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Abstract
Aims/hypothesis The reason for the observed lower rate of islet autoantibody positivity in clinician-diagnosed adult-onset vs
childhood-onset type 1 diabetes is not known. We aimed to explore this by assessing the genetic risk of type 1 diabetes in
autoantibody-negative and -positive children and adults.
Methods We analysed GAD autoantibodies, insulinoma-2 antigen autoantibodies and zinc transporter-8 autoantibodies (ZnT8A)
andmeasured type 1 diabetes genetic risk by genotyping 30 type 1 diabetes-associated variants at diagnosis in 1814 individuals with
clinician-diagnosed type 1 diabetes (1112 adult-onset, 702 childhood-onset). We compared the overall type 1 diabetes genetic risk
score (T1DGRS) and non-HLA and HLA (DR3-DQ2, DR4-DQ8 and DR15-DQ6) components with autoantibody status in those
with adult-onset and childhood-onset diabetes. We also measured the T1DGRS in 1924 individuals with type 2 diabetes from the
Wellcome Trust Case Control Consortium to represent non-autoimmune diabetes control participants.
Results The T1DGRS was similar in autoantibody-negative and autoantibody-positive clinician-diagnosed childhood-onset type 1
diabetes (mean [SD] 0.274 [0.034] vs 0.277 [0.026], p=0.4). In contrast, the T1DGRS in autoantibody-negative adult-onset type 1
diabetes was lower than that in autoantibody-positive adult-onset type 1 diabetes (mean [SD] 0.243 [0.036] vs 0.271 [0.026],
p<0.0001) but higher than that in type 2 diabetes (mean [SD] 0.229 [0.034], p<0.0001). Autoantibody-negative adults were more
likely to have the more protective HLA DR15-DQ6 genotype (15% vs 3%, p<0.0001), were less likely to have the high-risk HLA
DR3-DQ2/DR4-DQ8 genotype (6% vs 19%, p<0.0001) and had a lower non-HLA T1DGRS (p<0.0001) than autoantibody-
positive adults. In contrast to children, autoantibody-negative adults were more likely to be male (75% vs 59%), had a higher
BMI (27 vs 24 kg/m2) and were less likely to have other autoimmune conditions (2% vs 10%) than autoantibody-positive adults
(all p<0.0001). In both adults and children, type 1 diabetes genetic risk was unaffected by the number of autoantibodies (p>0.3).
These findings, along with the identification of seven misclassified adults with monogenic diabetes among autoantibody-negative
adults and the results of a sensitivity analysis with andwithout measurement of ZnT8A, suggest that the intermediate type 1 diabetes
genetic risk in autoantibody-negative adults is more likely to be explained by the inclusion of misclassified non-autoimmune
diabetes (estimated to represent 67% of all antibody-negative adults, 95% CI 61%, 73%) than by the presence of unmeasured
autoantibodies or by a discrete form of diabetes. When these estimated individuals with non-autoimmune diabetes were adjusted
for, the prevalence of autoantibody positivity in adult-onset type 1 diabetes was similar to that in children (93% vs 91%, p=0.4).
Conclusions/interpretation The inclusion of non-autoimmune diabetes is the most likely explanation for the observed lower rate
of autoantibody positivity in clinician-diagnosed adult-onset type 1 diabetes. Our data support the utility of islet autoantibody
measurement in clinician-suspected adult-onset type 1 diabetes in routine clinical practice.
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Abbreviations
GADA GAD autoantibodies
IA2A Insulinoma-2 antigen autoantibodies
IAA Insulin autoantibodies
T1DGRS Type 1 diabetes genetic risk score
ZnT8A Zinc transporter-8 autoantibodies

Introduction

Our understanding of adult-onset type 1 diabetes is lagging
behind that of childhood-onset type 1 diabetes. Type 1
diabetes is an autoimmune disease with a strong polygenic
susceptibility that can present at all ages. In total, 40% of
individuals present after the age of 30 years [1] and it is
increasingly recognised that these individuals with adult-
onset type 1 diabetes are immunologically different from
those diagnosed in childhood. In childhood-onset type 1
diabetes, islet autoantibodies are present in ~90% of indi-
viduals at diagnosis [2–5], whereas, in clinician-diagnosed
adult-onset type 1 diabetes, autoantibody positivity is
reduced to approximately 70% [2, 6–9]. The reasons for
this observed reduction are not known but it could be due
to the presence of other unmeasured autoantibodies or a

new discrete form of diabetes or the inadvertent misclassi-
fication of non-autoimmune diabetes. Genetic predisposi-
tion to type 1 diabetes has been shown to influence the
presence of autoantibodies [10–14]. Therefore, detailed
immunogenetic studies may help us to better understand
the reasons for the lower prevalence of autoantibody posi-
tivity in adult-onset type 1 diabetes studies and improve our
understanding of the pathophysiology and clinical utility of
autoantibodies in adult-onset type 1 diabetes.

