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Abstract

Objective. Type 1 diabetes (T1D) is an autoimmune disorder in
which autoreactive T cells destroy insulin-producing β-cells.
Interventions that preserve β-cell function represent a
fundamental therapeutic goal in T1D and biomarkers that predict
and monitor β-cell function, and changes in islet autoantigenic
signatures are needed. As proinsulin and neoantigens derived
from proinsulin peptides (hybrid insulin peptides, HIPs) are
important T1D autoantigens, we analysed peripheral blood CD4+

T-cell autoantigen-specific proliferative responses and their
relationship to estimated β-cell function. Methods. We recruited
72 people with and 42 without T1D, including 17 pre-diabetic islet
antibody-positive and 9 antibody-negative first-degree relatives
and 16 unrelated healthy controls with T1D-risk HLA types. We
estimated C-peptide level at 3-month intervals for 2 years post-
diagnosis and measured CD4+ T-cell proliferation to proinsulin
epitopes and HIPs using an optimised bioassay. Results. We show
that CD4+ T-cell proliferation to any islet peptide and to multiple
epitopes were significantly more frequent in pre-diabetic islet
antibody-positive siblings and participants with T1D ≤ 3 months of
duration, than in participants with T1D > 3 months or healthy
controls. Among participants with T1D and first-degree relatives,
CD4+ T-cell proliferation occurred most frequently in response to
proinsulin33-63 (full-length C-peptide). Proinsulin33-63-specific
responses were associated with HLA-DR3-DQ2 and/or HLA-DR4/
DQ8. In children with T1D, proinsulin33-63-specific T-cell
proliferation positively associated with concurrent estimated C-
peptide and predicted survival in honeymoon. Conclusion. CD4+ T-
cell proliferative responses to proinsulin-containing autoantigens
are common before and immediately after diagnosis of T1D but
decline thereafter. Proinsulin33-63-specific CD4+ T-cell response is a
novel marker of estimated residual endogenous β-cell function
and predicts a better 2-year disease outcome.
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INTRODUCTION

Type 1 diabetes (T1D) is a chronic, incurable
autoimmune disorder in which insulin-producing β
cells are destroyed by islet-infiltrating T cells.1,2

Before and after clinical onset, pancreatic islets
undergo β-cell loss. Despite recent advances in
disease management tools, the medical and
psychological burden on children and their
families is high, and diabetic complications
including hypoglycaemia and microvascular
disease are common. There has been progress
towards understanding the genetic,
environmental and immunologic basis for TID3;
however, prevention and/or cure of this condition
remain elusive. The clear benefits of preserving
endogenous insulin secretion include a longer
honeymoon period, better metabolic control and
fewer complications.4,5 Moreover, improved
metabolic control early in the course of T1D may
be protective by producing a ‘metabolic
memory’.4,6 Therefore, interventions that preserve
β-cell function in T1D represent a fundamental
therapeutic goal. Indeed, many patients have
detectable β-cell function for many years after
diagnosis,7 and immune intervention may be
capable of preserving a significant proportion of
β-cells.8

The rate of decline of β-cell function is
heterogeneous,9 and the factors that preserve β-
cell function are poorly understood. Furthermore,
the response to immune interventions also varies
amongst individuals. Robust immune biomarkers
to predict and monitor β-cell function are needed,
to assess the short-term impact of immune
interventions, with the aim of improving longer-
term metabolic outcome in T1D. Islet-reactive
CD4+ and CD8+ T cells play a central role in the
pathogenesis of β-cell destruction. For CD8+ T
cells, the balance between β-cell-specific stem cell
memory and exhaustion contributes to the rate of
disease progression and may be skewed towards
exhaustion by immunotherapies such as
teplizumab. For CD4+ T cells, the frequency of
peripheral blood (PB) T helper 2-like
CD25+CD127hi T cells was recently associated with
improved β-cell function.10 Favorable responses to
agents such as Alefacept are also seen in
individuals with a higher frequency of

CD25+CD127hi T cells, suggesting that CD127hi

cells maintain an anti-inflammatory environment
that supports improved β-cell function and
response to immunotherapy.10

Islet-infiltrating CD4+ T cells recognise epitopes
derived from the proinsulin C-peptide, and from
neoantigens such as hybrid insulin peptides (HIPs)
formed in β-cells by the fusion of C-peptide
fragments to peptides of chromogranin A, islet
amyloid polypeptide or C-peptide itself.1,11,12

