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The phenotype of autoreactive T cells in type 1 diabetes is described as Th1, Th17 and/or Th21, but is largely
uncharacterized. We combined multi-parameter cytokine profiling and proliferation, and identified GM-CSF
producing cells as a component of the response to beta cell autoantigens proinsulin and GAD65. Overall cytokine
profiles of CD4+ T cell were not altered in type 1 diabetes. In contrast, patientswith recent onset type 1 diabetes had
increased frequencies of proinsulin-responsive CD4+ CD45RA− T cells producing GM-CSF (p= 0.002), IFNγ (p=
0.004), IL-17A (p = 0.008), IL-21 (p = 0.011), and IL-22 (p = 0.007), and GAD65-responsive CD4+ CD45RA− T
cells producing IL-21 (p = 0.039). CD4+ T cells with a GM-CSF+IFNγ−IL-17A−IL-21−IL-22− phenotype were
increased in patients for responses to both proinsulin (p = 0.006) and GAD65 (p = 0.037). GM-CSF producing T
cells are a novel phenotype in the repertoire of T helper cells in type 1 diabetes and consolidate a Th1/Th17
pro-inflammatory pathogenesis in the disease.
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1. Introduction

Type 1 diabetes is a T cell-mediated autoimmune disease, resulting
in the destruction of insulin-producing beta cells in the pancreas. Beta
cell autoantigen targeting CD4+ and CD8+ T cells have been identified
in the peripheral blood of patients at and before the onset of symptom-
atic disease [1–3], and T cells that are specific for beta cell autoantigens
have been isolated from the pancreatic islets of patients [4–6]. The phe-
notype of the beta cell autoantigen targeting CD4+T cells in patients has
been indicated as T helper (Th)1 [1,7], and Th17 [8–10], along with cir-
culating IL-21 producing follicular helper T cell [11,12], with the limita-
tion that only a restricted range of cytokines was determined in these
studies. Response to antigen can also be measured using proliferation
[13–15] and it has been shown that patients have an increased respon-
siveness to beta cell autoantigens in their antigen-experienced
CD45RO+ CD4+ T cell compartment [16]. Here, we have combined pro-
liferation and multi-parameter intracellular cytokine measurements in
order to define the phenotype of beta cell autoantigen-targeting CD4+

T cells that are found in type 1 diabetes.
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2. Methods

2.1. Subjects

Cytokine production by CD4+ T cells was measured after short
polyclonal stimulation and in antigen (proinsulin, GAD65, insulin,
tetanus toxoid) responsive memory CD4+ T cells after 5 days of
stimulation. Each experimental setting compared patients with recent
onset type 1 diabetes to agematched control individuals (Supplementa-
ry table S1). All methods were performed in accordance with relevant
guidelines and regulations and all samples were obtained with
informed consent as part of the DiMelli study [17] and the TeenDiab
study [18]. Protocols were approved by the Ethikkommission der
Bayerischen Landesärztekammer (No. 08043) and by the
Ethikkommission der Fakultät für Medizin der Technischen Universität
München (No. 2149/08).

