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Abstract

Aims: In the current study we aimed to evaluat T cell phenotypes and metabolic
profiles in high-risk individuals who progressed to type 1 diabetes compared to
those remaining disease free.

Methods: A Fluorspot assay was used to examine T cell responses to a panel of
islet autoantigen peptides in samples obtained 6- and 30-months preceding dis-
ease onset and at the same timepoints in non-progressors.

Results: We noted a significant increase in the magnitude of the proinflamma-
tory interferon-y response to proinsulin and insulin peptides in individuals who
progressed to type 1 diabetes. In contrast, in the non-progressors, we observed an
increase in the regulatory IL-10 response to proinsulin peptides. Furthermore,
the T cell responses to the islet peptide panel predisposed towards a proinflam-
matory interferon-y bias in the progressors.

Conclusions: Collectively, these data suggest that a proinflammatory T cell re-
sponse is prevalent in high-risk individuals who progress to type 1 diabetes and
can be detected up to 6 months prior to onset of disease. This observation, albeit
in a small cohort, can potentially be harnessed in disease staging, particularly in
identifying autoantibody-positive individuals transitioning from stage 2 (dysgly-
cemia present and pre-symptomatic) to stage 3 (dysglycemia present and symp-
tomatic). The detection of these different T cell phenotypes in progressors and
non-progressors suggests the presence of disease endotypes.
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1 | INTRODUCTION The disparity in several factors including genetic suscepti-
bility, variable prodrome periods, type and number of autoan-
tibodies and inconsistent responses to immuno-intervention
illustrates the heterogeneous features of the disease.” Studies

into the nosology of type 1 diabetes have prompted a scrutiny

Type 1 diabetes results from a sustained immune-mediated
attack on insulin-producing p cells culminating in insulin
deficiency and the requirement for exogenous insulin."
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of this heterogeneity which may be explained by the presence
of disease endotypes. The existence of type 1 diabetes endo-
types has major implications for therapeutic intervention
and highlights the need for patient stratification during every
stage of the natural history of the disease.

By far, the most robust biomarkers of impending type 1 di-
abetes risk and progression are autoantibodies to islet targets
such as insulin, insulinoma antigen-2 (IA-2), glutamic acid
decarboxylase (GAD) and Zinc transporter 8 (ZnT8)’ and
indeed, multiple-autoantibody positive individuals can be
stratified for risk of disease development based on the char-
acteristics or combinations of autoantibodies.** However, the
order of appearance and titres of autoantibodies are highly
variable and, this coupled with inconsistent prodrome pe-
riods from seroconversion calls for additional biomarkers
which may be able to distinguish the rate of progression.

There is an abundance of evidence underscoring the
role of T cells in the pathogenesis of type 1 diabetes.®’
Despite the technical challenges in evaluating T cell re-
sponses, they have been used as potential biomarkers in
addressing both responsiveness to therapeutics and strat-
ifying patients.® Indeed, the cytokine secretion profile of
CD4+ T cells has been used to distinguish subjects with
type 1 diabetes from healthy controls’; furthermore, quan-
titative T cell responses differ between children and adults
with type 1 diabetes thus highlighting the age-related het-
erogeneity observed in the disease.'® Finally, distinct T cell
phenotypes have been described in at-risk individuals."

The issue of heterogeneity can be further addressed
using metabolic parameters such as C-peptide and HbA,_.
C-peptide levels vary according to age'*"* and type 1 dia-
betes duration, with levels decreasing with increased du-
ration of disease.'* HbA, is a metabolic measure used to
determine long-term glycaemic control.

We set out to examine the heterogeneity in type 1 di-
abetes by exploring specific immune and metabolic pro-
files in high-risk subjects to determine if this impacted
disease progression. We wanted to evaluate the antigen-
specific T cell responses and metabolic parameters such as
C-peptide and HbA, levels in individuals who developed
disease compared to those remaining diabetes free over a
30-month period. Finally, we also wanted to assess how
these responses differed in individuals just prior to disease
onset compared to several months earlier.