Several lines of evidence indicate that insulin or
its precursor proinsulin is a primary autoantigenic
target of T cells in T1D.13,14 In humans, antibodies
to insulin are the first marker of pre-diabetes in
genetically at-risk infants followed from birth,
and precede antibodies specific for other islet
antigens.15 The insulin gene locus is a T1D
susceptibility gene,16,17 and its regulatory VNTR
regions play an essential role in insulin-specific
self-tolerance.16–19 Insulin expression is restricted
to β-cells of pancreatic islets, whereas other T1D
autoantigens are expressed more widely. Post-
mortem analyses of pancreatic tissue of T1D show
that insulitis is usually detected in islets with
insulin-positive β-cells.20,21 Accordingly, proinsulin
peptides have been successfully used in T-cell
assays22–25 and the ‘C19-A3’ epitope employed in
several early phase immunotherapy trials.26,27

Proinsulin is also a primary β-cell antigen target
for autoreactive T cells in spontaneous
autoimmune diabetes in the non-obese diabetic
(NOD) mouse model.28 Studies in transgenic mice
suggest that other β-cell antigens may
subsequently be recognised as a result of epitope
spreading.29 We hypothesised that circulating
CD4+ T cells in patients with recent-onset T1D and
AB+ siblings at high risk would respond to specific
islet auto-antigenic peptides. Since epitopes of
proinsulin and hybrid islet peptides containing
proinsulin sequences have been described,1,11,12,30

we measured autoreactive CD4+ T-cell
proliferation towards a panel of proinsulin
peptides. We used our optimised fit-for-purpose
CFSE-based T-cell proliferation assay,31 to evaluate
the frequency of positive responses to each
epitope, and to determine the relationship
between the level of proliferation and the clinical
features of the patients with T1D. We found that
CD4+ T-cell responses to proinsulin33-63 were the

2021 | Vol. 10 | e1315

Page 2

ª 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc

Proinsulin-specific T cells as a T1D biomarker Y Musthaffa et al.



most frequent of the islet peptides tested, and
that the level of proinsulin33-63-specific CD4+ T-cell
proliferation was positively associated with β-cell
function and predicted survival in remission,
suggesting that proinsulin33-63-specific CD4+ T-cell
proliferation is a novel immune biomarker of
predicted β-cell function.

RESULTS

CD4+ T-cell proliferative responses to
proinsulin epitopes occur more frequently
than in healthy controls, in the pre-diabetic
period and soon after onset of T1D

We recruited five groups of consenting paediatric
and adult participants (Table 1), including T1D ≤ 3
months, T1D > 3 months, healthy controls, islet
antibody (AB)-negative first-degree relatives (FDR)
without T1D and AB-positive FDR with at least one
AB and no clinical features of T1D (Table 1,
Supplementary table 1). Using our previously
optimised CFSE assay for proinsulin (PI)-specific
CD4+ T-cell proliferative responses, we compared

cell division indices (CDIs, see Methods) for multiple
PI epitopes across the 5 groups. The CDIs for each PI
epitope were significantly greater in participants
recently diagnosed with diabetes (T1D ≤ 3 months)
than either healthy controls or participants with
T1D > 3 months (Figure 1). For both PI33-63 and
PI48-62, CDIs were significantly higher in AB-positive
pre-diabetic FDR than in healthy controls. The CDI
for PI33-63 was also greater in AB-positive children
than in participants with T1D > 3 months. For PI48-
62, CDIs were significantly higher in AB-negative
pre-diabetic FDR than in healthy controls, and a
similar trend was observed for PI33-63. The overall
trend towards higher responses to hEL:A-chain,
hEGGG:C-peptide and hEGGG:IAPP2 in participants
with T1D ≤ 3 months and AB-positive FDR
compared to healthy controls and T1D > 3 months
was similar to that of PI33-63, but there was
greater heterogeneity in the response (Figure 2).
Consistent with this, CDIs for hEL:A-chain,
hEGGG:C-peptide and hEGGG:IAPP2 correlated
with CDIs for PI33-63 (T1D ≤ 3 months r2 = 0.38
P = 0.027; rs = 0.64 P = 0.003; rs = 0.40 P = 0.035,
respectively).