2.2. Quantification of cytokine producing CD4+ T cells

Frozen PBMCs were thawed with pre-warmed DMEM (4,5 g/l Glu-
cose, w/o L-Glutamine; Lonza) supplemented with Benzonase (25
Units/ml; Novagen 99% purity) and viability was assessed by trypan
blue staining. For the measurement of total CD4+ T cell cytokine pro-
duction in setting 1, 2 × 106 cells were polyclonally stimulated with
PMA and ionomycin in the presence of Brefeldin A (leukocyte activation
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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cocktail with GolgiPlug; final dilution 1:500; BD Bioscience) for 6 h. Sam-
ples were then incubated for additional 5 min in the presence of 40 μl
DNase I (Final concentration 60.000 U/ml; Sigma-Aldrich) at 37 °C, 5%
CO2 and 95% humidity, washed in phosphate-buffered saline without
Ca2+ and Mg2+ (PBS; Gibco) and stained for 30 min with UV Viability
Dye eFluor455UV (eBioscience) on ice. For simultaneous staining of sur-
face and intracellular markers, samples were permeabilized and blocked
in 50 μl of PBS containing 0.1% (w/v) Saponin, 1% BSA, 0.05% NaN3 and
5% (w/v) Nonfat dried milk powder (PBS-S milk buffer) for 2 h on ice.
The following monoclonal antibodies were used: anti-CD3 Horizon
V500 (clone UCHT1; BD Bioscience), anti-CD4 Qdot605 (clone S3.5; Life
Technologies), anti-CD8 Brilliant Violet 785 (clone RPA-T8; BioLegend),
anti-IFNγ APC-eFluor780 (clone 4S.B3; eBioscience), anti-IL-17A PE-Cy7
(clone eBio64DEC17; eBioscience), anti-IL-22 PE (clone 22URTI;
eBioscience), anti-IL-2 Brilliant Violet 650 (clone MQ1-17H12;
BioLegend), anti-IL-4 Alexa Fluor 488 (clone MP4-25D2; BioLegend),
anti-TNFα Brilliant Violet 711 (clone Mab11; BioLegend), anti- GM-CSF
PerCP-Cy5.5 (clone BVD2-21C11; BD Bioscience), anti-IL-21 Alexa Fluor
647 (clone 3A3-N2.1; BD Bioscience), and anti-CD45-RA APC-H7 (clone
HI100; BD Bioscience). For intracellular cytokine staining, the following
respective isotype control antibodies were used: APC-eFluor780
(Mouse; IgG1; κ; clone P3.6.2.8.1; eBioscience), PE-Cy7 (Mouse; IgG1; κ;
clone MOPC-21; BioLegend), PE (Mouse; IgG1; κ; clone MOPC-21;
BioLegend), Brilliant Violet 650 (Rat; IgG2a; κ; clone RTK2758;
BioLegend), Alexa Fluor 488 (Rat; IgG1; κ; clone RTK2071; BioLegend),
Brilliant Violet 711 (Mouse; IgG1; κ; clone MOPC-21; BioLegend),
PerCP-Cy5.5 (Rat; IgG2a; κ; clone RTK2758; BioLegend) and Alexa Fluor
647 (Mouse; IgG1; κ; clone MOPC-21; BioLegend). Cells were stained
for 30 min on ice and antibody staining was terminated by washing the
cells in 2 ml PBS-Saponin buffer. All samples were directly acquired on a
BD LSR-II and cytokine expression analyzed with FlowJo software
(Version 10; TreeStar Inc.).

