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Introduction

Summary

Type I diabetes (T1D) is a T cell-mediated autoimmune disease characterized
by loss of tolerance to islet autoantigens, leading to the destruction of
insulin-producing beta cells. Peripheral tolerance to self is maintained in
health through several regulatory mechanisms, including a population of
CD4*CD25" naturally occurring regulatory T cells (T.es), defects in which
could contribute to loss of self-tolerance in patients with T1D. We have
reported previously that near to T1D onset, patients demonstrate a reduced
level of suppression by CD4*CD25" T\, of autologous CD4*CD25™ responder
cells. Here we demonstrate that this defective regulation is also present in
subjects with long-standing T1D (> 3 years duration; P = 0-009). No differ-
ence was observed in forkhead box P3 or CD127 expression on CD4*CD25" T
cells in patients with T1D that could account for this loss of suppression.
Cross-over co-culture assays demonstrate a relative resistance to CD4*CD25"
T,e-mediated suppression within the CD4*CD25" T cells in all patients tested
(P =0-002), while there appears to be heterogeneity in the functional ability of
CD4*CD25" T, from patients. In conclusion, this work demonstrates that
defective regulation is a feature of T1D regardless of disease duration and that
an impaired ability of responder T cells to be suppressed contributes to this
defect.
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lighted by animals and humans in which a natural or experi-
mentally induced deficit in this population exists. Deficiency

Type 1 diabetes (T1D) is a T cell-mediated disease in which
insulin-producing pancreatic islet beta cells are destroyed
selectively, resulting in a loss of insulin production and a
subsequent inability to control glucose metabolism [1].
Autoreactive T cells specific for the islet autoantigens insulin,
glutamic acid decarboxylase (GAD65) and the islet tyrosine
phosphatase IA-2 have been isolated from patients with T1D
[2-5]. Several lines of evidence suggest that these cells are
involved in disease pathogenesis, including their presence in
islet mononuclear infiltrates, delay of disease progression
using T cell-inhibiting agents [6,7] and their ability to transfer
disease in the murine model of T1D — the non-obese diabetic
(NOD) mouse [1].Islet autoreactive T cells are also present in
normal non-diabetogenic individuals [3] suggesting that, in
the normal immune system, mechanisms must operate in the
periphery to control the potentially autoreactive cells.

The CD4*CD25" regulatory T cell population is essential
for maintenance of peripheral tolerance in vivo, as high-

of this T regulatory (T.,) population leads to the develop-
ment of a range of autoimmune and lymphoproliferative
disorders, including autoimmune diabetes [8—10]. T, can
also control the responses of autoreactive T cells stimulated
in vitro [11-13]. Much evidence has been collected to suggest
an important role for regulatory T cells in the control of islet
autoreactivity in both mouse and man [14-17].

Initial studies in human patients with T1D suggested that
there may be a reduction in the frequency of CD4*CD25"
regulatory T cells in these individuals [15]. This finding was
not confirmed by subsequent studies, of which some used
more reliable markers to identify T\, and appropriately age-
matched control subjects [14,16,18,19]. However, careful
analysis of T, function indicated that the suppression of
autologous responder T cells by CD4*CD25" T\, from indi-
viduals with newly diagnosed T1D is reduced significantly
compared with that observed in age-matched control sub-
jects [16], findings confirmed subsequently by Brusko and
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colleagues [14]. In the present study, we examined whether
this defective regulation was due to changes in the immune
system close to diagnosis of T1D [20], or represented a stable
phenotype also present in individuals with long-standing
T1D (L/S T1D). In addition, we sought to determine
whether the reduced regulation that we observe in vitro
could be the result of a reduced frequency of ‘true’ regulatory
T cells within the CD25" population by using additional
markers of the regulatory T cell lineage, such as the tran-
scription factor forkhead box P3 (FoxP3) [8,10,21-23] and
the interleukin (IL)-7Ro. chain CD127 [24,25]. Finally, we
analysed the contribution that both responder and regula-
tory T cells make to defective in vitro regulation, using cross-
over co-culture assays.