The genetic risk of type 1 diabetes has been well studied in
European populations and multiple HLA and non-HLA vari-
ants associated with type 1 diabetes have been identified [15,
16]. These variants can be combined into a type 1 diabetes
genetic risk score (T1DGRS) providing the overall genetic
predisposition to type 1 diabetes in an individual. The
T1DGRS is useful for discriminating type 1 diabetes from
non-autoimmune diabetes (including monogenic and type 2
diabetes) but is not routinely used by clinicians to diagnose
type 1 diabetes [17, 18], providing an unbiased opportunity to
assess the association of type 1 diabetes genetic predisposition
with autoantibody status in adults. The previous genetic stud-
ies of adult-onset type 1 diabetes have looked at the genetic
risk of type 1 diabetes in either autoantibody-positive individ-
uals or autoantibody-negative and -positive individuals
together [19, 20]. In this study, we aimed to assess the genetic
risk of type 1 diabetes based on 30 known type 1 diabetes-
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associated loci by autoantibody status in adult-onset clinician-
diagnosed type 1 diabetes compared with childhood-onset
type 1 diabetes to evaluate the reported lower prevalence of
autoantibody positivity in adult-onset type 1 diabetes.

Methods

Study population Participants with clinician-diagnosed type 1
diabetes were recruited to the UK-wide After Diabetes
Diagnosis REsearch Support System-2 (ADDRESS-2) study.
The detailed study protocol has been published elsewhere
[21]. Participants were aged over 4 years at recruitment, insu-
lin treated from diagnosis and recruited within 6 months of
diagnosis. As there are no set criteria for diagnosis of type 1
diabetes, the diagnosis was based solely on the judgement of
the treating clinician [22]. Participants recruited up to
September 2017 were included in the present analysis. DNA
and serum samples were collected alongside clinical charac-
teristics and symptoms at diagnosis. Further details of partic-
ipant characterisation is provided in the electronic supplemen-
tary material (ESM).

We studied those who self-reported as being White
European (n=1866), the ethnicity for which genetic risk of
type 1 diabetes is well studied. Participants were excluded if
they were missing autoantibody data (n=29) or genetic data
(n=23) (ESM Fig 1). The majority of individuals were
hospitalised at diagnosis (74%), had severe hyperglycaemia
(mean HbA1c 87 mmol/mol [10.1%]) and were symptomatic
(95% reported polyuria or polydipsia, 85% reported weight
loss and 41% presented in diabetic ketoacidosis) (ESM
Table 1). In total, 99% (1798/1814) of participants were
hospitalised at diagnosis, had symptoms consistent with
severe hyperglycaemia or both. Because of the widely report-
ed reduction in T1DGRS with age [6, 19, 23], we conducted
all analyses separately for children (<18 years at diagnosis)
and adults (≥18 years at diagnosis).

Islet autoantibody analysis GAD autoantibodies (GADA),
insulinoma-2 antigen autoantibodies (IA2A) and zinc
transporter-8 autoantibodies (ZnT8A) were measured by the
University of Bristol using established radiobinding assays
[24, 25]. Islet autoantibodies were considered positive if the
GADA titre was ≥97th centile of 974 non-diabetic control
participants, the IA2A titre was ≥98th centile of 500 non-
diabetic control participants and the ZnT8A titre was
≥97.5th centile of 523 non-diabetic control participants [2].
In the 2015 Islet Autoantibody Standardization Program
Workshop, the assay sensitivities and specificities achieved
were 74% and 96.7% for GADA, 72% and 100% for IA2A,
60% and 100% for ZnT8RA (arginine) and 46% and 100% for
ZnT8WA (tryptophan), respectively.

Genetic analysis Details of T1DGRS generation, HLA
genotyping and monogenic diabetes testing have been
published elsewhere [17, 18, 26, 27] and are provided in
the ESM.