2.3. CD4+ T cell proliferation and cytokine production

For the analysis of cytokine production in antigen-responsive CD4+

T cells, thawed PBMCs were washed twice with PBS and labeled with
Cell Proliferation Dye eFluor670 (5 μM in PBS for 10 min at 37 °C;
eBioscience). Staining was terminated by adding RPMI 1640 containing
15% human serum AB at 4 °C. 2 × 105 eFluor670-labeled PBMCs were
added to eachwell of a round-bottom96-wellmicrotiter plate and incu-
bated in RPMI 1640 (Invitrogen) supplemented with 5% human serum
AB (Invitrogen), 2 mM L-glutamine (Lonza) and 100 U/ml Penicillin/
Streptomycin (Lonza) at 37 °C, 5% CO2 and 95%humidity in thepresence
of proinsulin (10 μg/ml, Lilly), GAD65 (10 μg/ml; Diamyd Diagnostics),
insulin (50 μg/ml; Lilly) or, as control antigen, tetanus toxoid (1 μl/ml;
Novartis) for 5 days. Cells were subsequently stimulated with pre-
diluted leukocyte activation cocktail with GolgiPlug (final dilution
1:500; BD Bioscience) for 5 h, harvested and stained using the following
monoclonal antibodies: anti-CD4Brilliant Violet 510 (clone SK3; BDHo-
rizon) and anti-CD45RA PE-Cy5 (clone HI100; eBioscience). Cells were
stained for 20 min at 4 °C in PBS containing 0.5% BSA, washed in PBS
and stained for 15 min at room temperature with Zombie NIR
(BioLegend) for cell viability. Cells were fixed and permeabilized for
20 min using Cytofix/Cytoperm buffer solution (BD Bioscience) and
subsequently stained intracellularly in Perm/Wash buffer (BD Biosci-
ence) with monoclonal anti-IL-10 Alexa Fluor 488 (clone JES3-9D7;
BioLegend), anti-GM-CSF PerCP-Cy5.5 (clone BVD2-21C11; BioLegend),
anti-IL-17A Brilliant Violet 605 (clone BL168; BioLegend), anti-IL-21 PE
(clone 3A3-N2; eBioscience), anti-IL-22 eFluor450 (clone 22URTI;
eBioscience) and anti-IFNγ PE-Cy7 (clone B27; BD Bioscience) for
20 min at room temperature. After washing, all samples were acquired
within 24 h on a Becton Dickinson LSRFortessa flow cytometer and an-
alyzed with FlowJo software (Version 10; TreeStar Inc.). For each stim-
ulus at least two replicates were analyzed and responsiveness of
CD4+CD45RA− T cells was identified as proliferation dye decline in
the presence of respective antigens. Proliferation to antigen is expressed
as theproportion of dye-diluted CD45RA−CD4+T cells after subtraction
of values frommedium alone control wells. Cytokine production in pro-
liferating cells is expressed as the proportion of total CD45RA−CD4+ T
cells that were both positive for the respective cytokine and had dye-
diluted after subtraction of values from medium alone control wells.

2.4. Gene expression analysis

Gene expression of the single cell sorted CD4+CD45RA− T cells was
performed as previously described [19]. Raw data were analyzed using
KNIME 2.9.4 [20] and R version 3.2.2 (Vienna). Ct values were pre-
processed using a linear model to correct for potential confounding ef-
fects,which canmask biological variability, as previously described [21].

2.5. Statistical analysis

Comparisons between groups were made using the Mann-Whitney
U test for polyclonally stimulated cytokine responses and Students t-
test for cytokine profiles of antigen-responsive T cells. For all tests, a
two-tailed p-value of b0.05 divided by the number of comparisons
was considered to be significant. This corresponded to p b 0.0083 for in-
dividual cytokines of antigen responsive cells (n=6 cytokines), and p b

0.007 for cytokine profiles of proinsulin-responsive (n = 7 cytokine
profiles) or p b 0.012 for cytokine profiles of GAD65-responsive (n =
4 cytokine profiles). In order to identify cytokine profile patterns of
proinsulin-responsive CD4+CD45RA− T cells, we performed t-
distributed Stochastic Neighbor Embedding (t-SNE) analysis [22]
using Rtsne [23], where the input for each samples was its frequency
for each of the 7 most abundant cytokine profiles observed. To model
the bi-modal expression of single cells, the Hurdle model, a semi-
continuous modeling framework, was applied to the pre-processed
data [24]. This allowed us to assess the differential expression profiles
with respect to the frequency of expression and the positive expression
mean via a Likelihood-ratio test [25]. All analyses were performed using
GraphPad Prism 4 (GraphPad), SPSS (IBM) or R Version 3.2.2 (Vienna).

