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Introduction

Summary

Latent autoimmune diabetes of the adults (LADA) accounts for up to 12%
of all patients with diabetes. Initially the disease resembles type 2 diabetes
(T2D); however, the typical presence of 3 cell autoantibodies indicates an
autoimmune basis of LADA. While dysfunctional regulatory T cells (Tcgs)
have been implicated in autoimmune diabetes, these cells have been scarcely
studied in LADA. The aim of this study was to investigate the frequency and
phenotype of circulating T, in LADA patients early during disease
progression. Flow cytometric analysis was performed on whole blood and
peripheral mononuclear cells (PBMC) from patients diagnosed with LADA
prior to insulin deficiency (n =39) and from healthy volunteers (n = 20).
Overall, we found the frequency and activation status of peripheral putative
Ticqs to be altered in LADA patients compared to healthy controls. While
total T cells and CD4" T cells expressing high levels of CD25
(CD4"CD25M) were unchanged, the frequency and total numbers of CD4 ™"
T cells expressing an intermediate level of CD25 (CD47CD25™) were
decreased in LADA patients. Interestingly, the expression of the T,..-specific
marker forkhead box protein 3 (FoxP3), as well as the activation and memory
makers CD69, cytotoxic T lymphocyte associated antigen 4 (CTLA-4), CCR4
and CD45RO were increased in CD4 " CD25" T cells of the patients. Our data
depict phenotypical changes in T cells of LADA patients that may reflect a
derangement in peripheral immune regulation contributing to the slow
process leading to insulin-dependent diabetes in these patients.
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protective against T1D are more common in LADA [4].
Besides genetic discrepancies between T1D, T2D and

Latent autoimmune diabetes of the adult (LADA), a slow
progressive form of type 1 diabetes (T1D) [1], shares fea-
tures of both T1D and type 2 diabetes (T2D), with a late
onset above 30 years of age, insulin independency for at
least 6 months following diagnosis and single autoantibody
positivity for either islet cell cytoplasmic autoantibodies
(ICA) or glutamic acid decarboxylase (GADA) [2]. In addi-
tion to autoantibody positivity, LADA patients carry the
transcription factor 7-like 2 (TCF7L2) gene polymorphism
that is associated with T2D and display insulin resistance,
often resulting in T2D as a primary classification [1,3].
Furthermore, although the T1D high-risk alleles human
leucocyte antigen (HLA)-DR3 and HLA-DR4 have also
been implicated in susceptibility to LADA, other HLA
alleles (DR2 or DQB1*0602) that are considered as being

LADA, early treatment of LADA patients consists of diet
and lifestyle changes as well as hypoglycaemic drugs. How-
ever, more than 70% of LADA patients develop insulin
dependency over time, reflecting a slow progressive p cell
loss [3], indicating that 3 cell autoimmunity might play a
significant role in the pathogenesis of LADA.

Although peripheral cellular immunology has not been
investigated deeply in LADA, it has been reported that T
cells reactive to GAD65 in LADA patients secrete higher
levels of interferon (IFN)-y compared to T2D patients [5],
and show augmented proliferative responses to islet anti-
gens in peripheral mononuclear cells [6]. Similar patterns
of cellular and systemic proinflammatory cytokine profile
[7], alterations of natural killer (NK) cells frequency and
phenotype [8,9] and the presence of beta cell-specific

46 © 2016 British Society for Immunology, Clinical and Experimental Immunology, 86: 46-56



autoantibodies [10,11] are immunological evidences that
LADA shares common immunological features with T1D.

Regulatory T cells (T;ys) are an important component
of the immune system and may be involved in autoimmun-
ity [12-14]. The suppressive function of T, affects prolif-
eration and cytokine secretion of CD4" and CD8" T cells
among other cell types, and T,.; dysfunction may lead to
immunopathology [14]. It has been reported that the
impaired function of Tiees in T1D could be caused in part
by resistance of T effector cells (Teg) to Tye-mediated sup-
pression, rather than due to a deficiency in T,., numbers
[15]. Tiegs typically express high levels of the interleukin
(IL)-2 receptor a-chain (CD25) and the transcription fac-
tor forkhead box protein 3 (FoxP3), which are required for
their development and function and are both used cur-
rently as markers for the characterization of these cells
[12,14].