Statistical analysis The χ2 test was used to compare categor-
ical variables between the groups separated by age and auto-
antibody status and Student’s t test was used to compare
continuous variables. Where there were more than two
groups ANOVA was used to compare categorical variables
and linear regression was used to compare continuous vari-
ables. We used the Wald binomial CIs method throughout
to calculate 95% CIs for proportions. For analysis, non-
HLA and HLA T1DGRS were scaled to have a mean of 0
and SD of 1. We performed sensitivity analysis by splitting
the adult-onset diabetes group by the median age of the
cohort (30.95 years). In those aged 18 years or younger at
recruitment, BMI was age adjusted to adult levels using UK
WHO (2007) reference data [28]. All analyses were
performed using Stata 16 (StataCorp LP, College Station,
TX, USA).

Estimating the proportions of type 1 diabetes and non-
autoimmune diabetes among the autoantibody-negative
group To estimate the proportions of individuals with type 1
diabetes and non-autoimmune diabetes among the
autoantibody-negative group, we used the mean T1DGRS
for autoantibody-positive type 1 diabetes (representing type
1 diabetes, clinical suspicion with autoantibody positivity)
and for type 2 diabetes participants from the Wellcome Trust
Case Control Consortium (representing non-autoimmune
diabetes; see the ESM for further details) [29]. We then used
the following formula to calculate the relative proportions of
type 1 diabetes and non-autoimmune diabetes needed to
achieve the mean T1DGRS observed in the autoantibody-
negative group:

Estimated proportion with T1D in autoantibody‐negative group

¼ autoantibody negativemean GRS − Non T1Dmean GRS

autoantibody positivemean GRS − Non T1Dmean GRS

Estimated proportion of non‐autoimmune diabetes

¼ 1 – proportion with type 1 diabetes

We performed a sensitivity analysis using only those posi-
tive for all three autoantibodies to represent type 1 diabetes to
reduce the possibility of false-positive autoantibody cases.
The advantage of this method is that it does not use a
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T1DGRS cut-off to estimate type 1 diabetes, as type 1 diabetes
can develop in those with a low genetic predisposition [30].
Instead, it compares T1DGRS distributions at a group level
and provides robust group-level estimates [1]. We recently
published a detailed methodology paper and validation of this
method that discusses in detail a number of cautions and
assumptions associated with using genetic risk scores in this
context [31].

Ethics statement Ethics approval for the ADDRESS-2 study
was granted by the South Central – Berkshire NHS Research
Ethics Committee on 3 October 2010 (ref: 10/H0505/85).
Ethics approval for monogenic testing in the ADDRESS-2
cohort was granted by the East of England – Essex Research
Ethics Committee on 14 July 2016 (ref. 16/EE/0306).

Results

Islet autoantibody positivity is lower in clinician-diagnosed
adult-onset type 1 diabetes The analysis of GADA, IA2A
and ZnT8A at diagnosis showed that 91% of children were
positive for one or more autoantibody compared with 80% of
adults (p<0.0001) (ESM Table 1). The proportion of partici-
pants with autoantibody positivity decreased with increasing
age, from 88% of those diagnosed aged 18–30.95 years
(n=556, diagnosed at less than the median age of the adult
group) to 73% in those diagnosed aged >30.95–75 years
(n=556, diagnosed at more than the median age of the adult
group) (p<0.0001) (ESM Table 2).

The T1DGRS of autoantibody-negative adults but not children
is intermediate between that of autoantibody-positive
individuals and non-autoimmune diabetes control participants
We first analysed the T1DGRS in autoantibody-positive and
-negative children and adults to gain an understanding of the
lower prevalence of autoantibody positivity in adults. The
T1DGRS was similar in autoantibody-negative and -positive
children (mean [SD] 0.274 [0.034] vs 0.277 [0.026], p=0.4)
(Fig. 1). However, the T1DGRS was significantly lower in
autoantibody-negative adults than in autoantibody-positive
adults (0.243 [0.036] vs 0.271 [0.026], difference 0.028
[95% CI 0.024, 0.032], p<0.0001) (Fig. 1 and ESM Table 3)
but higher than that in non-autoimmune diabetes control
participants (mean [SD] 0.229 [0.034], difference 0.014
[95% CI 0.009, 0.019], p<0.0001). The difference in
T1DGRS between autoantibody-positive and autoantibody-
negative adults increased further with older age at diagnosis
(18–30.95 years: 0.019 [95% CI 0.012, 0.026]; >30.95 years:
0.032 [95% CI 0.026, 0.037]). Conversely, the difference in
T1DGRS between autoantibody-negative adults and non-
autoimmune diabetes control participants was reduced with
older age at diagnosis (18–30.95 years: 0.023 [95% CI
0.015, 0.031]; >30.95 years: 0.009 [95% CI 0.004, 0.015])
(ESM Fig. 2 and ESM Table 4).