2 | METHODS

2.1 | Participants

Fresh heparinised blood samples were obtained from 42
children, all first-degree relatives of individuals with type

What's new?

T cells have been demonstrated in preclinical
type 1 diabetes where they illustrate the im-
munological heterogeneity of the disorder by
exhibiting distinct phenotypes.

« The current study expands on this and
shows that there is a proinsulin-specific pro-
inflammatory T cell phenotype present specifi-
cally in a subgroup of high-risk individuals who
progress to type 1 diabetes and this can be de-
tected within 6 months prior to onset.

« This proinsulin-specific response may be poten-
tially useful indisease staging.

1 diabetes (21 males; median age 12 years 8 months (age
range: 3 years 8 months to 19 years 8 months); of these,
41 were autoantibody positive (GADA): 86%; IA2-A: 64%;
IAA: 40%; ZnT8-A: 69%; ICA: 67%). Participants were
recruited via the Type 1 Diabetes TrialNet Pathway to
Prevention study."?

Individuals were genotyped for HLA-DR3/DQ
HLA-DR4/DQS8 haplotypes and 35/41 (85%) were pos-
itive for one or more of these haplotypes. Where pos-
sible longitudinal blood samples were collected every
6 months for 2.5 years (visits 1-5) or until the participant
developed type 1 diabetes. Over the course of the study,
14 participants progressed to type 1 diabetes. At the final
visit, samples were available on eight participants who
developed type 1 diabetes and 16 individuals who did
not. Demographic details of the participants are shown
in Table 1. These studies were carried out with the ap-
proval of the U.K. National Research Ethics Service, and
for blood studies, informed consent was obtained from
all participants or their parents/guardians.

2.2 | Autoantibodies
TAA, GADA, IA-2A, ZnT8-A and ICA were measured ac-
cording to previous TrialNet studies.'>™’

2.3 | HLA typing

DNA-based HLA typing using oligonucleotide probes at
full resolution was used to type individuals for HLA class
IT alleles (HLA DRB1, HLA DQB1) as previously reported
in the TrialNet Pathway to Prevention Study."®
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TABLE 1 Summary of characteristics of participants of the

study
Progressors Non-progressors
(n=14) (n = 28)
HLA DR3/DR4 (%) 93 79
Males (%) 64 46
Median age (years) 13.11 12.5
Mean follow-up 16.5 (SD = 6.9) 13.8 (SD = 3.6)
(months)
Autoantibodies
GADA (%) 93 82
IA—2 (%) 79 57
TIAA (%) 71 25
ZnT8-A (%) 79 64
ICA (%) 79 61
2.4 | Detection of

B-cell-specific cytokine-secreting
CD4+ T cells

Peptides based on sequences of naturally processed
and presented proinsulin (C13-32; C19-A3; C22-A5),
IA-2 (752-775; 853-872), GAD65 (335-352; 555-567)
epitopes, and overlapping regions of insulin B chain
(B1-20; B6-25) were synthesised and purified by high-
performance liquid chromatography (Thermo Hybaid)
and used at 10 pg/ml. Recombinant human proinsulin
(Biomm) and recombinant GAD (Diamyd) were both
used at 10 pg/ml. Pediacel, a penta-vaccine (Sanofi
Pasteur Ltd.), was used at 1 pl/ml to examine anam-
nestic responses induced by vaccination or infection as
previously described.'

Cytokine responses were measured using combined in-
terferon-y/IL-10 indirect FluoroSpot assays (U-Cytech) to
examine cytokine secretion and co-secretion by individual
cells. Briefly, cells prestimulated with peptides described
above, proinsulin, GAD or the positive control (Pediacel)
were transferred to wells of a pretreated FluoroSpot plate
coated with high affinity anti-IL-10 and anti-interferon-y
antibodjies.