3. Results

3.1. Cytokine profiles of CD4+ T cells of patients at type 1 diabetes onset

Cytokine production by total CD4+ T cells was quantified after short-
term polyclonal activation with PMA and ionomycin (Fig. 1, Supple-
mentary Fig. S1). IL-2+ (median, 35.7%, IQR, 32.6% to 40.5%) and
TNFα+ cells (median, 19.5%, IQR, 15.5% to 21.8%) were the most abun-
dant cytokine producing CD4+ T cells. GM-CSF+ CD4+ T cells (median,
5.2%, IQR, 3.7% to 6.9%) were also observed and were as abundant as
IFNγ+ CD4+ T cells (median, 5.0%, IQR, 3.2% to 6.5%). GM-CSF produc-
tion by CD4+ T cells was usually concomitant with IL-2 and/or TNFα
production, but was also seen with other effector cytokines such as
IFNγ (Fig. 1B). Cells producing IL-4 (median, 1.4%, IQR, 1.0% to 2.0%),
IL-17A (median, 0.5%, IQR, 0.3% to 0.8%), IL-21 (median, 0.4%, IQR, 0.3%
to 0.6%), or IL-22 (median, 0.6%, IQR, 0.4% to 0.8%) were relatively infre-
quent (Fig. 1A). No difference in CD4+ T cell cytokine profiles (Fig. 1A
and B) or cytokine production expressed as MFI of positive cells
(Fig. 1C) was observed between patients at onset of T1D and age-
matched control children. Similarly, no differencewas observed in cyto-
kine profiles when frequencies were expressed as a proportion of the
total CD45RO+ CD4+ T cell population (Supplementary Fig. S2).

3.2. Cytokine profiles of antigen-responsive memory CD4+ T cells

Cytokine profiles of antigen-responsive CD4+ T cells were subse-
quently examined after 5-day stimulation with beta cell autoantigens
(Fig. 2; Supplementary Fig. S3). Consistent with previous reports [13,
15,16], patients had increased memory T cell responses to proinsulin



Fig. 1. Cytokine profiles of CD4+ T cells. A) Frequency of cytokine producing CD4+ T cells determined by intracellular cytokine staining after short-term stimulation with PMA and
ionomycin in islet autoantibody-negative controls (open, n = 23) and patients at onset of type 1 diabetes (shaded; n = 18). B) Boolean analysis was used to identify the most
dominant cytokine profiles characterized by exclusive or combinatory production of respective cytokines. C) Mean fluorescence intensity was used to reflect expression levels in
cytokine positive CD4+ T cells. Indicated in each boxplot are the median and the 10th–90th percentile of data. No differences were observed between groups (Mann-Whitney U test).
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(p = 0.0002), GAD65 (p b 0.0001) and insulin (p = 0.0326) as com-
pared to controls whenmeasured by CD45RA−CD4+ T cell proliferation
(Fig.2; Supplementary Fig. S3). No differences between groupswere ob-
served in the proliferative response to tetanus toxoid (Supplementary
Fig. S4).

Cytokine production in proinsulin-, GAD65-, and tetanus toxoid-
responsive CD4+CD45RA− T cells of all subjects was dominated by
GM-CSF, IFNγ and IL-21 (Fig. 3; Supplementary Fig. S3), with less re-
sponsive cells positive for IL-17A or IL-22 (p b 0.001 for each antigen
in each dataset). IL-10 producing antigen responsive CD4+CD45RA− T
cells were rare.

Patients had increased frequencies of proinsulin-responsive CD4+

CD45RA− T cells producing GM-CSF (p = 0.002), IFNγ (p = 0.004),
IL-17A (p = 0.008), and IL-22 (p = 0.007) as compared to control
Fig. 2. Proliferation of memory CD4+ T cells in presence of diabetes-related antigens.
Antigen-responsive CD4+CD45RA− T cells in islet autoantibody-negative children (open
squares, n = 36), and patients with T1D (circles, n = 33) were identified via flow
cytometry as a decrease in proliferation dye eFluor670 intensity. Frequencies of
responsive CD4+CD45RA− T cells in the presence of diabetes-related antigens
proinsulin, GAD65 and insulin are expressed as the proportion of dye-diluted
CD45RA−CD4+ T cells within total CD45RA−CD4+ T cells after subtraction of values
from medium alone control wells (y axis). Indicated in each scatter plot is the mean and
p-values. P-values were obtained using the Student's unpaired t-test.
children. While increased frequencies of proinsulin-responsive CD4+

