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The Effector T Cells of Diabetic Subjects Are Resistant to
Regulation via CD4ⴙFOXP3ⴙ Regulatory T Cells1
Anya Schneider,* Mary Rieck,* Srinath Sanda,* Catherine Pihoker,† Carla Greenbaum,*
and Jane H. Buckner2*
Defects in immune regulation have been implicated in the pathogenesis of diabetes in mouse and in man. In vitro assays using
autologous regulatory (Treg) and responder effector (Teff) T cells have shown that suppression is impaired in diabetic subjects.
In this study, we addressed whether the source of this defect is intrinsic to the Treg or Teff compartment of diabetic subjects. We
first established that in type 1 diabetes (T1D) individuals, similar levels of impaired suppression were seen, irrespective of whether
natural (nTreg) or adaptive Treg (aTreg) were present. Then using aTreg, we examined the ability of T1D aTreg to suppress Teff
of healthy controls, as compared with the ability of control aTreg to suppress Teff of diabetic subjects. Taking this approach, we
found that the aTregs from T1D subjects function normally in the presence of control Teff, and that the T1D Teff were resistant
to suppression in the presence of control aTreg. This escape from regulation was seen with nTreg as well and was not transferred
to control Teff coincubated with T1D Teff. Thus, the “defective regulation” in T1D is predominantly due to the resistance of
responding T cells to Treg and is a characteristic intrinsic to the T1D Teff. This has implications with respect to pathogenic
mechanisms, which underlie the development of disease and the target of therapies for T1D. The Journal of Immunology, 2008,
181: 7350 –7355.

T

he loss of effective immune regulation results in autoimmunity. One mechanism by which regulation is maintained is via CD4⫹CD25⫹FOXP3⫹ regulatory T cells
3
(Treg). A complete lack of Treg results in autoimmunity including the development of diabetes in mice with a mutation in Foxp3
(scurfy) (2). Depletion of Treg accelerates disease, while adoptive
transfer of Treg prevents and cures disease in several murine models of diabetes (3). Yet, in several models of autoimmunity, including diabetes, inflammation and tissue destruction progress despite the presence of functional Treg at the site of inflammation,
indicating that a resistance to Treg by T effectors (Teff) may contribute to the development of autoimmunity. These models demonstrate the multiple mechanisms by which immune regulation
may be lost in type 1 diabetes (T1D); inadequate numbers of Treg,
Treg intrinsic functional defects, or the presence of pathogenic
Teff cells resistant to Treg.
In man, mutations of FOXP3 (IPEX) also result in the development of diabetes (4) However, evidence that a defect in either
the number or function of Tregs plays a role in the development of
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T1D is more limited due to an inability to examine the affected
tissue directly. To date, studies of Treg number in the peripheral
blood of T1D subjects have shown no differences when compared
with healthy subjects (5, 6), and functional assessment of Treg
isolated from the peripheral blood have given variable results (1,
5). However, several groups have reported that CD4⫹CD25⫹ Treg
directly isolated from patients with T1D demonstrate impaired
suppression of autologous responder cells (7, 8).
In humans, the CD4⫹CD25⫹FOXP3⫹ population may be thymically derived or be induced in the periphery. When cells are
directly isolated from the blood, the source of Treg is not known,
so defects in either thymically or peripherally derived Treg may
play a role in T1D. In this paper, we examine the function of
adaptive Treg (aTreg), generated in vitro from the CD4⫹CD25⫺
population of control and T1D subjects. We find that while aTreg
can be generated from individuals with T1D, they have impaired
ability to suppress autologous CD4⫹ responder T cells. Importantly, we find that this impaired suppression is predominantly due
to a resistance of Teff cells from individuals with diabetes to suppression by Treg and not to an intrinsic defect in Treg from diabetic patients. Further, the Teff of T1D subjects also display resistance to suppression by natural Treg (nTreg) directly isolated
from the blood. A defect intrinsic to an aTreg was identified in
only one of 13 individuals with T1D tested. These findings demonstrate that a loss of immune regulation can result from either
Treg or Teff intrinsic defects with the resistance of Teff to the
suppression of Treg being the dominant mechanism by which
pathogenic T cells escape regulation in T1D.