After 24 h, the cells were removed by washing, and
antibody-bound cytokine identified using a mixture of
anti-IL-10 and anti-interferon-y detection antibodies fol-
lowed by two fluorescent conjugates containing Alexa
488-labelled anti-FITC antibodies and R-phycoerythrin
(R-PE)-labelled streptavidin made up according to manu-
facturer's instructions. Green, fluorescent spots represent
interferon-y-producing cells, red spots, IL-10 and yellow
spots signify cells that release both interferon-y and IL-10
(Figure S1).
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2.5 | Metabolic measurements

Participants undertook an oral glucose tolerance test
(OGTT) after fasting overnight. C-peptide (nmol/L) and
glucose (mmol/L) measurements were performed as re-
cently described in other TrialNet studies.'* HbA,, was
measured as previously described in TrialNet studies."

2.6 | Data analysis

FluoroSpot data were expressed as the mean number of
spots per triplicate compared with the mean spot number
in the presence of diluent alone (stimulation index [SI])
and an SI>3 was considered positive for both interferon-y
and IL-10.

The proportion of participants responding to individ-
ual T cell epitopes was compared using Fisher's exact test.
Responses to peptides at the first and final visits were
compared using Wilcoxon and Mann-Whitney tests (data
were tested for normality using Shapiro-Wilk) and were
analysed with GraphPad Prism 9 software. p < 0.05 was
considered statistically significant.

3 | RESULTS

During the study, 14 individuals developed type 1 diabe-
tes, and thus, we were able to compare immunological and
metabolic measurements in these individuals with those
in individuals who did not progress to disease (n = 28)
(Table S1).

Within the progressors, the genotypes associated with
diabetes susceptibility, HLA-DRBI*0301 and/or *0401
genotypes were present in 13/14 individuals (93%) com-
pared to 22/27 (81%) of individuals who did not progress
to type 1 diabetes.

Multiple autoantibodies were present in 93% of pro-
gressors and 81% of non-progressors.

3.1 | Immune responses just prior to the
onset of type 1 diabetes

Of the individuals who developed type 1 diabetes, longitu-
dinal samples were available on eight participants with the
last sample analysed within 6 months of diabetes onset. We
examined immunological parameters at this final visit and
compared the data to the first visit (obtained 12-30 months
earlier, median 12 months duration of follow-up) and to
individuals who remained diabetes free on whom samples
were acquired at identical time points (n = 16).
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3.2 | T cell responses prior to onset of
type 1 diabetes

We have previously shown that high-risk multi-
autoantibody-positive individuals present as two
immunological phenotypes, one characterised by pro-
inflammatory T cell responses and the other a partially
regulated IL10 response indicating different immune phe-
notypes.'’ Based on this, we determined interferon-y and
IL-10 T cell responses in the current cohort.

The prevalence of interferon-y and IL-10 T cell re-
sponses did not differ amongst the two groups at the
first visit (positive responses identified as interferon-y
responses >SI = 3): 0%-29% in progressors and 4%-29%
in non-progressors; IL-10 responses (=SI = 3): 0%-29% in
progressors and 11%-39% in non-progressors (Figure S2).
At the final visit, the T cell response was shown to be
higher in the progressors, and this was particularly nota-
ble for the interferon-y response to proinsulin and insulin
peptides (25%-63%).

The magnitude of interferon-y and IL-10 T cell responses
was measured as the agglomerated stimulation index (SI)
across all the peptides for each islet autoantigen to provide
an indication of the size of the T cell immune response.

In progressors, interferon-y T cell responses were
higher in the visit preceding the onset of disease com-
pared to the first visit for proinsulin and insulin peptides
(p = 0.0011 and p = 0.0157) respectively (Wilcoxon test).
In contrast, interferon-y responses to IA-2 and GAD pep-
tides were similar at both visits p = 0.89 and p = 0.81 re-
spectively (Figure 1a).