Table 1. Baseline demographics

Healthy Controls AB-Negative AB-Positive

T1D ≤ 3

months

T1D > 3

months

Number of subjects

(children; adults)

16 9 17 32 (28;4) 40 (26;14)

Age in years:

mean, range

(children; adults)

28.5,11–51****,# 11.6,7–16****,# 15.8,7-27****,# 10.75, 2–26
(9.3, 2–16;
20.75, 18–26)

15.2, 4–56
(8.3, 4–16;
23.1, 17–56)

Gender female:

male (children,

adults)

6:6 2:7 7:10 16:12, 1:3 14:11, 7:1

Hba1c %:

mean, range

(children; adults)

5.2,4.9–5.7****,# 5.0,4.9–5.3****,# 5.1,4.8–5.7****,# 6.85,

5.5–8.7***,†

(6.8, 5.5–8.7;
7.25, 5.9–8)

8.2, 5.5–12
(8.2, 5.5–11.6;
8.2, 6–12)

Duration of T1D,

months: mean,

range (children,

adults)

0.68, 0–3****,†

(0.57, 0–3;
1.5, 0–2)

59.5, 5–229
(34.8, 5–136;
104.9, 26–229)

Estimated c-peptide:

mean � sem

(children)

0.67 � 0.1**,† 0.19 � 0.1

#Compares to all T1D.
†compares to T1D > 3 months.

*P < 0.05.

***P < 0.001.

****P < 0.0001 unpaired t test.
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Figure 1. The CD4+ T-cell response to proinsulin but not HIP epitopes is increased in the pre-diabetes period and after T1D onset. Each point

represents an individual CDI calculated as the mean of unstimulated proliferation in three technical replicates for each patient (healthy control,

n = 16; AB-negative FDR, n = 9, AB-positive FDR, n = 17; T1D ≤ 3 months, n = 32; T1D > 3 months, n = 40). Error bars display the

median � IQR. *P < 0.05, **P < 0.01, ***P < 0.001. Solid line, CDI = 3. Dashed line, CDI = 1. Kruskal–Wallis post-hoc Dunn’s test with P-values

adjusted via Benjamini–Hochberg. CDI, Cell Division Index.

Table 2. The proportion of participants responding to full-length C-peptide (PI33-63) is higher than for any other proinsulin or HIP epitope.

Epitope

Healthy

controls (%)

AB-negative

(%)

AB-positive

(%)

T1D ≤ 3 months

(%)

T1D > 3 months

(%)

PI33-63 4/16 (25%)#,**** 7/9 (78%) 10/17 (58%) 28/32 (88%) 13/40 (33%)#,****
PI48-62 1/14 (7%)#,* 6/9 (75%) 9/17 (53%) 13/29 (45%) 9/37 (24%)

PI40-52 0/13 (0%)#,*** 6/8 (75%) 3/17 (18%) 12/28 (43%) 8/38 (21%)

hEL:A-chain 1/14 (7%)#,* 4/8 (50%) 7/17 (41%) 13/28 (46%) 10/38 (26%)

hEGGG:C-pep 0/14 (0%)#,*** 3/8 (38%) 4/17 (24%) 12/26 (46%) 10/35 (29%)

hEGGG:IAPP2 2/14 (14%)#,* 3/8 (38%) 3/17 (18%) 12/25 (48%) 8/37 (22%)

The percentage of each group with CDI ≥ 3 to each auto-antigenic epitope. The denominator indicates the number of participant samples in

each group for which results are available with CDI calculated from the mean of unstimulated proliferation in triplicate experiments.
#Comparison with T1D ≤ 3 months.

*P < 0.05.

***P < 0.001.

****P < 0.0001, Fisher’s exact test.
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To determine the frequency of positive responses,
we set CDI ≥ 3.0 as the threshold based on a
specificity of 81% for PI33-63-specific CD4+ T-cell
responses using the receiver-operator characteristic
curve analysis of T1D ≤ 3 months vs healthy controls
(Supplementary table 2). These findings are
consistent with a recent report.25 A CD4+ T-cell
response with CDI ≥ 3.0 to any epitope was
detected in 91% (29/32) of participants with
T1D ≤ 3 months, 82% (14/17) of AB-positive FDR,
78% (7/9) of AB-negative FDR, 35% (14/40) of T1D
onset > 3 months and 31.35% (5/16) of healthy
controls (Table 2).

PI33-63-specific responses are more frequent
than responses to any other epitope containing
PI sequences

Of all the islet peptides, we observed CD4+ T-cell
proliferation most frequently in response to PI33-63
across all groups (Table 2). We observed a
consistently high median CDI to PI33-63 and PI48-62
in AB-negative and AB-positive FDR and
participants with recent-onset T1D (Figure 2,
Table 2). In 69% (22/32) of these participants with
T1D ≤ 3 months, CD4+ T cells responded to
multiple epitopes. We also observed frequent

Figure 2. Comparison of antigen response profile between groups. (a) Healthy controls, n = 16; (b) AB-negative FDR, n = 9; (c) AB-positive

FDR, n = 17; (d) T1D ≤ 3 months, n = 32; and (e) T1D > 3 months, n = 40. Each row is an individual subject with CDI calculated from the

mean of unstimulated proliferation in triplicate experiments. (f) Median CDI for islet peptides.
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CD4+ T-cell proliferation to multiple epitopes in
AB-positive and AB-negative FDR (Figure 3).