Materials and Methods
Subjects
Blood samples from 18 healthy donors, 13 T1D, and 3 type 2 diabetes
(T2D) subjects were obtained from participants in the Benaroya Research
Institute Immune Mediated Disease Registry and the Benaroya Research
Institute Juvenile Diabetes Research Foundation Center for Translational
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Research. The research protocols were approved by the Institutional Review Board at Benaroya Research Institute and Children’s Hospital and
Regional Medical Center.

Abs and reagents
Abs for flow cytometric analysis and sorting include: anti-CD4, CD25, and
CD69 from BD Pharmingen; and FOXP3 (clone: 206D) with its IgG1
control (clone: MOPC-21) purchased from Biolegend. Activation was performed with purified anti-CD3 (UCHT1) and anti-CD28 (CD28.2) from
BD Pharmingen; CFSE was purchased from Invitrogen. IL-2 was purchased from Chiron. Cells were cultured in RPMI 1640 HEPES media
containing 10% PHS, penicillin/streptomycin, and Na-pyruvate.

Induction and Isolation of CD4⫹CD25⫹FOXP3⫹ Treg
PBMC were isolated from human peripheral blood by centrifugation over
Ficoll-Hypaque gradients. CD4⫹ T cells were isolated via negative selection using the CD4 T cell isolation kit (Miltenyi Biotec). aTreg were induced from the CD4⫹CD25⫺ T cells obtained from total CD4⫹ T cells by
negative selection with Miltenyi Biotec CD25 microbeads. The positive
fraction of the CD4⫹ no-touch magnetic sort was used as APCs in the
induction culture. For induction of aTreg, CD4⫹CD25⫺ T cells were cultured in 24-well plates with irradiated autologous APC (5000 rad) at a ratio
of 1:2, activated with soluble anti-CD3 (5 g/ml), and maintained for 10
days in media. IL-2 was added on day 6 at a concentration of 200 IU/ml.
FACS analysis with anti-CD4, CD25, CD69, and FOXP3 was performed
on days 9 –10 to determine % of CD25⫹ cells that expressed FOXP3. Treg
from the induction culture or peripheral blood were isolated by cell sorting
of the 5% of T cells with the highest CD25 expression via a FACSVantage
(BD Biosciences) (Supplemental Fig. 1).4

CFSE-based polyclonal suppression assays
Autologous and/or allogeneic CD4⫹CD25⫺ T cells were thawed and
CFSE- labeled in a PBS staining solution of 0.8 M at 37°C. 1.5 ⫻ 105
CFSE-labeled responder cells were cultured in round-bottom 96-well
plates in duplicate. Varying concentrations of Treg were added as indicated
in figure legends, and cells were stimulated with Dynabeads (M-280 Tosylactivated; Dynal A.S.), which were preincubated with anti-CD3 (5 g/
ml) and anti-CD28 (5 g/ml) at a ratio of 2:1 (beads:responder cells).
Analysis was performed on day 4 by flow cytometry (FACSCalibur); cells
were analyzed for proliferation by CFSE dye dilution and expression of
CD4, CD25, and FOXP3. Data was acquired using CellQuest Pro software
(BD Biosciences) and analyzed by FlowJo (Tree Star). Percent suppression
was determined based on the percentage of dividing CFSE-labeled
CD4⫹CD25⫺ T cells in the coculture as compared with the percentage of
dividing CFSE-labeled CD4⫹CD25⫺ T cells when cultured alone.

Coculture suppression assays
A total of 0.75 ⫻ 105 CFSE-labeled responder cells were cocultured with
either autologous or allogeneic 0.75 ⫻ 105 unlabeled responder cells in
round-bottom 96-well plates in duplicate. Treg from peripheral blood were
isolated by cell sorting of the 5% of T cells with the highest CD25 expression via a FACSVantage. Isolated nTregs were cultured with Teff cocultures at a ratio of 1:4 and were activated with anti-CD3/CD28 coated
beads. The percentage of suppression was assessed on day 4 by flow cytometry, and analysis was performed as described in the CFSE-based polyclonal suppression assay.