Materials and methods

Subjects

Peripheral blood samples were obtained from 44 patients
with T1D and 44 control subjects. Long-standing disease was
defined as T1D duration of >3 years and control subjects
had no family history of T1D. Eleven patients with L/S T1D
[mean * standard deviation (s.d.), age 43-7 years * 14-4]
and 12 age- and human leucocyte antigen (HLA)-matched
healthy control subjects (age 37-2 years = 13-1) were
recruited for analysis of T, frequency and function.
Thirteen patients with L/S T1D (age 40-0 years * 8-6) and
13 age- and HLA-matched control subjects (age 34
years = 11-4) were recruited for analysis of FoxP3
expression. Fifteen patients with L/S TID (age 41-5
years * 14-4) were recruited for analysis of CD127 expres-
sion along with 15 age- and HLA-matched healthy control
subjects (age 34-8 years * 10-6). Finally, five patients with
L/S T1D (age 39-2 years * 8) were recruited for cross-over
functional analysis along with four control subjects (age 39-2
years = 13-4), forming five pairs of age- and HLA-matched
subjects (one healthy control subject was paired with two
patients with T1D). Peripheral blood mononuclear cells
(PBMC) were obtained by density gradient centrifugation
(Lymphoprep; Axis-Shield PoC AS, Oslo, Norway) as
described previously [26]. Ethical approval for this study was
granted by the local ethics committee and informed consent
obtained.

Monoclonal antibodies

Fluorescein isothiocyanate (FITC)-conjugated anti-CD3
(clone SK7), phycoerythrin (PE)-conjugated anti-CD127,
peridin-chlorophyll protein (PerCP)-conjugated anti-CD4
(clone L200) and allophycocyanin (APC)-labelled anti-CD4
(clone RPA-T4; BD Pharmingen, San Diego, CA, USA),
PE-labelled anti-CD25 (clone MEM-181), Alexa Fluor
647-conjugated anti-CD25 (clone MEM-181) antibodies
(Serotec, Oxford, UK), as well as APC-labelled anti-FoxP3

(clone PCH101; eBioscience, San Diego, CA, USA) and rel-
evant isotype- and fluorochrome-matched control anti-
bodies, were used in this study. Antibody concentrations
used were based on the manufacturers’ recommendations
and initial optimization studies.

Cell separation

CD4" T cells were isolated from PBMCs by negative selection
using magnetic cell sorting technology (MACS; Miltenyi
Biotec, Bisley, UK). CD25" T cells were isolated from the
CD4" populations obtained using 50% of the manufacturer’s
recommended concentration of anti-CD25 microbeads
(Miltenyi Biotec). The CD25™ T cell population was isolated
from the resulting CD25™ T cells using 150% of the
manufacturer’s recommended concentration of anti-CD25
microbeads. T cell depleted accessory cells were isolated from
PBMC by negative selection using anti-CD3 microbeads
(Miltenyi Biotec) and then irradiated at 3000 rad. The purity
of all cell populations isolated was determined by flow
cytometry using anti-CD3, anti-CD4 and anti-CD25 anti-
bodies as described below and was routinely > 90%.

Cell stimulation and suppression assays

Cell stimulation and suppression assays were performed by
culturing CD4*CD25™ (5 X 10%/well) with CD4*CD25" T
cells at various ratios (0:1, 1:0 and 1:1) in the presence of
5% 10* irradiated CD3 depleted accessory cells. Cells were
stimulated using plate-bound anti-CD3 (clone UCHTI)
and soluble anti-CD28 (clone CD28-2) antibodies (BD
Pharmingen). Briefly, plates were incubated with 50 ul/well
phosphate-buffered saline (PBS) that contained 1 pg/ml
anti-CD3 antibody for 4 h at 37°C and then washed twice in
PBS. Cells were cultured in RPMI-1640 Glutamax 25 mM
HEPES media supplemented with 100 pg/ml penicillin/
streptomycin (all from Invitrogen, Paisley, UK) and 5% AB
serum (PAA Laboratories, Yeovil, UK).