In view of the increase in PI33-63-specific CD4
+ T-cell

proliferative responses across pre-diabetic FDR, we
assessed whether CDI increased as T1D risk increased
with number of AB. There was no correlation
between PI33-63 CDI and the number of AB present
(Supplementary figure 1), indicating that PI33-63 CDI
is an early marker of autoreactivity that does not
increasewith the development of islet AB.

PI33-63-specific CD4+ T-cell response correlates
with estimated C-peptide

In paediatric patients, C-peptide can be estimated
based on clinical parameters of age, gender, BMI-Z
score, HbA1c, time since diagnosis and insulin dose
(see Methods).3 PI33-63 CDI positively associated with
estimated C-peptide measured at the same time-
point (T1D ≤ 3 months rs = 0.69, P < 0.0001;
T1D > 3 months, rs = 0.35 P = 0.04, Figure 4a).
Furthermore, PI33-63 CDI positively associated with
the duration of the honeymoon (T1D ≤ 3 months
rs = 0.70, P < 0.0001; T1D > 3 months, rs = 0.55
P = 0.004, Figure 4b) and predicted survival in
honeymoon (P = 0.00624, Figure 4c). Similar positive
associations were found for PI48-62 and PI40-52 but not
for the HIP-specific peptides. PI33-63 CDI was not
associated with age (Supplementary figure 1) but
was associated with the number of months since
diagnosis (Supplementary figure 2). PI33-63 CDI was
not associated with insulin antibody status in AB-
positive FDR (Supplementary figure 3) or those with

T1D (pre-insulin treatment insulin antibody data was
available for 38/72 participants with T1D).

PI33-63-specific CD4+ T-cell responses are more
frequent in at-risk or diabetic subjects with HLA-
DR3-DQ8 or HLA-DR4-DQ2

PI33-63 CDIs from all (52/52) participants with T1D
were grouped into high-risk HLA-DR3-DQ2, HLA
DR4-DQ8, highest-risk HLA DR3-DQ2 and DR4-DQ8
or lower-risk non-HLA-DR3/DR4. PI33-63 CDIs were
significantly higher among T1D participants with
any high-risk allele or allele combination than no
high-risk allele (Figure 5a). A similar pattern was
observed among the combined AB-positive (9/9)
and AB-negative FDR (15/17), although the
analysis was limited by small numbers of subjects
in each group (Figure 5b). Comparable trends
were observed between CDI for PI48-62 and PI40-52
and high-risk alleles for T1D and FDR. No HLA
associations were evident for the HIP-specific CD4+

T-cell responses.

DISCUSSION

Characterisation of islet antigen-specific CD4+ and
CD8+ T cells during the prodrome and after onset
of T1D is crucial, in order to understand their role
in disease pathogenesis, to relate T-cell responses
to treatment outcomes, to identify subjects
potentially suited to immunotherapy and to
characterise T-cell responses to antigen-specific
immunotherapies. However, a robust T-cell

Figure 3. Response to multiple epitopes is greatest before and immediately after onset of T1D. Each bar depicts the proportion of subjects with

responses (CDI > 3) to one or more proinsulin or HIP epitopes. CDI was calculated from the mean of unstimulated proliferation in triplicate

experiments. Healthy control, n = 16; AB-negative FDR, n = 9; AB-positive FDR, n = 17; T1D ≤ 3 months, n = 32; T1D > 3 months, n = 40.
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biomarker that tracks immunological correlates of
β-cell function has remained an unrealised goal.
Using a previously optimised assay, we show that
proinsulin epitope-specific proliferative responses
were most frequent towards PI33-63 in children
and adults with T1D and in individuals at risk, and

that PI33-63-specific responses were higher in
individuals with HLA class II T1D-associated risk
alleles than in individuals without these risk
alleles. While high levels of PI epitope-specific PB
CD4+ T-cell proliferation were evident in AB− and
AB+ at-risk FDR and within 3 months of T1D

Figure 4. The response to PI33-63 correlates with current and future β-cell function. Correlation of CDI for PI33-63 with (a) estimated C-peptide at

the same time point, and (b) duration of honeymoon (months). Each point represents an individual response with CDI calculated from the mean

of unstimulated proliferation in triplicate experiments. (c) Survival analysis for all T1D patients based on CDI ≥ 3.15 discriminating

T1D ≤ 3 months and T1D > 3 months, and where the honeymoon period was ≤ 30 months, P = 0.00624. T1D ≤ 3 months, n = 28;