Statistical analysis
Statistical analysis reported in this paper include the Student’s t test with
the Welch’s correction and an ANOVA using Tukey’s multiple comparison test and linear regression analysis. All curves were based on a nonlinear regression analysis performed with one site binding hyperbole with
95% confidence interval. These analyses were performed using PRISM
with the exception of linear regression, which was performed with “R”
(www.r-project.org).

Results
Suppression by aTregs is impaired in individuals with T1D
CD4⫹CD25⫹FOXP3⫹ aTreg can be induced from peripheral
blood CD4⫹CD25⫺ T cells under a variety of conditions in vitro.
We have established a method for the induction of aTreg in which
4
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the CD4⫹CD25⫺ population is activated with autologous irradiated APC and soluble anti-CD3 followed by addition of low dose
IL-2 on day 6. On day 10, a subset of CD4 T cells that express
FOXP3 and have suppressive function can be isolated by sorting
the CD25bright population. These cells, when coincubated with
CD4⫹CD25⫺ responder T cells, suppress proliferation in a contact-dependent, cytokine-independent manner (9, 10). To compare
the function of aTreg isolated from diabetic and healthy subjects
we used a CFSE based suppression assay to measure % inhibition
over a range of aTreg:Teff ratios. In these assays, we isolated
aTreg from the induction cultures on day 10 (see supplemental Fig.
1), then cocultured these cells with CFSE-labeled CD4⫹CD25⫺
responder cells activated with beads coated with ␣CD3/␣CD28.
Proliferation of the responder cells was measured by FACS on day
4, and the percent inhibition was calculated by dividing the % of
responder cells that have undergone cell division in the coculture
by the % that have undergone division when cultured in the absence of Treg (Fig. 1A). Using this approach, samples from healthy
subjects (n ⫽ 12) were tested over a range of aTreg:Teff ratios.
This assay yielded a consistent level of suppression among the
control subjects (Fig. 1B). This suppression was similar for autologous and allogeneic responder populations (data not shown), and
a similar level of suppression was seen when Treg directly isolated
from the blood (nTreg) were used in this assay (Fig. 1B). In all
cases, the suppression required cell contact (data not shown).
To assess the function of aTreg in the setting of T1D, we induced and isolated aTreg from CD4⫹CD25⫺ cells of T1D subjects
(n ⫽ 10). We then tested their ability to suppress autologous
CD4⫹CD25⫺ T cell proliferation in the CFSE assay described
above. At a ratio of 1:4, the aTreg from individuals with diabetes
were unable to suppress autologous Teff to the same degree as that
seen with control aTreg/Teff cocultures ( p ⬍ 0.0015) (Fig. 1C).
This decrease in suppression was significant over a range of Treg:
Teff ratios (Fig. 1D). These findings are consistent with studies
performed by others, in which case the ability of T1D
CD4⫹CD25bright Treg, directly isolated from the blood, to suppress proliferation of autologous Teff was measured by use of
[3H]thymidine (7, 8).
The difference in % suppression was not linked to an impairment in activation of T1D responder T cells, as the percent of cells
proliferating in response to bead stimulation alone was no different
for T1D and control subjects (mean ⫽ 41%, SD ⫽ 14.6; and
mean ⫽ 41%, SD ⫽ 3.5, respectively). Previous work from our
group has shown a correlation between suppressive function and
expression of FOXP3 among aTreg induced and isolated in this
manner (10). The percent of FOXP3⫹ cells among the
CD4⫹CD25bright cells used in these assays were no different between the control and T1D group and ranged from 54 to 85% in
both groups. To evaluate whether a decrease in the % FOXP3⫹
cells contributed to the diminished function of these aTreg, we
reanalyzed the suppression data with respect to the ratio of
FOXP3⫹ cells to Teff at the inception of culture and also demonstrated impaired inhibition (data not shown). Thus, the impaired
suppression of Teff cells by aTregs from individuals with T1D is
not due to a decrease in the total number of FOXP3⫹ cells in the
culture or the level of activation of the Teff population.
T1D aTreg suppress control Teff to the same degree as control
aTreg
The impaired suppression found in assays using both Teff and aTreg
of T1D subjects implies that there is either an intrinsic defect of the
aTregs or resistance of the Teff population to suppression. To test
these possibilities, we cocultured aTregs from individuals with T1D
with allogeneic Teff from healthy controls and evaluated the resulting
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FIGURE 1. aTreg suppression is impaired in subjects with T1D. A, CFSE-based analysis of suppression: FACS plots represent proliferating CFSElabeled Teff when cultured alone and activated with anti-CD3/anti-CD28-coated beads or coincubated with Treg. Histograms show the % of proliferating
Teff cultured alone or after gating out the Treg population. The % of inhibition was determined by comparing the % of proliferating Teff cultured alone
to the % of proliferating Teff in coculture. B, Suppression assays using aTreg of control subjects and either autologous or allogeneic Teff from controls show
a consistent level of suppression (f mean of data from all assays, best fit curve by nonlinear regression with 95% confidence intervals shown) (n ⫽ 12).
Suppression when nTreg are used (ⴱ). Representative of n ⫽ 4. C, Comparison of % inhibition at a ratio of 1:4 aTreg:Teff for control subjects (f) as
compared with T1D subjects (‚) (n ⫽ 10) (p ⫽ 0.0015). D, The % suppression displayed over a range of aTreg: Teff ratios demonstrates diminished
suppression among T1D subjects, data is presented as mean of all assays (⽧) and as a curve representing nonlinear regression and the 95% confidence
interval (black line n ⫽ 10). This is shown in comparison to the control curve in gray.