Studies investigating the phenotype and frequencies of
Tiegs in LADA have been scarce. Interestingly, some studies
have demonstrated a significant decrease in the expression
of FoxP3 mRNA in CD4" T cells in LADA subjects [16].
Supporting this finding, the FoxP3 promoter region was
determined to be hypermethylated in CD4" T cells from
LADA patients [17]. Overall, several studies published con-
troversial results regarding the total number and frequency
of Tygs in T1D patients compared to healthy controls
[18-21]. CD4"FoxP3"CD25" has been considered to be
representative of the peripheral natural T,., population,
although the characterization of T, is still problematic, as
CD25 and FoxP3 are also expressed on recently activated
effector T (Tog) " cells [22].

In this study we aimed to investigate the frequency and
phenotype of circulating peripheral T,eg in LADA patients
in order to identify specific cellular signatures of disease
progression.

Research design and methods

Study population

Blood samples were collected from a total of 47 patients
diagnosed with LADA (Table 1). These patients were
selected based on the following criteria: (1) male and
female patients aged between 30 and 70 years; (2) diagnosis
of T2D within the previous 5 years; (3) presence of GADA;
and (4) non-insulin-dependent and treated only with diet
and oral hypoglycaemic agents. Fasting glucose, fasting and
2-h Sustacal stimulated C-peptide and long-term metabolic
control assessed by haemoglobin Alc (HbAlc) levels were
taken into consideration when the diabetes status was
determined. The following data were recorded specifically
for the clinical characterization of these subjects: age, body
mass index (BMI), fB-glucose and fS-insulin. We enrolled
47 patients into this study. The patients were generally

Circulating regulatory T cells in LADA

Table 1. Demographic and metabolic characteristics of study subjects

LADA Healthy controls

Number of subjects 47 20

Age (years) 56 (37-69) 462 (30-59)
Males 39 9

BMI (kg/m?) 27 (20-39) 24 (20-24)
HbAlc% 67 (46 —10-9) n.d.
Fasting p-glucose (mmol/l) 8:7 (5-5-17-4) n.d.
Fastine: C-peptide (nmol/l) 0-65 (0-3 — 1-8) n.d.
Stimulated C-peptide (nmol/l) 1-5 (0-5-5-1) n.d.
Loe:-GADA (U/ml) 1-94 (1-4-5-8) neg
IA-2A-positive (n) 5 0
Duration of diabetes (years) 3 (2-5) n.a.

Median values (range) are shown. LADA = latent autoimmune diabe-
tes of adults; BMI = body mass index; n.a. = not available; n.d. = not
determined; IA-2A = insulinoma associated-2 autoantibodies; GADA =
glutamic acid decarboxylase; HbAlc% = haemoglobin Alc.

overweight, with a mean BMI of 27 kg/m®. The P-glucose
ranged between 5-5 and 17-4 mol/l (mean 8-7) (Table 1).

As controls, we recruited 20 healthy age- and sex-
matched individuals, without history of diabetes or
other autoimmune diseases (Table 1). None of the
healthy controls or the patients enrolled into this study
had concurrent infections or anti-inflammatory treat-
ment at the time of blood withdrawal. All blood sam-
ples were taken from all participants in the morning
and fasting. The Lund University Research Ethics Com-
mittee approved the study and informed consent was
obtained from all participants.