T1D > 3 months, n = 25.
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diagnosis relative to healthy controls carrying HLA
risk alleles, they declined in individuals with T1D
for longer than 3 months. These data indicate
that PI33-63-specific CD4+ T-cell proliferation is a
marker of active islet autoimmunity, which is
demonstrable in FDR at genetic risk of T1D even
before the development of islet AB. Furthermore,
after T1D diagnosis, PI33-63-specific PB CD4+ T-cell
proliferation correlates with estimated C-peptide
and predicts survival in partial remission. Thus, in
children diagnosed with T1D, high PI33-63-specific
CD4+ T-cell responses identify residual predicted
endogenous β-cell mass and predict a better 2-
year survival in partial remission.

Previous studies also identified antigen-specific
CD4+ T cells in PB25,32–35 and in the islets of organ

donors with T1D, including multiple islet antigens
and HIPs.11,30 This study extends that work and
demonstrates that proinsulin immune reactivity is
best captured by assays incorporating the PI33-63
full-length C-peptide sequence, which contains
multiple epitopes,25,32,36 potentially increasing the
pool of antigen-reactive T cells. Shorter epitopes
within PI33-63 are presented by several HLA-DR and
HLA-DQ molecules, thus generating T-cell
responses from individuals with varied HLA
types.25

Unlike PI-specific immunogenicity, which was
common across the groups tested, T-cell
autoreactivity to HIP neoepitopes12 was more
heterogeneous. Emerging evidence suggests that
the generation of neoepitopes is linked to β-cell

Figure 5. PI33-63 responses in individuals with HLA-DR3-DQ2 and/or HLA-DR4-DR8. (a) All T1D (b) AB-negative FDR and AB-positive FDR.

Each point represents an individual subject with CDI calculated from the mean of unstimulated proliferation in triplicate experiments. Solid

line, CDI = 3. Dashed line, CDI = 1. AB-negative FDR, n = 9; AB-positive FDR, n = 15; T1D ≤ 3 months, n = 32; T1D > 3 months,

n = 40.
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stress and activates T cells, amplifying the
autoreactive repertoire. However, the presence
of HIPs within the islets does not appear
sufficient to cause disease, as HIPs have been
found in islets of donors without T1D.37

Heterogeneity in the immune response to HIPs
may relate to different levels of β-cell stress,
HLA genotype,38 and the timing and extent of
HIP formation in vivo. In NOD mice, PB T cells
recognising HIPs were detected with increasing
frequency as they progressed towards diabetes.39

While we did not undertake longitudinal
studies, HIP-specific T-cell reactivity correlated
with PI-specific reactivity, indicating that epitope
spreading may be related to the magnitude of
the autoimmune response. In participants with
T1D ≤ 3 months, AB-negative and AB-positive
FDR, the increased islet-specific CD4+ T-cell
autoimmunity presumably indicates ongoing
priming of immune cells and epitope spreading
to multiple β-cell antigens prior to, or soon after
the clinical manifestation of disease. Future
longitudinal studies could map changes and
potential epitope spreading in autoantigen-
specific CD4+ T-cell responses before and after
the onset of T1D.

We showed that the level of PI33-63-specific T-
cell proliferation was associated with concurrent
β-cell function and predicted survival in partial
remission. Furthermore, proliferation of PI33-63-
specific T cells correlated with proliferation to
HIPs. If these islet-specific T cells contribute to β-
cell destruction, this observation is unexpected.
The association with concomitant β-cell function
may reflect a larger β-cell mass and thus antigen
availability to sustain antigen-specific CD4+ T-cell
memory, and potential for clonal expansion upon
peptide re-exposure in vitro.40 However, the
association of PI33-63-specific proliferating T cells
with future honeymoon duration suggests they
may have regulatory function, with capacity to
delay disease progression. Proliferating cells
produce IL-2, which is needed to support CD25+

regulatory T cells, including Foxp3+CD25hiCD127lo

and CD25+CD127hi T cells. The frequency of
CD25+CD127hi T cells was also recently shown to
predict survival in honeymoon.41 Polymorphisms
in multiple genes in the IL-2 pathway can
predispose to T1D,42–44 and defects in IL-2
receptor signalling reduce Foxp3 expression in
CD25+ regulatory T cells in T1D patients,

