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Abstract 
The clinical usefulness of post-diagnosis islet autoantibody levels is unclear and factors that drive autoantibody persistence are poorly defined in 
type 1 diabetes (T1D). Our aim was to characterise the longitudinal loss of islet autoantibody responses after diagnosis in a large, prospectively 
sampled UK cohort. Participants with T1D [n = 577] providing a diagnosis sample [range −1.0 to 2.0 years] and at least one post-diagnosis sample 
(<32.0 years) were tested for autoantibodies to glutamate decarboxylase 65 (GADA), islet antigen-2 (IA-2A), and zinc transporter 8 (ZnT8A). Select 
HLA and non-HLA SNPs were considered. Non-genetic and genetic factors were assessed by multivariable logistic regression models for auto-
antibody positivity at initial sampling and autoantibody loss at final sampling. For GADA, IA-2A, and ZnT8A, 70.8%, 76.8%, and 40.1%, respect-
ively, remained positive at the final sampling. Non-genetic predictors of autoantibody loss were low baseline autoantibody titres (P < 0.0001), 
longer diabetes duration (P < 0.0001), and age-at-onset under 8 years (P < 0.01–-0.05). Adjusting for non-genetic covariates, GADA loss was asso-
ciated with low-risk HLA class II genotypes (P = 0.005), and SNPs associated with autoimmunity RELA/11q13 (P = 0.017), LPP/3q28 (P = 0.004), 
and negatively with IFIH1/2q24 (P = 0.018). IA-2A loss was not associated with genetic factors independent of other covariates, while ZnT8A loss 
was associated with the presence of HLA A*24 (P = 0.019) and weakly negatively with RELA/11q13 (P = 0.049). The largest longitudinal study of 
islet autoantibody responses from diagnosis of T1D shows that autoantibody loss is heterogeneous and influenced by low titres at onset, longer 
duration, earlier age-at-onset, and genetic variants. These data may inform clinical trials where post-diagnosis participants are recruited.
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Abbreviations: BOX, Bart’s Oxford family study; GADA, glutamate decarboxylase 65 autoantibodies; GLM, generalised linear models; IAA, insulin autoantibodies; 
IA-2A, islet antigen 2 autoantibodies; LLPC, long-lived plasma cells; T1D, type 1 diabetes; ZnT8A, zinc transporter 8 autoantibodies; ZnT8RA, zinc transporter 8 
arginine-specific autoantibodies; ZnT8WA, zinc transporter 8 tryptophan-specific autoantibodies

Introduction
Four major type 1 diabetes (T1D)-associated autoantibodies 
to insulin (IAA), glutamate decarboxylase 65 (GADA), islet 
antigen-2 (IA-2A), and zinc transporter 8 (ZnT8A) remain 
primary biomarkers for predicting future diabetes and are 
distinctive clinical features of islet autoimmunity. At the onset 
of clinically diagnosed T1D, >90% of people are positive for 
at least one of these autoantibodies [1, 2]. The appearances 
of specific autoantibodies during the preclinical phase of dia-
betes and those present at onset are associated with HLA 
class II genotypes, age-at-onset, gender [3–6] and to a lesser 
degree, with HLA class I and non-HLA genotypes [7–9].

Studies of autoantibody prevalence after T1D diagnosis 
spanning 12–56 years (diagnosed between 0 and 56 years of 
age) generally report GADA as the most frequently detected 
autoantibody, followed by IA-2A and ZnT8A (where tested) 
[10]. These studies also suggest that autoantibody prevalence 
after T1D onset shows associations with a range of non-
genetic (autoantibody specificity, number of autoantibodies, 
gender, age-at-onset, and diabetes duration at time of auto-
antibody detection) and genetic (HLA and non-HLA) factors 
[11–14]. Factors that influence the development of autoanti-
bodies during the T1D prodrome may therefore, continue 
to drive humoral responses after T1D onset. However, these 
findings are often from small and largely cross-sectional co-
horts, which differ by study design parameters (population, 
ethnicity, age-at-onset, duration of diabetes at the time of 
autoantibody detection, panel of autoantibodies tested, and 
autoantibody detection methods) [10]. Hence, most of these 
studies cannot account for baseline autoantibody presence, 
titre, or profile around T1D onset to differentiate prevalence 
from the persistence of humoral responses. Few longitudinal 
studies measured all major biochemical islet autoantibodies 
around onset and follow-up and these comprised of ~100 in-
dividuals diagnosed in childhood to young adulthood (<22 
years) with follow-up of ≥10 years, which limited investigating 
the breadth of the humoral response [15, 16].