% inhibition. Over a range of Treg:Teff ratios, Teff cells from a T1D
subject were less well suppressed than those of a healthy control (Fig.
2A). This was seen using aTreg from 12 of 13 T1D subjects studied.

FIGURE 2. Impaired suppression is intrinsic to
the T1D Teff population. A, aTreg isolated from a
T1D subject were used in a suppression assay with
Teff from a control subject (dashed) or T1D subject
(solid). B, Combined data from multiple experiments demonstrates that the % inhibition seen when
T1D aTreg are coincubated with control Teff (䡺)
(n ⫽ 13). Best fit curve shown as a black line with
95% confidence interval and is no different from that
seen with control aTreg (gray line). C, Control
aTreg were coincubated with Teff from a control
subject (black) or Teff from three different T1D subjects (open symbols with dashed lines) (n ⫽ 3). D,
Combined data for suppression assays in which control aTreg are coincubated with T1D Teff (n ⫽ 11)
in black with 95% confidence intervals. This is
shown in comparison to the control curve in gray.

In contrast, there was no difference in the mean degree of suppression
using Teff cells from control subjects whether the source of aTregs
was from controls or T1D subjects (Fig. 2B).
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FIGURE 3. T1D Teff are resistant to nTreg. T1D Teff were coincubated
with nTreg directly isolated from the peripheral blood, % inhibition at a
Treg:Teff ratio of 1:1 is shown for nTreg with control Teff (F) (n ⫽ 1) and
nTreg with T1D Teff (‚) (n ⫽ 4) at a Treg:Teff ratio of 1:1, and nTreg with
control Teff (f) (n ⫽ 4) and nTreg with T1D Teff (ƒ) (n ⫽ 6) at a ratio
of 1:4. For comparison, the level of suppression at 1:4 seen with control
aTreg coincubated with the same T1D Teff cells shown in the nTreg assays
is shown (⽧).
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FIGURE 4. T2D Teff are not resistant to regulation. Control aTreg
were coincubated with allogeneic control Teff or T2D Teff and % inhibition was measured on day 4. Open symbols with dotted lines represent data from T2D Teff and solid symbols with solid lines are data
for control Teff. Unpaired t test with Welch’s correction showed no
statistically significant differences at a ratio of 1:4, 1:8, 1:16, or at 1:32.
At a ratio of 1:64 (p ⫽ 0.03).