CD45RA− T cells producing IL-21 (p= 0.011) was observed in patients
as compared to controls, this was no longer significant when multiple
testing (n = 6 cytokines) was considered. Patients also had increased
frequencies of IL-21+ (p = 0.039) GAD65-responsive CD4+CD45RA−

T cells (Fig. 3), which was no longer significant after considering multi-
ple testing. No differences in cytokine positive tetanus-responsive
CD4+CD45RA− T cells were observed between patients at onset of
type 1 diabetes and control children (Supplementary Fig. S4). Cytokine
expression as described by mean fluorescence intensity (MFI) of cyto-
kinepositive cells did not differ between any of the groups (Supplemen-
tary Fig. S5). A relationship between proinsulin- and GAD65-responsive
CD4+CD45RA− T cells was observed for GM-CSF producing cells and
IFNγ producing cells (Supplementary Fig. S6).

Since we observed increased frequencies of GM-CSF, IFNγ, IL-17A,
IL-21, and IL-22 secreting CD4+CD45RA− T cell to proinsulin in patients
at onset of T1D, we examined their combinations to determine which
multi-parameter cytokine profiles were increased in patient
proinsulin- and GAD65-responsive CD4+CD45RA− T cells. Mean re-
sponses to proinsulin in patients were above 0.05% for 7 combinations
among proinsulin-responsive T cells and for 4 combinations for
GAD65-responsive CD4+CD45RA− T cells (Fig. 4). Response profiles
containing GM-CSF+, IFNγ+, and IL-21+ CD4+CD45RA− T cells were
the most abundant for both antigens. For responses to proinsulin, 4 of
the 7 profiles were increased in the patients as compared to controls.
Of these, GM-CSF+ only (p = 0.006) and IFNγ+ only (p = 0.0035), re-
sponses remained significant after considering multiple testing (n =
7). The GM-CSF+ only response was also the most abundant and in-
creased (p = 0.037) in patients for GAD65-responsive CD4+CD45RA−

T cells. A multidimensional data analysis was performed on the 7 most
abundant cytokine profiles of the proinsulin-responsive CD4+

CD45RA− T cells for the 69 samples analyzed (Fig. 5). The tSNE analysis
identified four potential clusters. Clusters 1 (green; n = 18 samples)
and 2 (red; n = 21 samples) contained samples with little or no cyto-
kine positive responsive cells. Themajority (27 of 39; 69.2%) of samples
in these clusters were from control individuals. Clusters 3 and 4 were
dominated by samples from patients with type 1 diabetes (21 of 30;
70%; Fig. 5B). A feature of samples in clusters 3 and 4 was the presence
of multiple cytokine profiles in their proinsulin responses. Prominent
profiles that were only seen in the patient samples in cluster 3 included
IFNγ+only phenotype,while cluster 4 includedbothGM-CSF+ only and
GM-CSF+ IFNγ+ combinatory phenotypes (Fig. 5C).

In order to further characterize antigen-responsive CD4+ T cells that
express GM-CSF, proinsulin-responsive CD4+CD45RA− T cells (n =



Fig. 3. Production of cytokines by antigen-responsivememory CD4+T cells. Flow cytometry identification of cytokine production in CD4+CD45RA− T cells responsive to A) proinsulin, and
B) GAD65 in islet autoantibody-negative control children (open squares, n = 36), and patients with T1D (circles, n = 33). Cytokine production in proliferating cells is expressed as the
proportion of total CD45RA−CD4+ T cells that were both positive for the respective cytokine and had dye-diluted after subtraction of values from medium alone control wells (y axis).
Indicated in each scatter plot is the mean and p-values. P-values were obtained using Student's unpaired t-test.