In the non-progressors, there was no significant differ-
ence in interferon-y T cell responses between both visits
for any islet peptide. There were a few non-progressors
who did, however, have an increased IFN-y T cell (SI>3)
responses to proinsulin and insulin peptides at the final
visit. These individuals had a higher prevalence of HLA
DR4 haplotypes (5/6 [63%]) compared to those in whom
IFN-y T cell responses remained stable or decreased (3/8
[38%])).

Although the numbers were small, we noted that pro-
gressors with interferon-y T cell responses to proinsulin
and insulin peptides were slightly younger than non-
progressors (median age: 9.2 years vs. 11.1 years).

IL-10 T cell responses were similar at both visits in the
progressors for all the islet peptides except for GAD pep-
tides where IL-10 responses were significantly lower at
the final visit (p = 0.04); this was at a similar frequency
for both GAD peptides (335-352 and 555-567 (Figure 1b).
Similarly, in the non-progressors, IL-10 responses were
similar at both visits except for responses to proinsulin
peptides which were higher at the last visit (p = 0.0135,
(Wilcoxon test) (Figure 1b))).

In summary, progressors present with a proinsulin/
insulin-targeted pro-inflammatory T cell response and
proinsulin peptides elicit a regulatory IL-10 response in
Nnon-progressors.

3.3 | Dual interferon-y/IL-10-producing
T cell responses prior to onset of type
1 diabetes

Whereas it is difficult to definitively infer the pathogenic
potential of T cells purely based on cytokine secretion,
studies have suggested that cells with a regulatory phe-
notype are characterised by IL10 with co-secretion of
interferon-y.” This includes cells with a Tr1-like pheno-
type known to secrete both interferon-y and IL-10, hence
are dual cytokine-producing cells.

The prevalence of dual (interferon-y + IL-10) cytokine-
producing cells was measured in both progressors and
non-progressors. GAD and GAD peptide 335-352 each
elicited dual cytokines in one patient (12.5%) prior to pro-
gression to type 1 diabetes at the final visit, and in each
case, only one cell produced both cytokines.

In contrast, in the non-progressors, dual cytokine-
producing cells were observed in 9/16 (56%) of individuals
at the last visit. Dual cytokine-producing cells were elic-
ited by GAD (n = 5 individuals), GAD peptides: 335-352
(n = 5); 555-567 (n = 2), insulin peptides: B1-20 (n = 2);
B6-25 (n = 2), IA-2 peptide: 853-872 (n = 3), proinsulin
peptides: C13-32 (n = 1), C19-A3 (n = 2), C22-A5 (n = 3)
and proinsulin (n = 2) (Figure S3).

In summary, the higher prevalence of dual cytokine-
producing cells in non-progressors suggests the presence
of cells with a regulatory phenotype.

3.4 | Ratio of interferon-y and IL-
10 responses

We examined the ratio of interferon-y to IL-10 responses in
individuals preceding type 1 diabetes development to de-
termine if responses were polarised towards an inflamma-
tory or regulatory phenotype. In subjects who progressed
to diabetes, we observed a predominant interferon-y bias
with only 3/11 islet autoantigens showing an IL-10 bias;
this pattern persisted at the final visit just before disease
onset (Figure 2a,b). In contrast, although responses ini-
tially were biased towards interferon-y, by the final visit,
responses in non-progressors were biased towards IL-
10—this was particularly prominent for the proinsulin
peptides (Figure 2c,d).