These findings indicate that T1D Teff are refractory to regulation
irrespective of the source of CD4⫹CD25⫹FOXP3⫹ Treg.
T1D effector cells are resistant to regulation by aTreg
Based on the above findings, we next addressed whether the cause
of impaired suppression in these T1D subjects was due to the resistance of T1D effectors to the suppressive function of Treg. To
test this possibility, we cocultured aTreg derived from control subjects with Teff from either control or T1D subjects. Fig. 2C demonstrates the result from one assay in which aTreg from a control
subject was coincubated with allogeneic responder cells of either a
control or T1D subjects. This assay demonstrates that the Teff
population derived from the T1D subject was less well suppressed
as compared with the allogeneic control Teff. This finding was
consistently seen with all of the T1D Teff tested (n ⫽ 11) (Fig.
2D). Although suppression was enhanced at greater Treg:Teff ratios, suppression to the level of that seen with control subjects was
not achieved even at a ratio of 1:1 where the % inhibition reached
was 80 and 50% for control and T1D Teff, respectively. To further
examine the impact of the source of Treg and Teff on % inhibition,
a linear regression model was used. When log transformed data
was analyzed with respect to the source of Treg, no significant
relationship was observed. However, when the analysis was performed with respect to the source of Teff, it clearly demonstrates
that the source of Teff in this system is adequate to explain the
differences in % inhibition seen ( p ⬍ 0.0001). These findings indicate that the defect in suppression seen in assays using T1Dderived cells are due to the resistance of T1D Teff cells to suppression via aTreg.

The resistance of T1D Teff to suppression is intrinsic
to the T1D Teff cells
The identification of a defect in Teff of all of the T1D subjects
studied suggests a common mechanism at play. Metabolic factors
are one such factor which may influence the responsiveness of Teff
in individuals with T1D. The T1D subjects in our study were all
under relatively good glucose control with a mean blood glucose
of 191 mg/dl, SD ⫽ 18.2, at the time of the draw and a mean
HgA1C of 6.99, SD ⫽ 0.24. To test the impact of mild persistent
hyperglycemia on Teff response to Treg, we examined the response of CD4⫹CD25⫺ Teff cells isolated from individuals with
T2D. These subjects had poorer glucose control as compared with
the T1D subjects in this study (mean glucose⫽ 227 mg/dl, mean
HgA1C ⫽ 8.2), yet the Teff of these individuals suppressed well
and behaved in a similar manner to control Teff (Fig. 4). The
composition of the CD4⫹CD25⫺ population used as responders is
another potential reason for differences in the level of suppression
seen in these assays, as memory T cells are resistant to regulation
and are known to be increased in number in subjects with T1D.
However, we found no difference in the % of responder cells with

T1D Teff are resistant to nTreg isolated from healthy and T1D
subjects
To determine whether the resistance to suppression of T1D Teff
was unique to aTreg or extended to nTreg, we next tested the
ability of Treg directly isolated from control subjects (nTreg) to
suppress T1D Teff. The nTreg population was isolated from the
peripheral blood of control subjects based on level of expression of
CD25. We coincubated these cells with Teff from either control or
T1D subjects. At a Treg:Teff ratio of 1:4, we have found that nTreg
produce a similar level of suppression as aTreg when using control
Teff (Figs. 1B and 3). Yet when nTreg were coincubated with T1D
Teff, we found that % suppression was significantly lower when
compared with control Teff coincubated with the same nTreg ( p ⬍
0.001) (Fig. 3). This difference was also apparent when the studies
were performed at a Treg:Teff ratio of 1:1 and the results of these
assays were comparable to assays performed with aTreg (Fig. 3).