Reagents

For flow cytometric analysis, all stainings were per-
formed in fluorescence activated cell sorter (FACS)
buffer containing phosphate-buffered saline (PBS) (Life
Technologies, Paisley, Scotland), supplemented with 2%
bovine serum albumin (BSA; ICN Biomedicals Inc.,
Aurora, Ohio, USA) and 2 mM ethylenediamine tetra-
acetic acid (EDTA) (Sigma-Aldrich, St Louis, MO, USA)
(pH 7-2) (PBS). FACS lysing solution 2 (BD Biosciences,
San Jose, CA, USA) was used to lyse erythrocytes before
analysis. For freezing of peripheral blood mononuclear
cells (PBMC), 90% human serum from clotted whole
blood (Sigma-Aldrich) was mixed with 10% (vol/vol)
dimethyl sulphoxide (DMSO) (Sigma-Aldrich). For
thawing PBMC, complete RPMI-1640 medium (C-
RPMI) was used (Life Technologies) supplemented with
5% vol/vol pooled human serum from clotted male
whole blood (Sigma-Aldrich), 1% sodium pyruvate (Life
Technologies), 7-5% sodium bicarbonate (Life Technolo-
gies,) L-glutamine (ICN Biomedicals Inc.), antibiotic
mixture (penicillin, streptomycin, neomicin; Life Tech-
nologies), PB-mercaptoethanol (ICN Biomedicals Inc.)
and  non-essential  amino acids (MEM;  Life
Technologies).
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Antibodies

Cells were stained with fluorochrome-conjugated antibod-
ies directed against the following surface markers: CD3
[phycoerythrin  (PE)- or fluorescein isothiocyanate
(FITC)-conjugated], CD4 (peridin chlorophyll (PerCp)-
conjugated), CD8 (PE- or PerCp-conjugated), CD25
(FITC-conjugated), CD45RO [allophycocyanin (APC)-con-
jugated], CD19 (PerCp-conjugated), CCR4 (PE-conjugated),
CTLA4 (CD152, PE-conjugated) and isotype controls, immu-
noglobulin (Ig)G2a (FITC-conjugated) and IgGl (PE- and
APC-conjugated), all from BD Biosciences; and FoxP3 APC-
conjugated (eBioscience, San Diego, CA, USA).

Preparation of PBMC

PBMC were separated from whole blood using Lympho-
prep (Axis-Shield PoC AS, Oslo, Norway) or Vacutainer
Cell Preparation Tubes (BD Biosciences). The isolated lym-
phocytes were washed with PBS and frozen in freezing
media containing 90% human serum (Sigma-Aldrich) and
10% DMSO (Sigma-Aldrich), which was added dropwise
to the cells before they were frozen and stored in liquid
nitrogen [23]. The cells were used to perform intracellular
and intranuclear staining to evaluate cytotoxic T lympho-
cyte antigen 4 (CTLA-4) and FoxP3 expression on
CD4"CD25" T cells as described below.

Flow cytometry

All antibodies were titrated carefully and unspecific stain-
ing was verified using irrelevant isotype monoclonal
antibody for each fluorochrome and the FMO (fluores-
cence-minus-one) method was used to set the compensa-
tion for each sample.

Whole blood staining

A small aliquot of whole blood was analysed using an
AC900 AutoCounter (Swelab Instruments AB, Spanga,
Sweden) to determine the absolute numbers of lympho-
cytes in each sample that was used to calculate the total
numbers of different lymphocytes subsets obtained by flow
cytometry. Another aliquot of whole blood was used for
flow cytometry. Briefly, 100 pl of blood was used for each
staining and the samples were incubated for 20-30 min at
room temperature. Erythrocytes were lysed using BD FACS
lysing Solution 2 (BD Bioscience) and the samples were
washed with FACS buffer. Cells were resuspended in 300 pl
FACS buffer and stored overnight at 4°C until flow cytome-
try analysis was performed using a FACSCalibur (Becton
Dickinson).