These data further indicate the presence of different
immune phenotypes in progressors and non-progressors.
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FIGURE 1 Magnitude of T cell responses. Stimulation indices for (a) interferon-y (red) and (b) IL-10 (blue) responses in progressors
(n = 8) (circles) and non-progressors (n = 16) (squares) at the first and final visits preceding type 1 diabetes in progressors and at the same
time points in non-progressors. p values (Wilcoxon test) where significant are shown
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3.5 | Prevalence of autoantibodies
preceding type 1 diabetes

We determined autoantibody prevalence at both visits
to determine if this were related to disease progression.
At the start of the study (visit 1) overall, the prevalence
of autoantibodies tended to be higher in the progressors
compared to non-progressors for GADA, IA2A and IAA
(insulin autoantibodies) (Table 1). At the final visit, the
prevalence of autoantibodies was also higher in the pro-
gressors (n = 8) for IAA (50% vs. 12.5%) albeit not signifi-
cantly, this was likely to be due to the small number of
participants. Interestingly, every individual positive for
IAA except one had an interferon-y T cell response to pro-
insulin and/or insulin peptides.

3.6 | Metabolic measurements prior
to the onset of type 1 diabetes

In addition to the immunological data, we also assessed
metabolic measurements, specifically HbA,. and C-
peptide to see if these were related to disease progression.
At the final visit before type 1 diabetes onset, HbA, . levels
were greater in progressors (ranging from 4.4 to 6.3% (25-
45 mmol/mol)) compared to non-progressors (ranging
from 4.5% to 5.6% (26-38 mmol/mol)) (p = 0.047, Mann—
Whitney test) (Figure S4a).

We examined interferon-y responses to proinsulin/in-
sulin peptides and insulin autoantibodies in this group as
the data above show that these are the most discriminatory

parameters in progressors versus non-progressors. In the
five individuals with the HbA,  values >5.45% (>36 mmol/
mol) (as determined by the 75th percentile value) at the
final visit, 4/5 (80%) showed an interferon-y response to
proinsulin/insulin peptides with proinsulin peptide C22-
A5 eliciting a response in all four individuals.

In the non-progressor cohort, one individual had a
HbA, value >5.45% at the final visit and no interferon-y
response to proinsulin/insulin peptides was observed
(p = 0.02) (Fisher's exact test).

C-peptide values were lower in most individuals who
developed type 1 diabetes in samples just prior to diabe-
tes onset compared to those who did not develop disease
(Figure S4b) albeit not significantly. The 25th percentile
of C-peptide values was determined to be 488 so this was
set as a threshold. Five individuals (63%) in the progressor
group had C-peptide values <488 AUC just prior to the
onset of type 1 diabetes compared to two subjects (14%)
in the non-progressors group (p = 0.05) (Figure S4b). All
five individuals (100%) had an interferon-y response to
proinsulin/insulin peptides and three (60%) were positive
for insulin autoantibodies. In the non-progressors, inter-
feron-y response to proinsulin/insulin peptides was noted
in both subjects and neither had insulin autoantibodies.

In contrast, 38% of progressors and 21% of non-
progressors had C-peptides values >488 AUC (p = ns);
33% of progressors had an interferon-y T cell response to
proinsulin/insulin peptides and insulin autoantibodies;
and 21% of non-progressors showed an interferon-y T cell
response to these peptides and 7% were positive for insulin
autoantibodies.
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These data suggest that there are differences in met-
abolic parameters in subjects who progressed to type 1
diabetes.

4 | DISCUSSION

In the present study, we detected antigen-specific T cells in
individuals at high risk for type 1 diabetes consistent with
our previous findings."' We show a significant increase in
antigen-specific interferon-y T cell responses specifically
in individuals who progress to type 1 diabetes in samples
obtained up to 6 months prior to disease onset compared
to those collected several months previously. Also, prior to
disease onset, the T cell response is preferentially biased
towards an interferon-y for most of the islet autoantigenic
peptides tested. Collectively, these data suggest that a pro-
inflammatory, interferon-y T cell response particularly to
proinsulin and insulin peptides is significantly prevalent
in high-risk individuals who progress to type 1 diabetes.
This observation is in a small group of patients and needs
to be confirmed in larger cohorts, if corroborated it can
potentially be harnessed in disease staging.