FIGURE 5. Impairment in T1D Teff suppression is not transferable to
control Teff. Suppression assays were performed with control nTreg, cocultured at a 1:4 ratio with Teff cells. A total of 50% of Teff cells were labeled
with CFSE, while the other Teff were unlabeled. Proliferation of CFSE
labeled cells was examined on day 4. Data is shown for cultures containing
control Teff only, or T1D Teff and Control Teff in coculture. The % inhibition is calculated based on proliferation of Teff in cultures without Treg.
The % inhibition of T1D Teff was consistently lower than control Teff from
the same culture p ⫽ 0.0034.
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FIGURE 6. Impaired aTreg and Teff function in one T1D subject. aTreg
were induced from a control and diabetic subject. Suppression assays were
performed with autologous Teff from the diabetic subject or allogeneic
control Teff. The % inhibition is shown for T1D Teff with autologous
aTreg (E) is severely impaired, suppression is decreased when control Teff
or aTreg are used in combination with T1D aTreg (䡺) or T1D Teff (ƒ)
respectively and does not attain the level seen with the control aTreg plus
control Teff (⽧). This represents one of two experiments.

the memory marker CD45RO⫹ between control and diabetic cells
used in this study (data not shown). Further, a contribution to this
resistance was not associated with the HLA class II type of the
subject as control subjects with the diabetes associated alleles
(DR0401 or 0301) demonstrated no resistance to regulation.
To further address the mechanisms by which Teff cells from
T1D subjects are less sensitive to suppression, Teff from control
subjects were coincubated with those of T1D subjects in the presence of control nTreg. In these assays, either the control or T1D
Teff were stained with CFSE so that % inhibition could be examined for each Teff type. Using this approach, we found that the %
inhibition of control Teff was not significantly altered in the presence of T1D Teff, whereas the T1D Teff cocultured with control
Teff continued to display a decrease in % inhibition similar to that
seen when T1D Teff alone are present in the coculture. The difference in the % inhibition between T1D and control Teff remains
significant in these cocultures ( p ⫽ 0.0034) (Fig. 5). These findings indicate that resistance of Teff from T1D subjects is due to a
characteristic intrinsic to the Teff and is not due to a soluble factor
secreted by Teff nor is it transferable by contact with other Teff or
Treg in culture with them.
Dual mechanisms of impaired regulation are at play in T1D
Although the majority of T1D subjects examined in this study
appear to show a defect in regulation at the level of the Teff, one
subject appeared to have a defect in both the aTreg and Teff populations. When this individual’s Teff cells were coincubated with
aTreg of a control subject, suppression was low (20% at a ratio of
1:4) indicating a resistance of the effectors to control aTreg. Further, when the aTreg of this subject were coincubated with control
Teff, a lack of suppression was also seen (Fig. 6). Together this
data indicates that a combined defect in Treg and Teff can be
present in T1D. This combined defect could result in a more profound impairment of suppressive function.