Frozen PBMC staining

Frozen PBMC were used to determine the expression of
membrane bound and intracellular CTLA-4 as well as
intranuclear FoxP3. PBMC were thawed as described [23],

and only samples with > 98% viability and > 70% recovery
were used. Staining of cells was performed according to the
manufacturer’s protocol (eBioscience). Briefly, samples
were washed with staining buffer containing 2% fetal calf
serum (FCS; Biochrom AG, Berlin, Germany), 0-01%
sodium azide in PBS (pH 7-2 Gisco/Invitrogen Life Tech-
nologies, Paisley, Scotland) and thereafter stained with vari-
ous combinations of anti-human monoclonal antibodies.
After 20 min of incubation at 4°C the cells were washed
with staining buffer. Fix/Perm buffer (eBioscience) was
added to permeabilize the cells for 45 min at 4°C. The cells
were washed and 2% rat serum (eBioscience) for 15 min at
4°C was used to block non-specific binding. CTLA-4 and/
or FoxP3 antibodies were next added to the wells. After
incubation for 30 min at 4°C, the cells were washed with
permeabilization buffer and thereafter resuspended in
staining buffer for acquisition. Data were acquired using a
FACSCalibur (Becton Dickinson) and analysed using Cell-
Quest software (BD Biosciences).

Autoantibody assay

Autoantibodies against GAD65 or [A-2 in plasma were ana-
lysed using a radiobinding assay, as described previously
[24,25]. Blood samples were collected into EDTA tubes at
Skane University Hospital in Malmo and processed within
24 h. Levels of autoantibodies were assessed in the serum of
each patient using the World Health Organization (WHO)
standard and appropriate dilutions of the samples [26].

Data and statistical analysis

Statistically significant differences were determined using
the Mann—Whitney two-tailed U-test for unpaired observa-
tion, as data were determined to be significantly different
from a Gaussian distribution. When several groups were
compared, correction for multiple comparisons was per-
formed using a Bonferroni post-hoc test. To evaluate the
relationship between C-peptide and glucose as well as age
and BMI with different T cell populations Spearman’s cor-
relation coefficient was used. A probability level less than
0-05 was considered to be statistically significant unless
stated otherwise. All statistical analyses were performed
using Graph Pad Prism (Graph Pad Software, San Diego,
CA, USA) and spss for Windows (www.spss.com) software.

Results

Altered frequency of peripheral CD4"CD25" T cell
population in LADA patients

We initially analysed the frequency and total numbers of
CD4"CD25" T cells by flow cytometry in whole
blood (Fig. 1). A significant decrease of total number
(P = 0-0189) and percentage of CD4"CD25" T cells
(P=0-0053) was observed in LADA patients compared to
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Fig. 1. Flow cytometric analysis of T cell populations in whole blood. (a) Gating strategy of the lymphocyte populations. The lymphocyte
population (R1) was gated based on its characteristic appearance in forward scatter—side-scatter (FSC-SSC). (b) Representative dot-plots showing
the gating for total CD4"CD25" T cells (R6) and (c) Representative dot-plots of R6 used to calculate the frequency and total cell numbers of
different populations within the CD4" T cells. The CD4" T cell population was divided based on the CD25 expression into CD4*CD25™ T cells
(R2), CD4"CD25™ T cells (R3) and CD4"CD25" T cells (R4). Frequency of total CD4*CD25" (d), CD4*CD25™ (e) and CD4"CD25" (f) T
cells in the 39 of the total 47 LADA patients of which we could performed the analysis on frozen peripheral blood mononuclear cells (PBMC)
and healthy control individuals (n = 20). Mean value for each group is indicated with a horizontal line.

the age-matched healthy subjects (Fig. 1d and data not from the same blood sample from 36 of the total 47 LADA

shown). Furthermore, when we divided the CD4"CD25* patients where enough cells were available and the PBMC
T cell population into CD4"CD25™ and CD4*CD25" passed the quality control. We investigated FoxP3 expres-
according to CD25 expression levels (Fig. 1b,c), we only sion in the CD4™ T cell population, which was divided
observed a decrease in the total number (P = 0-0130) into three subgroups, CD4"CD25~, CD4"CD25™ and
and percentage (P=0-0049) of CD4"CD25™ T cells CD4"CD25" T cells (Fig. 2). The percentage of cells
(Fig. le and data not shown), while there was no signifi- expressing FoxP3 was increased in the total CD4 " popula-
cant difference in the CD4"CD25™ T cell population tion of LADA patients compared to controls (P = 0-0002)
(Fig. 1f and data not included). No changes were (Fig. 2a). Purthermore, a significant increase in FoxP3
observed in the frequency and absolute numbers of total expression was evident in both the CD4"CD25"
T cells and B cells as well as total CD4" or CD8™ T cells (P<0-0001) (Fig. 2b) and the CD4"CD25™ populations
(data not shown). (P =0-0092) (Fig. 2c) of LADA patients. However, the per-