prompting trials of both low-dose IL-2 and Treg
cell therapy.45–47

Autoimmune β-cell damage occurs before the
onset of clinically apparent disease, and PI33-63 CDI
may be a useful biomarker of autoimmunity in
people at genetic risk for T1D, even in the
absence of islet AB. We show that almost all FDR
responded to at least one of the proinsulin
epitopes. Since many of these individuals are
unlikely to develop T1D, this observation also
supports the hypothesis that the autoantigen-
specific CD4+ T cells may have regulatory function.
In a recent analysis of PB cytokine responses to a
partially overlapping set of islet epitopes (PI40-52,
hEL:A-chain and hEGGG:IAPP2) using ELISPOT in
FDR, the IFNg/IL-10 ratio in response to certain
HIPs correlated with clinical parameters of
progression to T1D, including islet AB titres and
evidence of glucose intolerance.48 Given that HIP-
specific proliferative responses correlated with
PI33-63-specific responses and that a PI33-63 CDI ≥ 3
predicted survival in honeymoon after T1D onset,
it will be of interest to determine whether PI33-63
CDI also stratifies the risk of developing T1D,
adding new insights into the classification of
presymptomatic T1D.49 Further work is also
needed to characterise the phenotype and
function of the proliferating PI33-63-specific CD4+ T
cells, and to map changes in progressors and non-
progressors to T1D, and in individuals with
sustained remission in clinical trials of
immunotherapy.

Although the presence of islet antibodies is
associated with the risk of developing T1D,15

their predictive role after disease onset is not
well understood. An inverse correlation between
humoral and cellular islet autoimmunity has been
previously described.50 PI-specific CDI did not
correlate with the number of autoantibody
specificities in AB-positive siblings. Furthermore,
both AB-negative and AB-positive siblings had PI-
specific CDI, confirming that the presence of AB
was not necessary for islet peptide-specific T-cell
proliferative responses.

A key strength of this study is that we quantified
PI-specific responses in PB using an optimised, fit-
for-purpose assay, validated for intra-assay and
inter-assay repeatability.31 However, our study has
limitations. While the at-risk and T1D participant
groups comprised adults and children, the healthy
control group was significantly older. We limited
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the pool of peptides tested to those derived from
proinsulin, based on previous publications.
However, other published epitopes51,52 within the
proinsulin A chain, B chain and other islet antigens
such as GAD-65 or ZnT8 could also be informative,
particularly as many AB-positive siblings developed
antibodies against GAD-65 and ZnT8 (Table 2).
Using ELISPOT assays to measure IFN-γ and IL-10
CD4+ T-cell responses to a variety of islet epitopes,
a previous study found fewer adults than children
with recent-onset T1D made IFN-γ responses.24

While we found no relationship between CDI and
age, we did not assess cytokine production in the
current studies. Furthermore, although our
cohort had sufficient power to determine the
relationships of CDI to clinical features and HLA, it
was not large enough to fully explore the
immunological heterogeneity of T1D. Validation
of these findings in additional cohorts would add
value and may reveal interactions between
variables.

In summary, CD4+ T-cell proliferative responses
to proinsulin-containing autoantigens are
frequently detectable prior to and immediately
after T1D onset, followed by a decline. Proinsulin33-

63-specific CD4
+ T-cell response is a novel marker of

current and future endogenous β-cell function.

METHODS

Subjects

T1D was defined according to the criteria from the
American Diabetes Association.53 Healthy controls were
locally collected participants or Australian Bone Marrow
Donor Registry participants carrying either HLA-DQ2 or
HLA-DQ8 alleles but with no personal or family history of
T1D and without T1D-related antibodies. The absence of
AB against insulin, glutamic acid decarboxylase 65
(GAD65) and islet antigen insulinoma-associated protein-2
(IA-2) was confirmed in all healthy controls and AB-
negative FDR. Subjects were excluded if they were
receiving immune-modulatory drugs or had other
autoimmune disease except for patients with
hypothyroidism receiving appropriate thyroid hormone
replacement or coeliac disease on gluten exclusion. At the
time of sample collection, adequately treated
hypothyroidism was present in one patient with
T1D ≤ 3 months (1/32). Three participants with
T1D > 3 months (3/40) had both hypothyroidism on
appropriate replacement and coeliac disease on gluten

exclusion. The study was approved by the Children’s
Health Queensland, Mater Hospital, Australian Red Cross
and University of Queensland Human Research Ethics
Committees. No blinding or randomisation was used in
this study. All HLA typing was performed by the
Australian Red Cross Blood Services.

Estimate of β-cell function

In paediatric patients with T1D, we estimated endogenous
C-peptide levels according to a previously reported
method.3 The estimated C-peptide model incorporates age,
gender, BMI-Z score, HbA1c, time since diagnosis and
insulin dose. Based on this model, an estimated C-peptide
of 0.4 correlates with a stimulated C-peptide of
0.3 nmol L−1. We estimated C-peptide levels at 3-month
intervals over 2 years. Paediatric patients were defined as
being in partial remission (honeymoon) if their estimated C-
peptide measured ≥ 0.4.