We have previously shown that proinsulin and insu-
lin peptides are preferentially targeted in children with
type 1 diabetes'’; the fact that proinsulin and insulin pep-
tides elicit the strongest interferon-y T cell responses in
the current study further highlights the key role of these
peptides in high-risk children progressing to type 1 dia-
betes. Finally, although the numbers of participants were
very small, the children with interferon-y T cell responses
to these peptides who progressed to type 1 diabetes were
younger than those who remained disease free.

It is intriguing that in individuals who progressed to
type 1 diabetes, just preceding disease onset, the pro-
insulin peptide, C13-32, specifically elicited only pro-
inflammatory interferon-y responses and no IL-10.
Furthermore, the interferon-y bias observed in progres-
sors was highest for peptide C13-32 amongst all the pep-
tides tested. These observations together with our previous
studies in preclinical individuals,'**' and a recent study
of at-risk individuals reporting proliferative reactivity to
proinsulin C16-C30 which is encompassed in C13-32,%
highlight a possible key role for C13-32 in type 1 diabetes
pathology.

We also examined individuals who did not go on to de-
velop type 1 diabetes at the same time points and noted
a significant increase in proinsulin peptide-specific IL-10
responses, suggesting possible immune regulation at play
in a subgroup of high-risk individuals consistent with
our previous reports.'*' This is further supported by the
data on dual (interferon-y + IL-10) cytokine-producing
cells which are found predominantly in the individuals
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who did not progress to type 1 diabetes and suggest that
in dual cytokine-producing cells, IL-10 may be regulat-
ing pro-inflammatory responses in non-progressors. This
group is high risk, and the individuals will also develop
type 1 diabetes albeit in a possible protracted manner as
the participants did not develop disease within the same
timeframe as the progressors. The slower disease progres-
sion in this group further highlights the heterogeneity of
type 1 diabetes.

For both progressors and non-progressors, the pro-
drome period is not known and it is possible that the time
since the appearance of the first autoantibodies may differ
in the two groups. With this study design, it is not possi-
ble to assess whether thedifferent T cell responses elicited
in progressors and non-progressors may beconfounded by
differences in the time since the appearance of the firstau-
toantibody. It is possible that there are differences in dis-
ease progression and the prodrome periods may vary in
the two groups.

Using a combination of proinsulin/insulin peptide-
specific T cell responses and insulin autoantibodies just
prior to onset of disease, we were able to identify all but
one subject who progressed to type 1 diabetes. These data
illustrate the biomarker potential of this combined panel
not only in predicting disease but also narrowing the pro-
drome window to within less than 6 months. Naturally,
applying a combination of proinsulin/insulin peptide-
specific T cell responses and insulin autoantibodies as
a biomarker panel needs to be validated extensively in
a clinical setting to see if imminent disease can be pre-
dicted. A few non-progressors also had responses to pro-
insulin/insulin peptides; hence, a large cohort needs to be
tested preferably with prior knowledge of the length of the
prodrome period, this will determine if this panel can be
used as biomarker.

The number of individuals with high HbA,. and low
C-peptide was small; hence, the data need to be inter-
preted with a degree of caution; however, it is interesting
that in progressors with higher HbA, levels, all but one
of the individuals had an interferon-y T cell response to
proinsulin peptide C22-A5 that was rarely observed in
the non-progressors. A relationship between islet anti-
gen peptide-specific T cell responses and HbA, . has been
described previously in preclinical individuals, but these
were mainly detected in autoantibody negative individu-
als®® and the individuals were not followed up for disease
onset.

The small number of participants in this study is a lim-
itation of the study and the likelihood of disease progres-
sion in subjects with proinsulin/insulin peptide-specific
interferon-y T cell responses needs to be addressed in
larger cohorts of high-risk insulin autoantibody-positive
individuals.
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To our knowledge, this is the first study that examines
antigen-specific T cells in the prodrome period. The phe-
notype of the response in progressors is pro-inflammatory
and directed specifically at proinsulin and insulin pep-
tides; conversely in non-progressors, there is a significant
regulatory IL-10 response to proinsulin peptides; these
distinct immune phenotypes in high-risk individuals war-
rant further investigation.