centage of cells expressing FoxP3 among the CD4*CD25™
T cells was unchanged (Fig. 2d). In addition, when
we measured the level of protein expression of FoxP3

Increased expression of FoxP3 in CD4"CD25™ T cell
LADA patients

Based on the findings of a decrease in frequency and cell and CD25 by calculating the mean fluorescence intensity
number of CD4"CD25™ T cells in whole blood of LADA (MFI) by flow cytometry, we observed a statistically
patients we wanted to characterize these cells further by the significant increased level of FoxP3 and a significant
expression of the transcription factor FoxP3, a more spe- decrease of CD25 in the CD4"CD25™ (P=0-0012 and

cific Tyeg marker. To do this, we used frozen PBMC isolated P=0-0023, respectively) and CD47CD25" (P = 0-0045

© 2016 British Society for Immunology, Clinical and Experimental Immunology, 86: 46-56 49
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and P=0-0001, respectively) T cell populations in LADA
patients compared to healthy individuals.

Altered expression of activation/memory markers in
CD4" T cells of LADA patients

We next wanted to expand our analysis of CD4"CD25"
cells by investigating the expression of the activation/mem-
ory markers CD69, CTLA-4, CCR4 and CD45RO, known
to be expressed constitutively on T,y and up-regulated on
both T.e and Ter upon activation. Flow cytometric
analysis was performed in 38 (36 for CD69) of the total 47
LADA patients where enough cells were available and the
PBMC passed the quality control. There was a statistically
significant increase in the percentage of CD4"CD25"
CD69" (P=0-0105) (Fig. 3a), CD4"CD25™CD69"
(P=0-0259) (Fig. 3b) and CD4*CD25"CD69™ T cell pop-
ulations (P = 0-0016) (Fig. 3¢) in LADA patients compared
to healthy individuals. LADA patients also had an increased
proportion of cells co-expressing CD69 and FoxP3 in all
three T cell populations analysed, CD4"CD25~ (P =
0-0048) (Fig. 3d), CD4"CD25™ (P< 0-0001) (Fig. 3¢) and
CD4*CD25" (P=0-0001) (Fig. 3f).

While the percentage of cells expressing CTLA-4 was
increased only in CD4"CD25" T cells (P< 0-0001) (Fig.
4a), the proportion of cells co-expressing FoxP3 and
CTLA-4 was increased significantly in CD4"CD25"
(P<0-0001) (Fig. 4d), CD4"CD25™ (P<0-0001) (Fig.
4e) and CD4*CD25" (P = 0-004) (Fig. 4f) in LADA
patients compared to controls.

We next analysed the expression of the chemokine recep-
tor CCR4 and we observed that while the percentage of
CD4"CD25"™CCR4™ T cells was decreased in LADA
patients (P =0-0002) (Fig. 5b), the percentage of CCR4™"
cells co-expressing FoxP3 were increased significantly in
the CD4"CD25~ (P=0-0001) (Fig. 5a) and CD4 " CD25™
(P = 0-0098) (Fig. 5b) T cell populations. No significant
difference was observed in the CD4"CD25" population
(Fig. 5¢).

Finally, a similar pattern was observed when we analysed
the expression of the memory T cell marker CD45RO. The
percentage of CD4"CD25 CD45RO™ T cells was increased
significantly (P < 0-0004) (Fig. 6a), while in the
CD4"CD25"™CD45RO" T cell population it was
decreased significantly (P=0-0003) (Fig. 6b) in LADA
patients compared to healthy subjects. However, the per-
centage of cells co-expressing CD45RO and FoxP3 were
increased significantly in CD4"CD25 and CD4"CD25™
T cells in LADA patients. There was no significant differ-
ence in the expression of CD45RO in the CD4*CD25"
population (Fig. 6¢).