Both HLA and non-HLA type 1 diabetes risks are lower in
autoantibody-negative adults but not in children We next
compared the HLA and non-HLA components of the
T1DGRS to assess which is driving the lower overall genetic
risk in autoantibody-negative individuals. Both HLA and non-
HLA components of the T1DGRS were lower in
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Fig. 1 T1DGRS by islet
autoantibody status in clinician-
diagnosed adult- and childhood-
onset type 1 diabetes (T1D).
Individuals with type 2 diabetes
(T2D) were from the Wellcome
Trust Case Control Consortium
[29]. Individuals with childhood-
onset diabetes were those
diagnosed at <18 years of age and
individuals with adult-onset
diabetes were those diagnosed at
≥18 years of age. ***p<0.001
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autoantibody-negative adults than in autoantibody-positive
adults (both p<0.0001) but higher than in non-autoimmune
diabetes control participants (both p<0.0001) (Fig. 2 and
ESMTable 3). In autoantibody-negative adults, the frequencies
of high-risk HLA genotypes were lower than in autoantibody-
positive adults (DR3-DQ2 [DRB1*03:01-DQA1*05:01-

DQB1*02:01] /DR4-DQ8 [DRB1*04-DQA1*03-
DQB1*03:02]: 6% vs 19%; DR3-DQ2 or DR4-DQ8 homozy-
gous or heterozygous without DR15-DQ6 [DRB1*15-
DQA1*01-DQB1*06]: 42% vs 62%; both p<0.0001 [Fig. 3a
and ESM Table 3]), but higher than in non-autoimmune diabe-
tes control participants. Autoantibody-negative adults were
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Fig. 2 HLA and non-HLA T1DGRS by islet autoantibody status in clini-
cian-diagnosed adult- and childhood-onset type 1 diabetes. Individuals
with type 2 diabetes (T2D) were from the Wellcome Trust Case Control
Consortium [29]. Non-HLA and HLA T1DGRS were scaled to have a

mean of 0 and SD of 1 for ease of representation. Individuals with child-
hood-onset diabetes were those diagnosed at <18 years of age and indi-
viduals with adult-onset diabetes were those diagnosed at ≥18 years of
age
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Fig. 3 The frequencies of type 1 diabetes risk-increasing HLA genotypes
and protective HLA genotypes by islet autoantibody status in clinician-
diagnosed adult- and childhood-onset type 1 diabetes. (a) Age ≥18 years;
(b) age <18 years. Neutral X/X represents any HLA other than DR3-
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more likely than autoantibody-positive adults to have one or
more copies of the protective DR15-DQ6 haplotype (15% vs
3%, p<0.0001 [Fig. 3a and ESM Table 3]). In contrast, no
difference in HLA or non-HLA risk was noted between
autoantibody-negative and autoantibody-positive children
(all p>0.1) (Figs 2 and 3b and ESM Table 3).

These differences in HLA and non-HLA genetic risk
between autoantibody-negative and autoantibody-positive
adults became more marked with higher age at diagnosis
(ESM Table 4). Analysis of the individual frequency of non-
HLA variants by autoantibody status gave results that were
directionally consistent with the overall T1DGRS (ESM
Table 5).

Unmeasured or unknown autoantibodiesmay not explain the
lower T1DGRS in autoantibody-negative adults There are
contrasting possible explanations for the unexpected finding
of a lower genetic risk of type 1 diabetes in autoantibody-
negative adults. The lower observed positive autoantibody
prevalence could be explained by the presence of either
unmeasured or unknown autoantibodies in individuals with
adult-onset diabetes. If this is the case, measuring these auto-
antibodies would remove the observed difference in T1DGRS
between autoantibody-positive and autoantibody-negative
adults. To test this, we analysed data in adults with and with-
out ZnT8A measurements (the most recently discovered auto-
antibody of those tested) to assess the impact of measuring
additional autoantibodies over GADA and IA2A. We found

that ZnT8A measurement additionally identified a small
number of autoantibody-positive adults (n=14), correspond-
ing to only 6% (14/232) of the adults negative for both GAD
and IA2A. These 14 adults had a higher T1DGRS than the
adults who were negative for all three autoantibodies (0.272
vs 0.243, p<0.01) (ESM Fig. 3). These data together suggest
that additional measurement of unknown or unmeasured auto-
antibodies will not increase the observed T1DGRS of the
autoantibody-negative group.