All cell culture conditions were carried out in triplicate.
On day 5 of culture, 100 pl of supernatant was removed from
each well and 100 pl of fresh medium that contained 0-5 WCi
of [’H]-thymidine was added for the final 16 h of culture
before harvesting. Percentage suppression was calculated as
100-{[counts per minute (cpm) in co-cultures/cpm in
CD4"CD25™ cultures] x 100}.

Flow cytometry

Immunofluorescence staining was performed on 0-5-1 X 10°
PBMC or 1 x 10> MACS isolated populations after washing
twice in cold wash buffer [PBS, 2 mM ethylenediamine tet-
raacetic acid, 1% fetal calf serum; PAA Laboratories]. Stain-
ing with anti-CD3, anti-CD4, anti-CD25 and anti-CD127
was carried out in a final volume of 100 pl on ice for 15 min.
For investigation of intracellular FoxP3 expression, PBMC
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were stained with FITC-labelled anti-CD3, PerCP-labelled
anti-CD4 and PE-conjugated anti-CD25 as described above,
fixed and permeabilized according to the manufacturer’s
instructions (anti-human FoxP3 staining set; eBioscience,)
stained with APC-labelled anti-FoxP3 for 30 min at 4°C,
washed twice in wash buffer and analysed. PBMC were gated
on their forward- and side-scatter properties, CD3"CD4"
cells were gated using the relevant antibodies. The appropri-
ate isotype- and fluorochrome-matched isotype control
antibodies were used to determine the percentage of positive
cells. A minimum of 100 000 events were acquired and
analysed on a fluorescence activated cell sorter (FACSCali-
bur) (Becton Dickinson, Mountain View, CA, USA) using
CellQuest (Becton Dickinson) and FlowJo (Tree Star Inc.,
Ashland, OR, USA) software.

Statistical analysis

Statistical significance was determined using Student’s two-
tailed t-test after data sets were determined not to be signifi-
cantly different from a Gaussian distribution. P-values of
less than 0-05 were considered statistically significant. All
statistical analyses were performed using GraphPad Prism
(GraphPad Software, Inc., La Jolla, CA, USA).

Results

Frequency of CD4*CD25" T cells

A clear CD4"°CD25" population was visible in the majority
of donors and this was used to define CD4*CD25" T,
(Fig. 1a). We found no significant difference in the number
of CD4" T cells expressing high levels of CD25 between
patients with L/S T1D (mean * s.d.; 54% = 1-3) and
control subjects (5:0% * 1-3; Fig. 1b). Furthermore, no dif-
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Fig. 1. Isolated populations of CD4-positive cells were stained for
expression of CD3, CD4 and CD25 and analysed by flow cytometry.
CD25" T cells were defined as those with a slightly lowered expression
of CD4 (a). The percentage of CD4" T cells in control subjects
(squares) and patients with long-standing T1D (triangles) which were
CD25". Each point represents an individual and mean values are
indicated with a horizontal line (b).

Resistance to immune regulation in type 1 diabetes

ference was observed between the patient and control group
in the frequency of CD25" cells within the CD4" T cell popu-
lation, regardless of the CD25" definition utilized [CD25
fluorescence intensity (MFI) of over 100, the top 2% of
CD25" cells, CD4* T cells expressing CD25 at a level higher
than that of CD4™ T cells; data not shown].

