic method to obtain CD4+CD25hi cells. Consistent with
previous studies, we found that CD4+CD25hi cells are anergic to nonspecific antigen
stimulation and have a dose-dependent suppressive function [26,27]. The strength of stimulus
is a critical factor for the suppression assay, since over-stimulation can mask the suppressive
function of Treg [13,17]. Similar to previous findings, our study revealed a great deal of
individual variability in suppressive activity. Our study with a larger sample size suggests that
there are a significantly higher proportion of subjects with very low suppression activity in
T1D patients compared to healthy controls. Interestingly, the overall mean suppression (~40%)
in our study is similar to those observed in two of the three suppression studies [15,16], while
the mean suppression is higher in the third study [17]. Therefore, we attempted to carry out a
meta-analysis of the three studies with similar suppressive activity. We used the 25%
suppression as a cutoff to define low versus high suppression in all three studies. The
distribution of low and high suppressors in T1D and control subjects is summarized in Table
3. It is evident that there are a higher proportion of low suppressors in T1D subjects than control
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subjects in all three studies (OR = 8.8 –10.8). A meta-analysis of the three data sets using
Mantel-Haenszel method suggests that the difference between T1D and controls is highly
significant (OR = 9.67 with 95% confidence interval = 3.0 –31.4, p = 0.0001). In the pooled
data set, 46% of the T1D patients are deficient in suppression of T cell proliferation.

The in vitro suppression defect has generally been interpreted as reflecting a defect in Treg
function. Recent studies in the NOD mouse model of T1D indicated that the defect in T cell
suppression may not be due to defects in Treg. Therefore, the human suppression data cannot
be simply interpreted as functional defect of Treg without further evidence linking suppression
defect to Treg. We addressed this very important question by mixing the three cell components
from high and low suppressors in the suppression assay. In the subjects that we have studied,
the autologous suppression activity is significantly correlated with APC function measured by
heterologous suppression assay. Our studies highlight the importance of APC in the
suppression assay and suggest that the APC may be a major source for the in vitro suppression
defects observed in both T1D patients and controls. In light of the excellent correlation between
autologous suppression activity and APC function (heterologous suppression), our study is
consistent with the possibility that APC may be the main cell population responsible for the
suppression defect in diabetic patients. This hypothesis is consistent with the findings that the
defects in APC are responsible for the suboptimal suppression in diabetic NOD mice [20]. This
intriguing possibility should be further substantiated in large cohorts of study subjects and
multiple populations. The specific cells responsible for the suppression defect have not been
identified. In our recent studies (Chen et al. CLIM, in press), we have identified a deficiency
in plasmacytoid DC (pDC) inT1D patients. Since pDC are known to play critical role in
activating/converting Treg, it will be interesting to investigate whether the pDC deficiency
observed in T1D patients are responsible for the observed suppression defect.

Obviously, this study did not rule out the possibility that the suboptimal suppression activities
in some subjects (both T1D and controls) may be attributed to defects in Treg or Teff cells.
Based on recent data from the mouse models [21,22], the suboptimal suppression may be due
to the defects in effector T cells. Whether similar defects also exist in human T1D patients is
still an open question that needs to be addressed.
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Fig. 1.
Flow cytometry analyses of T cells. PBMCs were stained with PE-conjugated anti-CD25 and/
or FITC-conjugated anti-CD4. Cells were gated for lymphocytes via forward and side scatter
properties, and then examined for co-expression of CD25 and/or CD4. The CD4+CD25+ cells
were identified based on the isotype control, and CD4+CD25hi T cells were defined as the
population of CD4+ T cells whose CD25 expression exceed the level of CD25 positivity seen
in the CD4− T cells. (A) Purity of CD4+ T cells after purification, (B) purity of CD4+CD25+