Clinical features of autoantibody-negative adults are different
from those of autoantibody-positive adults If the majority of
autoantibody-negative adults have autoimmune type 1
diabetes and are falsely negative for autoantibodies, we
would expect the clinical features of autoantibody-negative
individuals to be similar to those of autoantibody-positive
individuals. In line with this hypothesis, there was no mean-
ingful difference in clinical features at diagnosis between
autoantibody-negative and autoantibody-positive childhood-
onset cases (ESM Table 6). In contrast, autoantibody-
negative adults were more likely than autoantibody-positive
adults to be male (75% vs 59%) and have a higher BMI (27
kg/m2 vs 24 kg/m2) and were far less likely to have a pre-
existing autoimmune condition (2% vs 10%; all p<0.0001;
Table 1). Autoantibody-negative adults were also more likely
to have a parent with diabetes (33% vs 19%, p<0.0001)
despite the lower T1DGRS observed. These differences
between autoantibody-negative and autoantibody-positive

Table 1 Clinical features of
clinician-diagnosed adult-onset
type 1 diabetes by autoantibody
status

Clinical feature Autoantibody positive
(n=894)

Autoantibody negative
(n=218)

p value

At diagnosis

Age at diagnosis (years) 32 (11) 38 (12) <0.0001

Sex

Male 524 (59) 164 (75) <0.0001

Female 370 (41) 54 (25) <0.0001

Diabetic ketoacidosis 377 (42) 83 (38) 0.3

Weight loss 773 (86) 186 (85) 0.7

Polyuria or polydipsia 839 (94) 199 (91) 0.2

Hospitalised at admission 559 (63) 130 (60) 0.4

At recruitment

Diabetes duration (weeks) 11 (7) 11 (7) 0.7

HbA1c (mmol/mol) 91 (32) 100 (36) <0.001

HbA1c (%) 10.5 (5.1) 11.3 (5.4) <0.001

BMI (kg/m2) 24 (5) 27 (7) <0.0001

On concurrent oral
glucose-lowering agent

41 (5) 23 (11) <0.01

Another autoimmune disease 92 (10) 4 (2) <0.0001

Parent with diabetes 171 (19) 72 (33) <0.0001

Data are mean (SD) or n (%)
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adults were largely more pronounced with higher age at diag-
nosis (ESM Table 4).

A discrete form of diabetes in all autoantibody-negative
adults may not completely explain the observed results The
differences in clinical features between autoantibody-
negative and autoantibody-positive adults along with the
lower genetic risk of type 1 diabetes raises the possibility
that there is a discrete form of diabetes with a different
immunogenetic signature and different clinical features in
autoantibody-negative adults. If the autoantibody-negative
group represents a discrete form of diabetes (a lower
T1DGRS with no autoantibodies), one might expect the
T1DGRS to decrease with a decreasing number of positive
autoantibodies, and that individuals with the lowest
T1DGRS would be more likely to be autoantibody nega-
tive. However, in both adults and children, the HLA
T1DGRS and non-HLA T1DGRS, as well as the clinical
features, were similar, irrespective of being positive for
one, two or three autoantibodies (ESM Table 7 and ESM
Figs 4 and 5). The prevalence of autoantibody positivity
was also similar across the quartiles of T1DGRS in children
(11% in lowest quartile of T1DGRS vs 11% in highest
quartile, p=0.99; data not shown). These data suggest that
if there is a discrete form of diabetes it has a distinct genetic
association, only occurs in the absence of autoantibodies
and is not seen in children but becomes increasingly
common with higher age at diagnosis in adults.

Clinical features differ by T1DGRS in autoantibody-negative
adults but not autoantibody-positive adultsWenext explored
the impact of T1DGRS on clinical features in autoantibody-
negative adults, hypothesising that if there is one discrete form
of diabetes the clinical phenotype should be homogeneous
irrespective of genetic predisposition to type 1 diabetes. We
analysed the clinical features of autoantibody-negative and
autoantibody-positive adults split by the median T1DGRS of
all adults in the cohort. In autoantibody-positive adults there
was no difference in clinical features between those with a
lower and a higher T1DGRS (ESM Table 8). Conversely, in
autoantibody-negative adults, those with a lower T1DGRS
had a higher BMI (27 kg/m2 vs 25 kg/m2, p=0.01) and were
older at diagnosis (39 years vs 34 years, p=0.02) (ESM
Table 8). These data support the hypothesis that the
autoantibody-negative adult group is heterogeneous, includ-
ing the presence of adults with non-autoimmune diabetes.