Discussion

Our findings confirm that T cell regulation via the FOXP3⫹ Treg
is impaired in individuals with T1D. However, the defects in regulation are not intrinsic to Tregs but are predominantly the result
of Teff, which are resistant to Treg suppression. These findings are
consistent with previous published reports of impaired function of
T1D nTreg (7, 8) but now localizes the defect in regulation to the
T effector population.
The importance of Treg number and function in the development of autoimmunity is well established, including studies in the
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NOD mouse, which demonstrate the ability to prevent and treat
disease by increasing Treg numbers or function (3, 11). However
several recent studies have demonstrated that pathogenic CD4 T
cells can become resistant to Treg in several murine models autoimmunity. In the DO11.10 RIP-mOVA model of diabetes, Clough
et al. (12) have shown that the pathogenic T cells found in the
draining lymph nodes of the pancreas develop a resistance to Treg
suppression. In the NOD mouse, there is increasing resistance of
Teff to Treg with age (13, 14), which appear to be due to intrinsic
characteristics of the NOD Teff (M. D’Alise et al., personal communication). Similar findings have been seen with other models of
chronic inflammation including murine models of Multiple Sclerosis (15) and bone marrow transplant (16). In each of these cases,
the resistance develops over time and in part offers an explanation
for the development of disease despite the presence of Treg in the
effected tissue. In addition studies of individuals with active systemic lupus erythematosus have demonstrated Teff resistance to
Treg, extending these findings to human disease (17).
The ability of Teff to evade suppression has been linked to the
stage of maturation and lineage commitment of the CD4 T cell
population. The mechanisms by which these Teff populations
evade suppression have been attributed to multiple factors including the production of cytokines that impede Treg function or
changes intrinsic to the Teff. Several different cytokines have been
shown to impair Treg function these include: TNF-␣ (15, 18), IL-4
(19), IL-6 (15), IL-12 (20), IL-7, IL-15 (21), and recently, IL-21
has been added to this list (12, 22). Cell intrinsic resistance to
suppression has been shown to be present in the CD4 memory and
Th17 T cells (16). The mechanisms by which these CD4 T cells
become resistant to Tregs is unknown, although one study demonstrated that the level of cell surface glycosylation can influence
the sensitivity of Teff to Treg (23). In the current study, we find
that T1D Teff do not transfer resistance to regulation to control
Teff in coculture. This indicates that the secretion of a soluble
factor is not a predominant mechanism by which suppression is
evaded but suggests that the mechanism is intrinsic to the T1D Teff
cells themselves.
In the case of T1D, the resistance of Teff to suppression may be
influenced by the factors noted above as well as metabolic and
underlying genetic factors. In our studies, the resistance to suppression could be seen in the CD4⫹CD25⫺ T cells taken from the
peripheral blood suggesting a global defect in suppression, not one
which was site specific, or Ag specific in nature. Chronic hyperglycemia is a characteristic of T1D that could contribute to the
difference between T1D and control subjects, yet when a population of T2D subjects was examined there was no evidence of a
defect in suppression, indicating that hyperglycemia is not a factor.
Expansion of the CD4⫹ memory T cells pool has been described
in T1D (24) and could contribute to the resistance of the Teff
population of T1D subjects; however, we found no significant difference in the relative % of CD4⫹CD45RO⫹ T cells among the
CD4⫹CD25⫺ Teff cells of the T1D and control samples used in
these assays. Among the genes known to be associated with T1D
that could also alter Teff responsiveness are the HLADRB1 0301
and 0401 alleles, and the PTPN22 1858T variant of the protein
tyrosine phosphatase Lyp. When we examined the function of Teff
derived from healthy subjects who carry these genes, we found no
resistance to suppression (unpublished data). Our current studies
suggest a global defect intrinsic to Teff, and although a unique
mechanism may be the source of the Teff resistance, multiple
mechanisms may be at play.
In one notable case, we demonstrate that a subject with severe
impairment of suppression has not only resistant Teff but also a
Treg intrinsic defect. The mechanism by which the Treg function
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was impaired in this subject is still unclear. Multiple mechanisms
by which Treg suppress Teff are possible, these include mechanisms that require cell-cell contact, secretion of inhibitory cytokines such as IL-35, IL-10, and TGF-␤, the production of other
soluble factors such as Ho-1 and adenosine, or by a more indirect
pathway via the APC. In the assay system used in this paper, no
APC are present in the suppression assay, and the suppression is
lost if a transwell is used. This implicates a cell-contact dependent
mechanism or one in which secretion of soluble factors is required
in close proximity to the Teff.
Taken together, these studies indicate that impaired regulation is
present in individuals with T1D. The mechanism by which regulation is impaired may differ among T1D subjects, but our findings
indicate that resistance of Teff to Treg may be the predominant
mechanism by which regulation is evaded in individuals with diabetes. Further studies will need to be done to identify at what
point Teff resistance develops and whether it precedes the onset of
disease. The mechanism by which this Teff intrinsic defect occurs
warrants further study. Although Treg are not defective in the majority of T1D subjects, these findings still support the logic of
devising immunotherapies which target Treg, as increased Treg
numbers both in mouse models and in our in vitro assay enhance
regulation. However, the prominence of resistant Teff in this process indicates that therapies that also target the Teff should be
pursued in T1D. Further, new approaches will require a better
understanding of the mechanisms by which T effectors attain resistance to Treg.
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