Suppressive function of CD4"CD25* T cells

CD4*CD25™ and CD4'CD25" T cell populations were iso-
lated using magnetic bead technology and a previously
described optimized protocol [16]. There was no difference
in the purity or levels of CD25 expression of either popula-
tion between patients with L/S T1D and control subjects
(data not shown). As expected, CD4*CD25™ T cells isolated
from both groups proliferated well in response to stimula-
tion with anti-CD3 and anti-CD28 antibodies and to a
similar extent in patients with TID (mean =* s.d.; 85385
cp.m. = 23859) and controls (67567 cpm * 28 141;
Fig. 2a). In contrast, CD4"'CD25" T cells isolated from both
subject groups were relatively anergic to this stimulation
[mean * s.d. in the patient group, 13 473 cpm * 9294;
control subjects 8350 cpm * 8447; Fig. 2b; P = not signifi-
cant (n.s.)]. However, when CD4*CD25  and autologous
CD4*CD25" T cells were co-cultured ata 1 : 1 ratio a signifi-
cant reduction in the level of suppression of proliferation
was observed in the co-cultures of patients with L/S
T1D (37-8% = 14-5) in comparison with control subjects
(56:3% = 15:9; P =0-0086; Fig. 2c). When co-cultures were
stimulated with lower levels of T cell receptor (TCR) stimu-
lation (0-3 ug/ml anti-CD3 antibody) suppression was
observed in the patient group at similar levels to that in
controls (L/S T1D, 51-1% = 35; control, 49-4% =+ 32:3; data
not shown).

Expression of FoxP3 and CD127 in CD4*CD25" T cells

We observed no difference in the percentage of CD4*CD25"
cells co-expressing FoxP3 between patients with L/S
T1D (mean * s.d; 91:7% * 5-3) and control subjects
(93-3% = 3-5; Fig. 3a). Furthermore, no difference in the
level of FoxP3 (as judged by MFI) was observed (data not
shown). The lack of a standard definition of the CD4*CD25"
T cell population led us to examine the levels of FoxP3
expression throughout the top 10% (90th—-99th centile) of
CD25" cells within the CD4" population, within which the
regulatory population is expected to be contained. This
showed that there was no difference in the percentage of cells
co-expressing FoxP3 between patients and control subjects,
regardless of the level of CD25 expression (Fig. 3b).
Similarly, no difference in the frequency of CD127"" cells
within the CD4*CD25" population was observed between
patients (mean * s.d.; 84-8% = 9:9) and control subjects
(78:1% = 11-3; Fig. 3c). When the top 10% (90th-99th
centile) of CD25-expressing cells within the CD4*
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Fig. 2. Proliferation of single cultures of CD4*CD25™ (a) and CD4*CD25" (b) T cells from control subjects (squares) and patients with
long-standing T1D (triangles) was assessed by tritiated thymidine incorporation. The percentage suppression of proliferation observed in
co-cultures of CD4*CD25~ and CD4*CD25" T cells was calculated (c), P-values were calculated using Student’s ¢-test. Cells were stimulated with

1 ug/ml anti-CD3 and 5 pg/ml anti-CD28 antibodies for 5 days. Each point represents mean counts per minute (cpm) in triplicate wells from one
individual. Mean values are indicated with a horizontal line.

Fig. 3. Peripheral blood mononuclear cells
(PBMC) were stained using anti-CD3,
anti-CD4, anti-CD25 and anti-forkhead box P3
(FoxP3) or anti-CD127 antibodies and analysed
by fluorescence activated cell sorter (FACS). The
CD25" population was defined as those with a
lowered expression of CD4 and this population
was analysed for expression of FoxP3 or CD127.
The percentage of FoxP3* (a) or CD127"~