Fig. 4. Multi-parameter cytokine signature of beta cell antigen-responsive memory CD4+ T cells. Boolean analysis was used to identify the most dominant cytokine profiles of
A) proinsulin- or B) GAD65-responsive CD4+CD45RA− T cells characterized by exclusive or combinatory production of respective cytokines. The frequency of antigen-responsive
CD4+CD45RA− T cells with a particular cytokine combination after subtraction of frequencies in the medium wells is shown on the y axis for islet autoantibody-negative children
(open squares, n = 36) and patients with T1D (circles, n = 33). Abundance order was determined from the median rank of the cytokine profile of responsive cells for each of the
samples tested. The combinations from most abundant (left) to least abundant (right) are shown for combinations where the mean response was N0.05% in the patients (7
combinations for proinsulin-responsive cells and 4 combinations for GAD65-responsive cells). Indicated in each scatter plot is the mean and p-values. P-values were obtained using
Student's unpaired t-test.
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Fig. 5. tSNE analysis of proinsulin-responsive memory CD4+ T cell cytokine profiles. For each sample the frequency of the 7 most abundant cytokine profiles observed in proinsulin-
responsive CD4+CD45RA− T cells were analyzed using tSNE analysis. A) tSNE visualized four major clusters, defined as clusters 1 (green, 18 samples), 2 (red, 21 samples), 3 (yellow,
18 samples), and 4 (blue, 12 samples) in samples from controls (squares) and patients with type 1 diabetes (circles). B) Distribution of patients with T1D (green cluster, n = 5; red
cluster, n = 7; yellow cluster, n = 12; blue cluster, n = 9) and islet autoantibody-negative control children (green cluster, n = 13; red cluster, n = 14; yellow cluster, n = 6; blue
cluster, n = 3) among different clusters. C) Expression intensities (light blue, negative; dark blue, highest frequency) of each of the 7 most abundant cytokine profiles observed in
proinsulin-responsive CD4+CD45RA− T cells.
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104) were isolated from three patients for single cell gene expression
analysis. GMCSF gene expression was observed in 19 (18%) cells, of
which 10 expressed IFNG (n=9) or IL21 (n=6; Fig. 6A). As compared
to cells that were GMCSF negative, the cells expressing the GMCSF gene
had lower expression of FOXP3, CD27, CD25, CCR7, and CD137, and in-
creased expression of CD154 (all p b 0.05, Fig. 6B).

4. Discussion

Immune mediated diseases are often classified by cytokine bias in
innate or adaptive immune responses. We report cytokine profiles of
islet autoantigen-responsive CD4+ T cells in type 1 diabetes and show
that the cells have profiles dominated by GM-CSF, IFNγ, and/or IL-21,
but also IL-17A and IL-22. Patients had increased memory CD4+ T cell
responses to proinsulin and to GAD65 as compared to controls, and
the increase for proinsulin-responsive and GAD65-responsive CD4+

CD45RA− T cells was consistently seen within the GM-CSF+ producing
cells, and in cells with a GM-CSF+IFNγ− IL17A− IL-21− IL-22− pheno-
type. The findings are consistent with a pro-inflammatory Th1/Th17
adaptive T cell response to beta cell autoantigens in type 1 diabetes
and introduce GM-CSF-producing CD4+ T cells as a new entity in the
pathogenesis of type 1 diabetes.

Unlike previous reports, the study used the combination of prolifer-
ation and multi-parameter cytokine production to measure responses
to beta cell autoantigens. This provided the opportunity to assess cyto-
kine combinations of responsive CD4+ T cells. We also focused on the
CD4+CD45RA− T cell population as this contains antigen-experienced
cells. A limitation of the assay is that the proliferating responding cells
will include bystander responders. Moreover, we did not use
CD45RO+ enriched cells for the assays, and although our experience in-
dicates that CD45RA is not lost fromnaïve T cells that respond to antigen
over the 5 day culture, it remains possible that some of the responding
CD45RA− cellswere naïve CD4+ T cells prior to in vitro stimulationwith
antigen. It is also possible that the responses to proinsulin and insulin
observed in the patients were in part promoted by insulin injection.
However, it is notable that, an increased GM-CSF+ CD4+CD45RA− T
cell response was observed in patients for both GAD65 and proinsulin.
Finally, a large proportion of cells that proliferated in the presence of an-
tigen were negative for the cytokines measured. In view of the findings
for polyclonally stimulated total CD4+ T cells, it is likely that many of
these cells are IL-2 and/or TNFα producing CD4+ T cells, and the inclu-
sion of these cytokines should be considered for future panels.