Correlation of T cell phenotypes with metabolic
parameters

Statistically significant correlations were observed between
the frequency of CD4"CD25" T cells and C-peptide, fast-
ing (r=0-36; P=0-027) and stimulated (7= 0-46;
P=0-004) while CD4"CD25™ T cells correlated signifi-
cantly only with stimulated C-peptide (r=0-38; P =0-019)
(Fig. 7). CD4"CD25" T cells were correlated negatively
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Fig. 3. Flow cytometric analysis of CD69 expression in CD4" T cells. Flow cytometric comparison of CD69 expression in the (a) CD4"CD25",
(b) CD4"CD25™ and (c) CD4"CD25" T cell populations in latent autoimmune diabetes of adults (LADA) patients (n = 36) and healthy
control individuals (n = 20). Flow cytometric comparison of the percentage of CD69" FoxP3™ T cells among the (d) CDh4"CD257,

(e) CD4TCD25™ and (f) CD4"CD25" T cell populations in LADA (7= 36) and healthy control individuals (n = 20). Mean value for each

group is indicated with a horizontal line.

with fasting glucose (r= —0-38, P =0-020). Both the per-
centage and total number of CD4 " CD25™ population cor-
related positively with BMI (kg/m?) (r=0-55; P< 0-001
and r= 0-50; P = 0-002, respectively).

Discussion

The main finding of this study is the difference in the phe-
notype and frequency of circulating peripheral
CD4"CD25" T cells in LADA patients compared to healthy
individuals.

The initial analysis of peripheral T cells showed a signifi-
cant lower frequency and lower number of total
CD4"CD25" T cells in LADA patients compared to con-
trols, while no differences were found in the frequency and
number of both CD4* and CD8™" T cells (CD3™).

In humans, it has been shown that the population of
peripheral blood T, with the highest suppressive activity
expresses high levels of CD25 [27,28]. Thus, we went
deeper into the immunophenotypical analysis to character-
ize these cells more clearly. To this end, we divided the

CD47CD25"  population into CD47CD25" and
CD4*CD25™ fractions based on CD25 expression (Fig. 2).
Interestingly, our results do not indicate an alteration in
the bulk of the total CD4"CD25" population in LADA
patients. The decrease observed in the total
CD4"CD25" T cells in LADA patients thus appears to
be due entirely to a decrease in the CD4*CD25™ popu-
lation. The significance of this finding is not easy to
interpret, as little is known about the characteristics and
function of peripheral CD4"CD25™ T cells. However, it
appears that this T cell population is heterogeneous,
probably containing recently activated T cells as well as
Tiegs with low CD25 expression (transition phenotype),
and still maintains detectable regulatory function [28]. It
is tempting to speculate that CD4*CD25™ T cells repre-
sent, at least in part, an early differentiation stage of
peripheral T, Therefore, a significant decrease of these
cells might reflect a relative impairment of peripheral
tolerance and thus contribute to the chronic auto-
immune process leading to beta cell impairment in
LADA patients.
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Fig. 4. Flow cytometric analysis of cytotoxic T lymphocyte antigen (CTLA)—4 expression in CD4" T cells. Flow cytometric comparison of
CTLA-4 expression in the (a) CD4%CD257, (b) CD4*CD25™ and (c) CD4"CD25" T cell populations in latent autoimmune diabetes of adults
(LADA) (n=37) and healthy control individuals (n = 20). Flow cytometric comparison of the percentage of CTLA-4 forkhead box protein 3
(FoxP3) ™" T cells among (d) CD47CD25", (¢) CD4"CD25™ and (f) CD4"CD25" T cell populations in LADA patients (n = 37) and healthy
control individuals (7 = 20). Mean value for each group is indicated with a horizontal line.