ACKNOWLEDGEMENTS

We acknowledge the support of the Type 1 Diabetes
TrialNet Study Group’s Pathway to Prevention Study for
this TrialNet Ancillary Study. Type 1 Diabetes TrialNet
Study Group is a clinical trials network funded by the
National Institutes of Health (NIH) through the National
Institute of Diabetes and Digestive and Kidney Diseases,
the National Institute of Allergy and Infectious Diseases
and the Eunice Kennedy Shriver National Institute of
Child Health and Human Development, through the co-
operative agreement UC4 DK106993, and the JDRF. The
contents of this article are solely the responsibility of the
authors and do not necessarily represent the official views
of the NIH or the JDRF. We would like to acknowledge
the UK TrialNet Team at the University of Bristol for col-
lecting samples and thank the participants and their fami-
lies for providing samples.

FUNDING INFORMATION

This work was supported by a research grant from the
European Programme in Type 1 Diabetes and funded by
European Research Foundation for the Study of Diabetes
(EFSD), Juvenile Diabetes Research Foundation (JDRF)
and Novo Nordisk.

CONFLICT OF INTEREST
None declared.

ORCID
Sefina Arif © https://orcid.org/0000-0002-6638-7610

REFERENCES

1. von Scholten BJ, Kreiner FF, Gough SCL, von Herrath M.
Current and future therapies for type 1 diabetes. Diabetologia.
2021;64(5):1037-1048.

2. Redondo MJ, Hagopian WA, Oram R, et al. The clinical conse-
quences of heterogeneity within and between different diabetes
types. Diabetologia. 2020;63(10):2040-2043.

3. Regnell SE, Lernmark A. Early prediction of autoimmune (type
1) diabetes. Diabetologia. 2017;60(8):1370-1381.

4. Achenbach P, Warncke K, Reiter J, et al. Stratification of type 1
diabetes risk on the basis of islet autoantibody characteristics.
Diabetes. 2004;53(2):384-392.

5. Bravis 'V, Kaur A, Walkey HC, et al. Relationship between islet
autoantibody status and the clinical characteristics of children

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

and adults with incident type 1 diabetes in a UK cohort. BMJ
Open. 2018;8(4):020904.

Pugliese A. Autoreactive T cells in type 1 diabetes. J Clin Invest.
2017;127(8):2881-2891.

Burrack AL, Martinov T, Fife BT. T cell-mediated beta cell
destruction: autoimmunity and alloimmunity in the con-
text of type 1 diabetes. Front Endocrinol (Lausanne).
2017;8:343.

Ahmed S, Cerosaletti K, James E, et al. Standardizing T cell
biomarkers in type 1 diabetes: challenges and recent advances.
Diabetes. 2019;68(7):1366-1379.

Arif S, Tree TI, Astill TP, et al. Autoreactive T cell responses
show proinflammatory polarization in diabetes but a regulatory
phenotype in health. J Clin Invest. 2004;113(3):451-463.

Arif S, Gibson VB, Nguyen V, et al. Beta-cell specific T-
lymphocyte response has a distinct inflammatory phenotype
in children with type 1 diabetes compared with adults. Diabet
Med. 2017;34(3):419-425.

Arif S, Leete P, Nguyen VY, et al. Blood and islet phenotypes
indicate immunological heterogeneity in type 1 diabetes.
Diabetes. 2014;63(11):3835-3845.

VanBuecken DE, Greenbaum CJ. Residual C-peptide in
type 1 diabetes: what do we really know? Pediatr Diabetes.
2014;15(2):84-90.