Antigens

Tetanus toxoid (AJ Vaccines, 10 LfU mL−1), ultra-LEAF-
purified anti-human CD3 (Biolegend, San Diego USA, Clone
OKT3, 0.1 µg mL−1) and proinsulin (PI) or HIP epitopes (GL
Biochem, Shanghai, China) were included in CD4+ T-cell
proliferation assays at a final concentration of 10 µM.31

Proinsulin epitopes included the following sequences: PI33-63
(C-peptide, Sequence: EAEDLQVGQVELGGGPGAGSLQPLALEG
SLQ), PI48-62 (PI48-62, Sequence: PGAGSLQPLALEGSL) and PI40-52
(PI40-52, Sequence: GQVELGGGPGAGS). HIPs containing parts
of the PI33-63 sequence included the following: hEGGG:C-
peptide (Sequence: GQVELGGGEAEDLQV), hEL:A-chain
(Sequence: SLQPLALGIVEQCC) and hEGGG:IAPP2 (Sequence:
GQVELGGGNAVEVLK).

Cell preparation, CFSE Staining and T-cell
stimulation

Peripheral blood mononuclear cells (PBMC) were freshly
isolated and labelled with carboxyfluorescein diacetate
succinimidyl ester (CFSE, CellTrace™ CFSE Cell Proliferation
Kit for flow cytometry, Invitrogen, Thermo
Fisher Scientific, Waltham, Massachusetts, USA) as
described.31,54 CFSE-stained cells (2 × 106 PBMC mL−1,
200 μL per well) were cultured for 7 days with medium
alone (negative control), peptides or with positive
controls, tetanus toxoid and/or anti-CD3 to obtain a cell
division index (CDI).54 Three replicates were tested for
each experiment. The CDI is the ratio of CD4+T cells that
proliferated in response to antigen, relative to cells that
proliferated in the absence of antigen. The CDI was
calculated based on a fixed number of 5000 CD4+

CFSE(undivided) cells using the following formula:

CDI¼ number of divided CD4þT cells per 5, 000 CD4þT cells in CFSE ðundividedÞ from ‘with antigen’ group

number of divided CD4þT cells per 5, 000 CD4þT cells in CFSE ðundividedÞ from ‘without antigen’ group
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As the assay was run in triplicate, the mean of
unstimulated proliferation was used to calculate the CDI. A
CDI of ≥ 3 was determined to represent the threshold for
the positive control responses. Data from assays in which
the CDI for the positive controls, tetanus toxoid and anti-
CD3, did not exceed 3.0 were excluded from the analysis.

Statistical analysis

Pairwise comparison between categorical variables was
conducted with the Chi-square test, or the Fisher’s exact
test if one or more cells in the contingency table had an
expected frequency of ≤ 5 using Graphpad Prism (Version 7,
San Diego, CA, USA) and R Statistical Software (Version
3.5.3, Foundation for Statistical Computing, Vienna,
Austria). The Kruskal–Wallis test was used for multiple
comparisons, followed by post-hoc Dunn’s test, and P-values
were adjusted with the Benjamini–Hochberg method.
Comparisons between group data were made using the
paired two-tailed t-test. Statistical significance was defined
as P < 0.05. The Kaplan–Meier survival analysis was
performed with the R package Survival (https://cran.r-projec
t.org/web/packages/survival/index.html). Patients were
assigned to two groups high score (≥ median PI33-63 CDI of
3.15) and low score (< median PI33-63 CDI of 3.15). A
Kaplan–Meier survival using the default setting extracted a
P-value for a honeymoon period of up to 30 months.
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Characterization of proinsulin T cell epitopes restricted
by type 1 diabetes-associated HLA class II molecules. J
Immunol 2020; 204: 2349–2359.

33. Yang J, Danke N, Roti M et al. CD4+ T cells from type 1
diabetic and healthy subjects exhibit different
thresholds of activation to a naturally processed
proinsulin epitope. J Autoimmun 2008; 31: 30–41.

34. Mannering SI, Harrison LC, Williamson NA et al. The
insulin A-chain epitope recognized by human T cells is
posttranslationally modified. J Exp Med 2005; 202:
1191–1197.

35. Mannering SI, Pang SH, Williamson NA et al. The A-
chain of insulin is a hot-spot for CD4+ T cell epitopes in
human type 1 diabetes. Clin Exp Immunol 2009; 156:
226–231.