The transcription factor FoxP3 has been proved to be
essential for T, development and function [12,14], and
has been considered as a specific marker for CD4*CD25"
Tregs [29]. We therefore continued our investigation by ana-
lysing the expression of FoxP3 in CD4"CD25" T cells in
LADA patients. Interestingly, the percentage of FoxP3 in
the CD4"CD25" population was no different from that of
healthy controls, suggesting that the frequency of highly
suppressive Ty, in LADA patients is not affected. However,
the percentage of CD4"CD25™ T cells expressing FoxP3
did not account for the amount of the protein expressed by
each cell. Thus, to investigate the expression level of FoxP3
protein, we analysed the mean fluorescence intensity (MFI)
in CD4*CD25™ and CD4"CD25" T cells. Surprisingly, we
observed an increased level of FoxP3 protein expression in
both CD4*CD25™ and CD4"CD25™ T cells, which is in
line with the finding of an increased frequency of cells
expressing this marker. Interestingly, the density of the

CD25 receptor was decreased in circulating Tyos in LADA

egs

patients, indicating a possible impaired IL-2 signalling and,
in turn, potential impairment of suppressive function.
Conversely, the percentage of FoxP3 ™" cells was increased
in both the CD4"CD25™ and the CD4*CD25™ popula-
tions, which supports evidence that FoxP3 is expressed
transiently in non-suppressive CD4 " CD25™ cells upon acti-
vation [22]. The observed up-regulation of FoxP3 in
CD4"CD25™ and CD4"CD25™ cells in our study may
therefore be explained by increased activation due to the
ongoing autoimmune inflammation in LADA. A specific
Ter population, Th17, has been shown recently to be
increased proportionally in T1D [30]. These cells constitute
a proinflammatory IL-17-secreting T cell subpopulation
within the CD4"CD25™ T cells with low expression of
FoxP3, and it has been suggested that these cells could be
involved directly in the pathogenesis of LADA. In contrast,
other studies have demonstrated that cells transiently
expressing FoxP3" within the CD4'CD25" and
CD4"CD25™ T cell populations possess suppressive
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Fig. 5. Flow cytometric analysis of CCR4 expression in CD4" T cells. Flow cytometric comparison of CCR4 expression in the (a) CD4"CD257,
(b) CD4*CD25™ and (c) CD4*CD25" T cell populations in latent autoimmune diabetes of adults (LADA) (n = 38) and healthy control
individuals (n = 20). Flow cytometric comparison of the percentage of CCR4™" forkhead box protein 3 (FoxP3)™ T cells among the (d)
CD47CD257, (¢) CD47CD25™ and (f) CD4"CD25" T cell populations in LADA (n = 38) and healthy control individuals (n = 20). Mean value

for each group is indicated with a horizontal line.

functionality. Therefore, another possible scenario is that
the increased expression of FoxP3 in CD4"CD25  and
CD4"CD25™ is a compensatory mechanism with the pur-
pose of down-modulating autoimmune inflammation in
LADA.

Although a previous study also observed a decrease in
CD4*CD25% T cells in LADA patients [16], our results
regarding the expression of FoxP3 in CD4" T cells contradicts
earlier studies reporting a decrease in FoxP3 mRNA levels in
CD4" T cells in LADA patients and an alteration of the meth-
ylation state of the gene [17]. In that study, all the 15 patients
studied had less than a year of disease history, and therefore
one possible explanation of this discrepancy could be the
more heterogeneous LADA cohort in our study.

We continued our investigation by interrogating the
activation and memory status of T, cells using activation
and memory markers. Overall, we determined an increase
of the activated and memory phenotype in several CD4™"
subpopulations. The expression of the early T cell activation
marker CD69 was up-regulated in all CD4 " populations stud-
ied, indicating a general T cell activation which can be

explained by the autoimmune inflammation [31]. However,
the functionality of CD69 is still controversial, and has been
suggested to be a regulatory function for Th17 T cells [32].