Non-autoimmune diabetes in 67% of autoantibody-negative
adults may explain the observed intermediate T1DGRS A
final potential explanation for the observed difference in clini-
cal features and the intermediate T1DGRS in the autoantibody-

negative group is that it represents a mixture of type 1 diabetes
(false-negative autoantibodies with a genetic predisposition to
type 1 diabetes similar to that in autoantibody-positive individ-
uals) and some proportion of individuals with non-autoimmune
diabetes (e.g. monogenic or type 2 diabetes; known to have a
lower type 1 diabetes genetic risk and not associated with auto-
antibodies). Using the mean T1DGRS of the autoantibody-
negative group (possible combination of type 1 diabetes and
non-autoimmune diabetes), autoantibody-positive group
(representing type 1 diabetes diagnoses based on clinical suspi-
cion with autoantibody positivity) and type 2 diabetes partici-
pants from the Wellcome Trust Case Control Consortium
(representing non-autoimmune diabetes), we estimated that
the observed reduction in T1DGRS in autoantibody-negative
adults could be explained by the inadvertent inclusion of 147/
218 (95% CI 133, 160) individuals with non-autoimmune
diabetes, with 71/218 (95% CI 58, 85) individuals having type
1 diabetes. Thus, individuals with non-autoimmune diabetes
can be estimated to represent 67% (95% CI 61%, 73%) of all
autoantibody-negative adults and 13% (95% CI 11%, 15%) of
all 1112 adults with clinician-diagnosed type 1 diabetes. The
estimated prevalence of non-autoimmune diabetes was even
higher with later age of onset (77% [95% CI 71%, 84%] in
those aged >30.95 years vs 45% [95% CI 34%, 57%] in those
aged 18–30.95 years). A sensitivity analysis was performed
defining adult type 1 diabetes by triple autoantibody positivity
(to exclude the impact of any inadvertent false autoantibody-
positive individuals). This provided a very similar estimate of
69% (95% CI 62%, 75%) of autoantibody-negative individuals
having non-autoimmune diabetes.

Some autoantibody-negative adults have monogenic diabetes
Given the possibility of non-autoimmune diabetes in
autoantibody-negative adults, we conducted genetic testing
for monogenic diabetes (a rare cause of non-autoimmune
diabetes) in all 218 autoantibody-negative adults. We identi-
fied seven adults with monogenic diabetes (3% [95% CI 1%,
7%]; two withHNF1B-related diabetes and five with the mito-
chondrial DNA mutation m.3243A>G). Adults with mono-
genic diabetes had a lower mean (SD) T1DGRS than
autoantibody-positive adults (0.218 [0.025] vs 0.271 [0.026],
p<00001) but this did not explain the majority of lower type 1
diabetes risk in the autoantibody-negative group (mean [SD]
T1DGRS: 0.243 [0.036] in the whole autoantibody-negative
group vs 0.244 [0.036] in antibody-negative individuals with-
out monogenic diabetes, p=0.8). This suggests that, if our
finding does result from the inadvertent inclusion of non-
autoimmune diabetes in 67% of autoantibody-negative adults,
the majority are most likely to have atypical type 2 diabetes
(the most common cause of non-autoimmune diabetes in
adults). Group characteristics of the adults with monogenic
diabetes are given in ESM Table 9.
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Prevalence of positive autoantibodies at diagnosis is similar
in adults and children after exclusion of individuals estimated
to have non-autoimmune diabetes The observed prevalence
of positive autoantibodies of 80% (894/1112) in the adult-
onset group (ESM Table 1) was increased to 93% (894/965,
95% CI 91%, 94%) after excluding those estimated to have
non-autoimmune diabetes (p<0.0001). The prevalence
remained the same even at higher age of diagnosis (92%
[95% CI 90%, 95%] in those aged >30.95 years and 93%
[95% CI 91%, 95%] in those aged 18–30.95 years) and was
similar to that in individuals with childhood-onset diabetes
(642/702, 91% [95% CI 89%, 94%], p=0.4). In adult
autoantibody-positive individuals, GADA was most common
and was present in 90% (805/894) of individuals.