IFNγ, IL-21, IL-17A and IL-22 have been reported as type 1 diabetes-
relevant effector molecules [1,10,11,26]. Our findings suggest that
autoantigen-responsive cells in type 1 diabetes produce these cyto-
kines. A novel finding is that GM-CSF producing cells are also prominent
in the response. GM-CSF producing CD4+ T cells are an interesting re-
cently described subset [27]. They have both a Th1 and a Th17 associa-
tion, and include cells from both of these subsets [28]. They are also
increased in autoimmune and inflammatory diseases includingmultiple
sclerosis [29], and synovial CD4+ T cells are an abundant source of GM-
CSF that promotes the differentiation of inflammatory dendritic cells in



Fig. 6.Gene transcription profiles of proinsulin-responsive CD4+CD45RA− T cells. Proinsulin-responsive CD4+CD45RA− T cells from three patients with type 1 diabetes were single cell-
sorted and processed for multi-parameter gene expression. Of 104 cells processed, 19 cells had GMCSF gene expression. A) The gene expression profiles of these 19 cells are shown as a
heatmap. B) Violin plots representing the distribution of Ct expression values for each gene showing significance at p b 0.0005 (Likelihood-ratio test) in cells with (+) or without (−; n=
85) GMCSF gene expression. The proportion of cells expressing the gene ranged from light blue (0%) to dark blue (100%).
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patients with rheumatoid arthritis [30]. T cell derived GM-CSF also has a
non-redundant role in EAE [31,32]. Hence, our finding of increased GM-
CSF+IL-17A+ CD4+ T cells that respond to beta cell autoantigen is of
particular interest. Inmice, GM-CSF production by Th17 cells is promot-
ed by IL-23 [28] and potentially also IL-1β [33]. However, in man, IL-23
appears to be inhibitory for GM-SCF production in T cells, while IL-12
may enhance production [34]. STAT5 is critical in the differentiation of
naïve CD4+ T cells to GM-CSF producing CD4+ T cells [34]. STAT5 is
used in IL-2 and IL-7 signaling, and both pathways are reported to be
relevant to autoimmune diabetes in mouse [35,36] and man [37,38]. It
has been repeatedly demonstrated, that GM-CSF plays an important
and critical role in various autoimmune diseases by triggering differen-
tiation of pathogenic Th17 cells [39]. Our novel findings of an activated
and non-regulatory phenotype of proinsulin-responsive, GM-CSF-
producing CD4+ T cells in T1D patients support this role. GM-CSF pro-
ducing CD4+ T cells represented around 25% of the memory CD4+ T
cell component in children and adolescents (Supplementary Fig. S2).
Of theseGM-CSF+ CD4+ T cells, the IFNγ+T cells are themost abundant
effector cytokine phenotype (median, 32.2%, range, 18.7% to 47.6%).We
did not observe a general increase in GM-CSF producing cells in patients
with type 1 diabetes. Moreover, we did not see an increase in any of the
cytokine producing cell subsets in the patients, including IL-21 produc-
ing CD4+ T cells, which were previously reported to be increased in
adult patients with T1D [11,12]. Our observation of an increase in IL-
21+ autoantigen-responsive CD4+ T cells in patients, however, sup-
ports a role for IL-21 in the disease.

In conclusion, we have developed a multi-parameter cytokine and
proliferation response assay for the detection of antigen-responsive
CD4+ T cells and have found that T cells responsive to beta cell
autoantigens include a GM-CSF producing component and that patients
with type 1 diabetes have increased frequencies of GM-CSF+IFNγ− IL-
17A− IL-21− IL-22− proinsulin- and GAD65-responsive CD4+

CD45RA− T cells. These findings raise the possibility of therapeutically
targeting T cell GM-CSF production in type 1 diabetes.
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