Bogun MM, Bundy BN, Goland RS, Greenbaum CJ. C-
Peptide levels in subjects followed longitudinally before and
after type 1 diabetes diagnosis in TrialNet. Diabetes Care.
2020;43(8):1836-1842.

Davis AK, DuBose SN, Haller MJ, et al. Prevalence of detectable
C-Peptide according to age at diagnosis and duration of type 1
diabetes. Diabetes Care. 2015;38(3):476-481.

Sims EK, Geyer S, Johnson SB, et al. who is enrolling? the path
to monitoring in type 1 diabetes TrialNet's pathway to preven-
tion. Diabetes Care. 2019;42(12):2228-2236.

Sosenko JM, Skyler JS, Palmer JP, et al. A longitudinal study
of GAD65 and ICA512 autoantibodies during the progression
to type 1 diabetes in Diabetes Prevention Trial-Type 1 (DPT-1)
participants. Diabetes Care. 2011;34(11):2435-2437.

Bosi E, Boulware DC, Becker DJ, et al. Impact of age and an-
tibody type on progression from single to multiple autoan-
tibodies in type 1 diabetes relatives. J Clin Endocrinol Metab.
2017;102(8):2881-2886.

Steck AK, Xu P, Geyer S, et al. Can non-HLA single nucleo-
tide polymorphisms help stratify risk in TrialNet relatives at
risk for type 1 diabetes? J Clin Endocrinol Metab. 2017;102(8):
2873-2880.

Vehik K, Cuthbertson D, Boulware D, et al. Performance of
HbA1lc as an early diagnostic indicator of type 1 diabetes in
children and youth. Diabetes Care. 2012;35(9):1821-1825.

Tree TIM, Lawson J, Edwards H, et al. Naturally arising human
CD4 T cells that recognize islet autoantigens and secrete inter-
leukin-10 regulate proinflammatory T cell responses via linked
suppression. Diabetes. 2010;59(6):1451-1460.

Arif S, Pujol-Autonell I, Kamra Y, et al. Mapping T cell re-
sponses to native and neo-islet antigen epitopes in at risk and
type 1 diabetes subjects. Front Immunol. 2021;12:675746.
Musthaffa Y, Hamilton-Williams EE, Nel HJ, et al. Proinsulin-
specific T cell responses correlate with estimated c-peptide
and predict partial remission duration in type 1 diabetes. Clin
Transl Immunology. 2021;10(7):e1315.


https://orcid.org/0000-0002-6638-7610
https://orcid.org/0000-0002-6638-7610

ARIF ET AL.

23. Mitchell AM, Alkanani AA, McDaniel KA, et al. T cell re-
sponses to hybrid insulin peptides prior to type 1 diabetes de-
velopment. Proc Natl Acad Sci USA. 2021;118(6).

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

DIABETIC I

How to cite this article: Arif S, Yusuf N, Domingo-
Vila C, Liu Y-F, Bingley PJ, Peakman M. Evaluating
T cell responses prior to the onset of type 1 diabetes.
Diabet Med. 2022;39:€14860. d0i:10.1111/dme.14860



https://doi.org/10.1111/dme.14860

	Evaluating T cell responses prior to the onset of type 1 diabetes
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Participants
	2.2|Autoantibodies
	2.3|HLA typing
	2.4|Detection of β-­cell-­specific cytokine-­secreting CD4+ T cells
	2.5|Metabolic measurements
	2.6|Data analysis

	3|RESULTS
	3.1|Immune responses just prior to the onset of type 1 diabetes
	3.2|T cell responses prior to onset of type 1 diabetes
	3.3|Dual interferon-­γ/IL-­10-­producing T cell responses prior to onset of type 1 diabetes
	3.4|Ratio of interferon-­γ and IL-­10 responses
	3.5|Prevalence of autoantibodies preceding type 1 diabetes
	3.6|Metabolic measurements prior to the onset of type 1 diabetes

	4|DISCUSSION
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	REFERENCES