Discussion

Our assessment of the genetic risk for type 1 diabetes in a large
cohort of individuals with clinician-diagnosed type 1 diabetes
shows that, in contrast to children, autoantibody-negative
adults have an intermediate genetic predisposition to type 1
diabetes that becomes more marked with increasing age at
onset. The lower T1DGRS in autoantibody-negative adults
resulted from a reduction in both HLA and non-HLA risk,
with a marked increase in DR15-DQ6 (protective against type
1 diabetes) and reduction in DR3-DQ2 or DR4-DQ8 associ-
ated with type 1 diabetes risk. Within the limits of the study,
we explored possible explanations and propose that the inad-
vertent inclusion of individuals with non-autoimmune diabe-
tes may explain this observation and thus the lower observed
autoantibody positivity in adult-onset clinician-diagnosed
type 1 diabetes.

Non-autoimmune diabetes is not associated with either
autoantibodies [32] or genetic risk for type 1 diabetes [17,
18]. Any individuals with non-autoimmune diabetes would
be included in the autoantibody-negative group, leading to
an intermediate genetic risk of type 1 diabetes, as we observed
in our study. Type 1 diabetes can occur with a low genetic risk
and the absence of autoantibodies, meaning that, although
having a lower genetic risk of type 1 diabetes reduces the
chance of having autoimmune diabetes, it does not exclude
autoimmune diabetes completely [17, 18]. After excluding the
group estimated to have non-autoimmune diabetes, 93% of
adult-onset type 1 diabetes participants had positive anti-
bodies, which was comparable to the rate in childhood-onset
type 1 diabetes participants. This result mirrors our previous
study that used a method independent of clinical features to
define type 1 diabetes (insulin deficiency), showing compara-
ble proportions of positive autoantibodies across age groups,
although the previous study measured antibodies many years
after diagnosis [33]. Our finding that GADA is the most
common autoantibody in adult-onset type 1 diabetes has been

observed before, suggesting similarities between our study
and previous studies of adult-onset type 1 diabetes [2, 7]. In
autoantibody-positive adults, the similarity of the T1DGRS
regardless of the number of positive autoantibodies suggests
that, in the context of clinician-diagnosed type 1 diabetes,
single autoantibody-positive individuals are unlikely to repre-
sent false positives.

Our estimate of the proportion of individuals with non-
autoimmune diabetes based on the T1DGRS was comparable
to that in a recent study using biomarkers (C-peptide) to define
type 1 diabetes rather than clinical diagnosis [34].
Foteinopoulou et al identified non-autoimmune diabetes in
11% of those with clinician-diagnosed adult-onset type 1
diabetes, comparable to the estimated 13% (147/1112) of all
adults misclassified in our study [34]. The overlapping clinical
features of type 1 diabetes and type 2 diabetes [35] and the
relative rarity of type 1 diabetes (5% of all those with diabetes)
are the major factors underlying misclassification in adults.
The presence of non-autoimmune diabetes is supported by
the high proportion of autoantibody-negative adults with the
HLA DR15-DQ6 genotype (15%), which is highly protective
against type 1 diabetes. The higher BMI, higher percentage of
men and lower prevalence of other autoimmune diseases also
point towards the presence of type 2 diabetes as a major
contributor to non-autoimmune diabetes in this group. It is
well reported that a family history of diabetes is more common
in type 2 diabetes than in type 1 diabetes [36–38]; therefore,
the higher prevalence of a family history of diabetes in the
autoantibody-negative group (despite a reduced T1DGRS)
also supports the inadvertent inclusion of individuals with
type 2 diabetes in this group. These individuals with possible
type 2 diabetes are likely to represent a very small fraction of
the total type 2 diabetes population and are atypical. This is
highlighted by the high rate of diabetic ketoacidosis in the
autoantibody-negative adults, possibly reflecting either previ-
ously proposed glucotoxicity-induced transient insulin defi-
ciency [39] or the severe insulin-deficient subtype of type 2
diabetes proposed by Ahlqvist et al [40], who observed that
25% of this cluster had diabetic ketoacidosis at presentation. It
would be interesting to analyse the type 2 diabetes genetic risk
in these patients and carry out long-term follow-up with phys-
iological studies of insulin secretion to better understand the
aetiology of diabetic ketoacidosis in autoantibody-negative
individuals.