Understanding why autoantibody positivity is lost or main-
tained post-diagnosis may provide insights into the ongoing 
loss of beta-cells and insulin secretion. Autoantibody posi-
tivity is inversely correlated with diabetes duration but does 
not appear to strongly correlate with C-peptide, a by-product 
of insulin synthesis and a biomarker for exogenous insulin 
requirement [12, 15, 17–20]. However, these studies report 
conflicting findings, which may in part, be due to the vari-
able rate of C-peptide decline after diagnosis or the nature of 
cross-sectional sampling [21]. Consequently, the relationship 
between residual beta-cells (providing antigen stimulus to the 
immune system) or other drivers for continued islet autoanti-
body production remains unclear. Due to the lack of longi-
tudinal sampling and limited clinical data in many cohorts 
with post-diagnosis autoantibody data, the biological correl-
ates and clinical usefulness of autoantibody responses after 
diagnosis are also understudied. We therefore sought to in-
vestigate longitudinal autoantibody profiles and whether the 
non-genetic and genetic determinants were different between 
autoantibody prevalence close to diagnosis and islet auto-
antibody loss using data from T1D subjects that provided 

both baseline (with confirmed autoantibody positivity status) 
and longitudinal follow-up samples in a large, long-running 
population-based UK cohort.

Research design and methods
Cohort description
The population-based Bart’s-Oxford (BOX) family study, es-
tablished in 1985, has recruited and prospectively followed 
individuals with newly diagnosed T1D under 21 years (with 
confirmed initiation of exogenous insulin treatment) and their 
first-degree relatives within the UK’s former Oxford Regional 
Health Authority. The BOX study is currently approved by 
the South Central—Oxford C. National Research Ethics 
Committee. Participants provided informed, written consent 
and the study was performed according to the principles of 
the Declaration of Helsinki. All BOX participants that had a 
serum sample taken close to T1D onset [median 0.11 years 
(range −0.86 to 1.98), n = 419 <0.5 years] and at least one 
longitudinal serum sample at follow-up [median 7.3 years 
(range 2.0–32.0)] were selected and tested for GADA, IA-2A, 
and ZnT8A; multiple longitudinal samples were tested until 
autoantibody negativity was determined.

A total of 577 [320 male (55.5%); median age-at-onset 
10.74 years (range 0.74–54.6)] autoantibody positive indi-
viduals at onset were identified. Data for IAA were available 
from 238 individuals (41.2%) and considered in select ana-
lyses where the onset sample was taken within 2 weeks of 
diagnosis before exogenous insulin treatment. Overall, 290 
(50.3%), 183 (31.7%), 87 (15.1%), and 17 (2.9%) individ-
uals provided 1, 2, 3, and 4 follow-up samples, respectively; 
combinations of samples available for autoantibody detection 
across categories of follow-up are detailed in Supplementary 
Table S1. The distribution of longitudinal serum samples 
available for autoantibody detection across time categories of 
follow-up is detailed in Supplementary Fig. S1. Characteristics 
of the cohort with available data for variables investigated are 
detailed in Table 1.

Autoantibody determination
Autoantibodies to GAD65 (aa1-585), IA-2ic (aa606-aa979), 
and ZnT8 [aa268-369; monomeric peptides encoding either 
arginine (R) or tryptophan (W) at aa325 to detect arginine-
specific (ZnT8RA) and tryptophan-specific (ZnT8WA) 
ZnT8A] were detected by radioimmunoassays described pre-
viously [1, 22]. Logarithmic standard curves were used to 
determine units; GADA/IA-2A were expressed in Diabetic 
Kidney (DK) units/ml, and ZnT8A was expressed in arbitrary 
units (AU). Positivity thresholds were set at the percentiles of 
healthy controls for GADA (97th percentile of 1000 adults), 
IA-2A (98th of 500 adults), and ZnT8A (97.5th percentile 
of 523 schoolchildren) [23]. The methodology and threshold 
for IAA, described previously [24], were set at the 97.5th 
percentile of 2860 healthy schoolchildren. The sensitivity at 
95% specificity of these assays was assessed in the 2020 Islet 
Autoantibody Standardisation Program: 78% GADA, 74% 
IA-2A, 70% ZnT8RA, 56% ZnT8WA, and 62% IAA. For the 
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assessment of ZnT8A, the maximum ZnT8A result between 
ZnT8RA and ZnT8WA radioimmunoassays was used for 
analysis as responses were comparable over follow-up (data 
not shown).