36. Landry LG, Anderson AM, Russ HA et al. Proinsulin-
reactive CD4+ T cells in the islets of type 1 diabetes
organ donors. Front Endocrinol (Lausanne) 2021; 12:
217.

37. Aaron Wiles T, Powell R, Michel CR et al. Identification
of hybrid insulin peptides (HIPs) in mouse and human
islets by mass spectrometry. J Proteome Res 2019; 18:
814–825.

38. Ito Y, Ashenberg O, Pyrdol J et al. Rapid CLIP
dissociation from MHC II promotes an unusual antigen
presentation pathway in autoimmunity. J Exp Med
2018; 215: 2617–2635.

39. Baker RL, Jamison BL, Wiles TA et al. CD4+ T cells
reactive to hybrid insulin peptides are indicators of
disease activity in the NOD mouse. Diabetes 2018; 67:
1836–1846.

40. Viglietta V, Kent SC, Orban T, Hafler DA. GAD65-
reactive T cells are activated in patients with
autoimmune type 1a diabetes. J Clin Invest 2002; 109:
895–903.

41. Owen DL, Mahmud SA, Vang KB et al. Identification of
cellular sources of IL-2 needed for regulatory T cell
development and homeostasis. J Immunol 2018; 200:
3926–3933.

42. Garg G, Tyler JR, Yang JHM et al. Type 1 diabetes-
associated IL2RA variation lowers IL-2 signaling and
contributes to diminished CD4+CD25+ regulatory T cell
function. J Immunol 2012; 188: 4644–4653.

43. Lawson JM, Tremble J, Dayan C et al. Increased
resistance to CD4+ CD25 hi regulatory T cell-mediated
suppression in patients with type 1 diabetes. Clin Exp
Immunol 2008; 154: 353–359.

44. Lindley S, Dayan CM, Bishop A, Roep BO, Peakman M,
Tree TIM. Defective suppressor function in CD4+CD25+

T-cells from patients with type 1 diabetes. Diabetes
2005; 54: 92–99.

45. Klatzmann D, Abbas AK. The promise of low-dose
interleukin-2 therapy for autoimmune and inflammatory
diseases.Nat Rev Immunol 2015; 15: 283–294.

46. Rosenzwajg M, Salet R, Lorenzon R et al. Low-dose IL-2
in children with recently diagnosed type 1 diabetes: a
Phase I/II randomised, double-blind, placebo-controlled,
dose-finding study. Diabetologia 2020; 63: 1808–1821.

2021 | Vol. 10 | e1315

Page 12

ª 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc

Proinsulin-specific T cells as a T1D biomarker Y Musthaffa et al.

https://doi.org/10.1038/nature03523


47. Bluestone JA, Tang Q. Treg cells—the next frontier of
cell therapy. Science 2018; 362: 154–155.

48. Mitchell AM, Alkanani AA, McDaniel KA et al. T-cell
responses to hybrid insulin peptides prior to type 1
diabetes development. Proc Natl Acad Sci USA 2021;
118: e2019129118.

49. Insel RA, Dunne JL, Atkinson MA et al. Staging
presymptomatic type 1 diabetes: a scientific statement
of JDRF, the Endocrine Society, and the American
Diabetes Association. Diabetes Care 2015; 38: 1964–
1974.

50. Harrison LC, Honeyman MC, DeAizpurua HJ et al.
Inverse relation between humoral and cellular
immunity to glutamic acid decarboxylase in subjects at
risk of insulin-dependent diabetes. Lancet 1993; 341:
1365–1369.

51. Roep BO, Peakman M. Antigen targets of type 1
diabetes autoimmunity. Cold Spring Harb Perspect Med
2012; 2: 4.

52. Dang M, Rockell J, Wagner R et al. Human type 1
diabetes is associated with T cell autoimmunity to zinc
transporter 8. J Immunol 2011; 186: 6056–6063.

53. American Diabetes Association AD. (2) Classification
and diagnosis of diabetes. Diabetes Care 2015; 38
(Supplement 1): S8–S16.

54. Mannering SI, Morris JS, Jensen KP et al. A sensitive
method for detecting proliferation of rare autoantigen-
specific human T cells. J Immunol Methods 2003; 283:
173–183.

Supporting Information

Additional supporting information may be found
online in the Supporting Information section at
the end of the article.

This is an open access article under the terms of

the Creative Commons Attribution License,

which permits use, distribution and reproduction

in any medium, provided the original work is

properly cited.

ª 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc
2021 | Vol. 10 | e1315

Page 13

Y Musthaffa et al. Proinsulin-specific T cells as a T1D biomarker

http://creativecommons.org/licenses/by/4.0/