Genetic testing identified only seven adults with monogenic
diabetes, supporting the presence of misclassification but not
explaining most of the estimated misclassified individuals. The
finding of individuals with confirmed monogenic diabetes and
possible type 2 diabetes among autoantibody-negative adults
would support autoantibody testing in all those with suspected
adult-onset type 1 diabetes. Future analysis of atypical non-
autoimmune individuals presenting clinically with features
suggestive of insulin deficiency (diabetic ketoacidosis) would
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be helpful to determine the clinical benefit of identifying
these individuals. Studies evaluating patients presenting
with diabetic ketoacidosis showed that a substantial propor-
tion had retained C-peptide at follow-up and were able to
successfully stop insulin therapy [41, 42]. Therefore, we
suggest that it is reasonable to serially evaluate C-peptide
in autoantibody-negative individuals to identify those with
retained endogenous insulin secretion who may benefit
from non-insulin therapies [34, 43]. Genetic testing for
monogenic diabetes should be considered when the proba-
bility of monogenic diabetes is high, for example when
there is a strong family history or a higher probability of
monogenic diabetes based on a clinical model [37].

Our observation of a higher proportion of individuals with
autoantibody-negative type 1 diabetes among adults with an
intermediate genetic predisposition to type 1 diabetes could be
explained by the presence of a discrete form of autoimmune
diabetes associated with a lower genetic risk in which the auto-
immunity is not captured by the three autoantibodies measured.
However, the differences in clinical features between
autoantibody-negative and autoantibody-positive adults but
not children, the presence of monogenic diabetes in the
autoantibody-negative group, the similar T1DGRS by autoan-
tibody status in childhood-onset type 1 diabetes and the lack of
association of T1DGRSwith number of positive autoantibodies
do not completely support this hypothesis. The fact that in
autoantibody-negative adults a low genetic predisposition to
type 1 diabetes was associated with a higher BMI and older
age at diagnosis further suggests that the presence of a discrete
type 1 diabetes subgroup does not explain our study results.
This finding is supported by previous literature showing that
in autoantibody-negative young adults with diabetes the
absence of HLA-DQ risk genotypes identifies a cohort with
markedly different clinical features and C-peptide levels from
those with HLA-DQ risk [44]. Further detailed genetic analysis,
immunophenotyping and clinical studies are needed to investi-
gate the possible presence of a discrete form of diabetes.

Our study has several limitations. We did not have infor-
mation on C-peptide at diagnosis but it has limited utility close
to diagnosis and thus is unlikely to have changed the results
[45]. We used a 30 variant T1DGRS in our study rather than
the recently published 67 variant T1DGRS [46]. The 67 vari-
ant T1DGRS has only modestly improved discriminatory
power and therefore this is unlikely to have significantly
altered the results [31]. The weights for the T1DGRS were
derived from genome-wide association studies in children and
adolescents rather than older adults, as no genome-wide asso-
ciation weights are available for adults only. While this may
have affected the performance of the score in adults with type
1 diabetes [47], because of the within-age group analysis strat-
egy of our study it would not have impacted our results [31].
Our analysis was limited to White Europeans because of the
lack of weights for the T1DGRS in non-European ancestry

and a lack of power for meaningful analysis in non-
European ancestry in our cohort (59 South Asian and 45
African participants). Insulin autoantibodies (IAA) were not
analysed in this study because participants were treated with
exogenous insulin for a median of 3 months, making this
analysis unreliable. In previous studies in which GADA,
IA2A, ZNT8A and IAA were measured concurrently, only
2% of participants were positive for only IAA [48, 49]; there-
fore, the absence of IAA measurement is unlikely to have
significantly affected our results. Furthermore, IAA preva-
lence is known to decrease with increasing age at diagnosis,
so undetected IAA would not have explained the increasing
prevalence of negative autoantibodies with age [48]. It is
possible that autoantibody status may change over time [50,
51], but this is unlikely to explain the reduction in genetic
predisposition to type 1 diabetes in autoantibody-negative
adults given the lack of difference in autoantibody-positive
and antibody-negative children and the lack of an interaction
between T1DGRS and number of positive autoantibodies.

In summary, our detailed immunogenetic study of a large
group of individuals with clinician-diagnosed adult-onset type
1 diabetes highlights the possible causes of the apparently lower
prevalence of posi t ive autoant ibodies in adul ts .
Misclassification of type 1 diabetes is the most likely explana-
tion for this observation. The high rate of misclassification in
adults who are clinically suspected of having type 1 diabetes
strongly supports the routine measurement of autoantibodies in
all individuals and not just when there is diagnostic uncertainty.
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