(c) cells in the CD4*CD25" population was
determined in control subjects (squares) and
patients with long-standing T1D (triangles).
Each point represents one individual and mean
values are indicated by a horizontal line. The
percent of FoxP3-expressing cells (b) or
CD127"" cells (d) in the control (squares, solid
line) and patient (triangles, dotted line) groups
within the top 10% of CD25 expression within
the CD4" T cell compartment is shown. Each
point with error bars represents the mean and
standard error of the mean of each group.
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Fig. 4. CD4*CD25™ and CD4*CD25" T cells were isolated using magnetic bead technology from paired sets of control subjects and patients with
long-standing T1D. Control autologous (open squares; a, b, ¢) and patients with long-standing T1D autologous (closed triangles; a) co-cultures and
cross-over co-cultures of control CD4"CD25" and patient CD4"CD25™ T cells (closed circles; b) and patient CD4*CD25" and control CD4*CD25~ T
cells (closed squares; c) were set up. Each set of joined points represents one pair of subjects. P-values were calculated using Student’s t test.

population was analysed, no significant difference in
CD127""~ expression was observed (Fig. 3d).

Suppression in cross-over co-cultures

In order to dissect further the loss of suppression in patients
with T1D, cross-over co-culture suppression assays were
carried out. Control subjects and patients with L/S T1D were
analysed as pairs. There was no significant difference in
the proliferation levels observed in single cultures of
CD4*CD25™ or CD4*CD25" T cells from either group, nor
was there any difference in the purity of the isolated T cell
populations (data not shown). In accordance with previous
results, suppression levels in autologous co-cultures of
CD4*CD25™ and CD4*CD25" T cells were reduced in the
patients with T1D (mean =* s.d.; 39-8% = 20-4) when com-
pared with control subjects (52-:8% = 23; P =0-017; Fig. 4a).
When CD4*CD25" T cells isolated from patients with T1D
were co-cultured with CD4"CD25" T cells from control
subjects, significantly reduced levels of suppression
(30% = 26-5) were observed in all cases when compared
with the control co-cultures (P =0-0022; Fig. 4b). When
CD4*CD25™ T cells from control subjects and CD4*CD25"
from patients with T1D were co-cultured, levels of suppres-
sion (36:3% * 28) were not significantly different to levels
observed in control autologous co-cultures (52-8% = 23;
Fig. 4c). However, some individuals did show reduced sup-
pressive function in this population suggesting, that there
may be heterogeneity within the human T1D population.

Discussion

In agreement with the majority of published studies
[14,16,18,19], we found no significant difference in the fre-
quency of CD4*CD25" T cells in patients with T1D. We
chose to define the CD25" regulatory population as those
cells expressing the highest levels of CD25 with a slightly

lowered expression of CD4, as this population was clearly
visible in the majority of individuals studied. However, even
when other commonly used definitions were employed no
significant difference was noted. These results suggest
strongly that the frequency of regulatory T cells in patients
with T1D is not abnormal. However, this will remain an
unresolved question until the discovery of definitive pheno-
typic marker(s) of regulatory T cells.

Our previous report [16] demonstrated a reduced level of
suppression in co-cultures of cells isolated from patients
with recent onset T1D when compared with healthy control
subjects and was confirmed by Brusko et al. using a mixed
cohort of newly diagnosed and long-standing patients [14].
However, no difference was found in a subsequent study
by Putnam and colleagues using only patients with long-
standing T1D [18]. The current study suggests that defective
regulation is a feature of T1D regardless of disease duration.
There are several possible reasons for the seeming discrep-
ancies between these studies, including differences in isola-
tion technique and the T cell stimulation conditions
employed during the suppression assay. This study and our
previous report isolated T cell populations using magnetic
bead technology, whereas the analyses by Putnam and
Brusko isolated populations by FACS sorting, suggesting that
it is unlikely that this could be the sole cause of the
inconsistency. A more attractive possibility is that the in vitro
stimulation conditions determine whether a difference in
suppression is observed between the patients with T1D and
controls. The level of TCR stimulation is known to affect
both the regulatory T cell’s ability to suppress and the effec-
tor T cell’s susceptibility to regulation [27]. The study by
Putnam et al., in which no reduction in suppression was
observed, used relatively low levels of anti-CD3 and anti-
CD28 antibody stimulation [18]. Similarly, in the present
study we observed similar suppression in both T1D and
control individuals when a lower level of stimulation was
used. Our conclusion is that the stimulation conditions are
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critical for exposing the regulatory failure in patients with
TID.