T cells, (C) purity of CD4+CD25− T cells and (D) gating of CD4+CD25+ and CD4+CD25hi T
cells.
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Fig. 2.
Correlation between age and the frequencies of CD4+CD25+ and CD4+CD25hi T cells. (A)
Percentages of CD4+ T cells (log transformed data) are plotted against subject age. Linear
regression was used to analyze the data. FDR: ○ and  ; T1D: △ and  ; NC: □ and.  (B)
CD4+CD25+ and CD4+CD25hi T cell frequencies (%) in young subjects (≤14 years). (C)
CD4+CD25+ and CD4+CD25hi T cell frequencies (%) in old subjects (>14 years).
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Fig. 3.
Proliferation and suppression of CD4+ T cells. (A) Proliferation of CD4+CD25− T cells (5,000
cells per well) in seven healthy subjects (5 Asian and 2 Caucasians, 35–50 years old) under
two different stimulation conditions. Both conditions contain 2.5 μg/ml of soluble anti-CD28
and 5×104 irradiated APCs. The first condition (open bars) also contains 5 μg/ml of soluble
anti-CD3 and the second condition (solid bars) contains plate-bounded anti-CD3. (B)
Suppression of CD4+CD25− T cell proliferation (5,000 cells) by CD4+CD25+ T cells (5,000
cells) in seven healthy subjects with two different stimulation conditions as described for (A):
condition 1 (open bars) and condition 2 (solid bars). (C) Correlation between age and
proliferation of CD4+CD25− T cells analyzed by box plots. All study subjects were divided
into young subjects (<14 years) and older subjects (>14 years). Proliferation was shown as log
transformed cpm values. (D) Dose-dependent suppression by CD4+CD25+ Treg.
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Representative proliferation of CD4+CD25− T cells from two control subjects in the presence
of different ratios of CD4+CD25+ Treg.
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Fig. 4.
Suboptimal suppression in T1D subjects. The percentages of suppression of CD4+CD25−T
cell proliferation by CD4+CD25+ Treg (Treg: Teff ratio: 1:1) are shown for normal controls
(black circles) and T1D patients (black triangles). Horizontal solid lines represent means;
dashed line represents the cutoff (25%) for high versus low suppression; n is the number of
subjects in each group. The percentages of subjects below the cutoff are also shown for controls
(6.3%) and T1D subjects (40%).
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Fig. 5.
Dissection of cellular components critical for in vitro suppression activity. (a) Treg, APC and
responder T cells (Tresp) are purified from pairs of subjects, one with high suppression activity
(H) in autologous suppression assay and another with low (L) autologous suppression activity.
All six combinations of the three cellular components are tested for in vitro suppression activity.
These results indicate APC as the possible cell population related to suppression activity. (b)
Treg and Teff cells were purified from one blood donor with high autologous suppression
activity (T cell donor) and APC were purified from 12 different blood donors with different
autologous suppression activity. The function of APC was tested by heterologous suppression
assays that mix Treg and Teff cells from the common T cell donor and APC from each of the
12 APC donors. APC function (heterolgous suppression) is plotted against autologous
suppression activity.
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Table 1
Demographic and clinical information of study subjects

Subject categories NC FDR T1D

Treg frequency analysis

Total number 20 14 37

Age range 22.5 ± 17.5 (1–64) 22.2 ± 18.6 (3–51) 18.2 ± 12.8 (6–54)

Male/Female 10/10 8/6 15/18

Duration of TID(years) 8.1 ± 8.0 (1–29.6)

Proliferation assay

Total number 34 + 6* 6 41

Age range 28.9 ± 15.0 (5–61) 9 ± 1.9 (6–11) 22.2 ± 16.0 (3–55)

Male/Female 22/18 1/5 21/20

Duration of T1D(years) 10.9 ± 1.3 (3–37.4)

Suppression assay

Total number 26 + 6* 0 25

Age range 33 ± 13.4 (7–51) 26.3 ± 17.3 (3–55)

Male/Female 17/15 15/10

Duration of T1D(years) 13.4 ± 12.3 (1–37.4)

All subjects are Caucasian except 5 Asian and 1 African subjects labeled with *, which were excluded from statistical analysis
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Table 2
CD4+CD25+ and CD4+CD25hi T cell frequencies.

Cells NC FDR T1D P (NC vs T1D)

All subjects

CD4+CD25+ T cells 4.55 ± 2.79 6.61± 5.20 4.60 ± 2.37 ns

CD4+CD25hi T cells 1.26 ± 0.80 1.87 ± 1.30 1.21 ± 0.60 ns

<14 years

CD4+CD25+ T cells 2.67 ± 1.45 5.29 ± 5.03 5.21 ± 2.59 0.0011

CD4+CD25hi T cells 0.71 ± 0.22 1.54 ± 1.11 1.23 ± 0.62 0.009

>14 years

CD4+CD25+ T cells 6.03 ± 2.59 10.10 ± 3.06 3.72 ± 1.72 0.003

CD4+CD25hi T cells 1.78 ± 0.60 2.44 ± 1.33 1.18 ± 0.58 0.08

Clin Immunol. Author manuscript; available in PMC 2010 March 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Jin et al. Page 18
Ta

bl
e 

3
M

et
a 

an
al

ys
is

 o
f s

up
pr

es
si

on
 in

 T
1D

 a
nd

 c
on

tro
l s

ub
je

ct
s

St
ud

y
T

1D
C

on
tr

ol
s

O
R

P 
va

lu
e

L
ow

H
ig

h
L

ow
H

ig
h

Ji
n 

et
 a

l.
10

 (4
0.

0%
)

15
 (6

0.
0%

)
2 

(6
.3

%
)

30
 (9

3.
7%

)
10

.0
0.

00
2

Li
nd

le
y 

et
 a

l
6 

(5
4.

6%
)

5 
(4

5.
4%

)
1 

(1
0.

0%
)

9 
(9

0.
0%

)
10

.8
0.

03

B
ru

sk
o 

et
 a

l.
5 

(5
0.

0%
)

5 
(5

0.
0%

)
1 

(1
1.

1%
)

8 
(8

8.
9%

)
8.

0
0.

07

C
om

bi
ne

d
21

 (4
5.

7%
)

25
 (5

4.
3%

)
4 

(7
.8

%
)

47
 (9

2.
2%

)
9.

9
0.

00
00

2

Lo
w

 su
pp

re
ss

io
n 

is
 d

ef
in

ed
 a

s e
qu

al
 o

r l
es

s t
ha

n 
25

%
 su

pp
re

ss
io

n 
an

d 
H

ig
h 

su
pp

re
ss

io
n 

is
 d

ef
in

ed
 a

s g
re

at
er

 th
an

 2
5%

.

Clin Immunol. Author manuscript; available in PMC 2010 March 1.