We investigated further the expression of the surface
receptor CTLA-4, which is involved in down-regulation of
T cell activation [33]. CTLA-4 appears important for the
functionality of T,.gs [34] and has been demonstrated to be
involved in the prevention of islet destruction in animal
models of autoimmune diabetes and other autoimmune
diseases [35]. Our results revealed an over-expression of
CTLA-4 in all CD4" subpopulations studied, and it is
tempting to speculate that this might reflect the chronic
immunological response to islet antigens during progres-
sion to insulin deficiency in LADA patients. In support of
this hypothesis, we also observed an increase in the fre-
quency of CD4"CD25™ expressing the CCR4 chemokine
receptor and the CD45RO isoform, both markers of activa-
tion and antigen experienced Teg.

Finally, to investigate the possible impact of
CD4"CD25" and CD4"CD25™ cell populations on beta
cell function, we performed correlations between these cell
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Fig. 6. Flow cytometric analysis of CD45RO expression in CD4" T cells. Flow cytometric comparison of CD45RO expression in the (a)
CD47CD257, (b) CD47CD25™ and (c) CD4"CD25" T cell populations in latent autoimmune diabetes of adults (LADA) (n = 38) and healthy
control individuals (1 = 20). Flow cytometric comparison of the percentage of CD45RO™ forkhead box protein 3 (FoxP3)* T cells among the
(d) CD4"CD257, (e) CD4"CD25™ and (f) CD4*CD25™ T cell populations in LADA (n = 38) and healthy control individuals (= 20). Mean

value for each group is indicated with a horizontal line.

populations and C-peptide and glucose levels (fasting and
stimulating) as well with age and BMI. We determined a
positive correlation of CD4"CD25" and CD4"CD25™ cell
levels, suggesting an interesting interplay between glucose
metabolism, beta cell function and specific alteration of the
regulatory arm of the immune system. It plausible to spec-
ulate that the relative frequency of these cells could coun-
teract the inflammatory response in pancreatic islets
contributing to maintain insulin secretion and slow the
process leading to insulin deficiency in LADA patients.

A weakness in our study is that we could not perform
Tieg cell functional studies to determine whether the altera-
tions observed in the T., population also reflect a
decreased suppressive function or whether the alterations
are a consequence of the ongoing inflammation or the
hyperglycaemic status of LADA patients. Hyperglycaemia
has been shown to affect the phenotype and function of
human T cells [36] and could therefore contribute to the
changes in phenotype observed. Indeed, the total number

of CD47CD25" T cells do not differ significantly between
healthy controls, although correlate negatively with fasting
glucose levels. Conversely, no statistically significant corre-
lations were found between HbAlc levels, reflecting the
chronic hyperglycaemic status, and any of the T cell pheno-
types studied.

It important to note that some of the phenotypes
showed a large overlap between LADA patients and con-
trols. Although the overall differences are significant, we
were not able to demonstrate any particular correlation
with other T cell phenotypes or with the metabolic param-
eters that could explain this individual variability. Further
studies in a larger cohort of patients followed prospectively
and during clinical trials are necessary to determine
whether these T cell signatures might identify subgroups of
patients with different progression towards beta cell insuffi-
ciency, to evaluate whether defective T, frequency, pheno-
type and function contribute to LADA pathogenesis and to
determine whether the observed phenotype might
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Fig. 7. Statistical correlations between CD4"CD25% T cell
populations and C-peptide in latent autoimmune diabetes of adults
(LADA) patients. (a) Correlation between high and cbh4tcp2sM T
cells and fasting C-peptide; (b) correlation between CD4*CD25™ T
cells and stimulated C-peptide and (c) correlation between
CD4"CD25™ T cells and stimulated C-peptide.

represent a reliable cellular biomarkers to monitor toler-
ance induction during immunomodulatory intervention in
LADA patients.

In conclusion, we identified a specific signature of
peripheral T cells and circulating potential T,.g in LADA
patients that could be of importance in understanding
more clearly the immunological pathogenesis of diabetes in
LADA patients.
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