The CD4*CD25" population is known to be a heteroge-
neous mixture of cells containing recently activated effector
and regulatory T cells. Functional T, have been demon-
strated as expressing high levels of the transcription factor
FoxP3 and low levels of the IL-7Ro chain, CD127 [10,23—
25]. We therefore examined the CD4'CD25" population
using these more precise markers to identify ‘true’ Tre to
determine whether the defective regulation in T1D may be
due to increased levels of non-T,, in the CD4*CD25"
population. Moreover, we examined the expression of
CD127 and FoxP3 across the full range of CD25 expression
levels. However, no differences in CD127 or FoxP3 expres-
sion in the CD4*CD25" population were observed. This sug-
gests that an alteration in the balance of T, and activated
T cells does not contribute to the defective suppression
observed in T1D.

In the absence of any obvious alterations in the percentage
of regulatory T cells within the CD4*CD25" T cell popula-
tion which could account for the loss of suppression in
patients with T1D, cross-over co-culture experiments were
performed to determine which T cell population contributes
to this phenomenon in these individuals. Accessory cells
were always isolated from control donors to minimize any
affect these cells may have on the outcome of in vitro
co-culture suppression assays. These studies revealed a sig-
nificant resistance to suppression in CD4'CD25" responder
T cells isolated from patients with T1D when CD4*CD25"
regulatory T cells isolated from control subjects were used. In
addition it appears that, in the majority of cases, regulatory T
cells isolated from T1D patients were capable of suppressing
the proliferation of responder T cells isolated from control
donors. This suggests that the reduced levels of regulation
observed in autologous co-cultures of cells isolated from
patients is due to reduced susceptibility of the responder T
cell population to regulation.

To our knowledge, these are the first studies to demon-
strate reduced susceptibility of responder T cells to regula-
tion in human T1D, but similar findings have been reported
in the NOD mouse [28,29] and a TCR transgenic model
of autoimmune diabetes [30]. Overt diabetes in the NOD
mouse model is preceded by a prolonged period of insulitis,
and it has been suggested that during this time a ‘battle’
ensues between diabetogenic effector T cells and regulatory
T cells with the eventual defeat of the regulatory population
leading to diabetes [17]. You et al. performed in vitro and in
vivo cross-over experiments with cells isolated from diabetic
and prediabetic NOD mice and found that responder T cells
isolated from diabetic mice were less susceptible to regula-
tory T cell control. CD4*CD25" regulatory T cells isolated
from diabetic donors were still capable of suppression of
responder T cells from prediabetic donors [28]. Therefore,
a progressive, qualitative difference in the responder T cell
populations emerges as diabetes-prone mice progress

towards disease onset, implying that defective regulation
is a progressive disorder rather than an intrinsic defect. It
remains to be established, using prediabetic human subjects,
whether the same is true in man. This differs from studies in
patients with multiple sclerosis and autoimmune polyglan-
dular syndrome type II [31-33], which indicate a reduced
ability of the regulatory population to suppress. Therefore,
while the observed phenotype (loss of suppression in vitro)
is similar, it may have different causes in different diseases.
It is noteworthy that a subset of the patients analysed
on cross-over assays in the present study have reduced
regulatory T cell function while others did not. This
apparent heterogeneity in the TID patient population
merits further study, including an analysis of potential con-
tributory gene polymorphisms, such as IL-2RA and CTLA-4
[34,35].

In conclusion, the results presented in this study suggest
that defective regulation is a feature of T1D regardless of
disease duration and that it is the result of a lowered suscep-
tibility to regulation in the CD4*CD25 responder T cell
population. It will be important to discern whether this
reduced sensitivity to regulation is present at a cell intrinsic
or population level in order to tailor regulatory T cell therapy
for the human T1D population [36].
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