Genetic determination
All available DNA samples were extracted from whole blood 
or mouth swab samples and whole-genome amplified (Illustra 

GenomiPhi V2 DNA amplification kit; GE Healthcare). HLA 
class II alleles were determined in 501 participants using PCR 
sequence-specific primers (SSP) as described previously [25], 
and categorised into high [DR3-DQ2/DR4-DQ8; DRB1* 
03-DQA1*05:01-DQB1*02:01/DRB1*04-DQA1*03: 
01-DQB1*03:02 (reference variable)], moderate (DQ8/DQ8, 
DQ8/X, DQ/X, and DQ2/DQ2), and low risk (X/X and 
DQ6/X), where X refers to any other haplotype. Individuals 
with the protective DQ6/X genotype were categorised 
as low risk, and only present in four individuals (0.8% of 
501). HLA class I genotypes for HLA-A*24 (n = 454), HLA-
B*18 (n = 417), and HLA-B*39 (n = 417) determined by 
PCR-SSP as previously described [26], were coded as binary 
variables [positive/negative (reference variable)]. Non-HLA 
SNPs for IFIH1/2q24 (rs2111485 in LD with rs1990760, n 
= 469), RELA/11q13 (intron 4 of the FIBP gene; rs568617; 
n = 432), LPP/3q28 (rs1464510; n = 440), and FCRL3/1q23 
(rs3761959; n = 442). These were chosen because of the 
strong effect size (OR > 1.25) for RELA, LPP, and FCRL3, 
and because IFIH1 was associated with GADA and IA-2A, 
but in opposite directions, in analyses of islet autoantibodies 
after diagnosis by Brorsson et al. [11, 27]. For the assessment 
of ZnT8A, the SLC30A8 SNP (rs13266634; n = 383) that de-
termines two major epitopes of ZnT8A was considered [28]. 
The minor allele frequencies of all non-HLA SNPs considered 
in this cohort were of expected frequency within the general 
population and were coded as binary variables [minor/major 
(reference variable)] (Supplementary Table S2).

Data transformation and statistical analysis
Data were analysed using SPSS (v. 27; IBM Corp., Armonk, 
N.Y., USA) and graphed using GraphPad PRISM (v.9.1.0; 
GraphPad Software, La Jolla California, USA). Proportions 
were compared using Chi-squared or Fisher’s exact tests where 
appropriate. Paired Wilcoxon tests were used to compare me-
dian autoantibody titre at onset and follow-up. Multivariable 
binary logistic regression was used to determine the influence 
of non-genetic [gender, age-at-onset (as quartiles, compared 
to the lowest quartile), time of sampling from onset (initial 
sampling (months) as a continuous variable and final sam-
pling (years) as quartiles, compared to the lowest quartile), 
autoantibody titre at onset (units as quartiles, compared 
to highest quartile), number of- and combination of- auto-
antibodies at onset], and genetic covariates (categorical and 
binary) on autoantibody positivity at initial sampling and 
loss at final sampling. The Bonferroni correction was applied 
where applicable for multiple analyses (Pcorr). In all analyses, a 
two-tailed P-value < 0.05 was considered significant.

Results
Prevalence of autoantibody positivity at onset and 
longitudinal follow-up
Of 577 individuals prospectively followed, 84.4%, 78.3%, 
and 68.5% were positive at onset for GADA, IA-2A, and 
ZnT8A, respectively (Fig. 1A). Of the cohort, 16.3% had one, 
36.2% had two, and 47.5% had three autoantibodies.

Individuals positive for ≥two autoantibodies decreased over 
longitudinal follow-up, whereas single autoantibody positive 
and autoantibody negative subjects increased (P < 0.0001; 
Fig. 1B). The proportion of individuals that lost at least one 
autoantibody, which was present at diagnosis, increased over 

Table 1: Cohort description and all variables investigated for association 
with autoantibody loss for GADA, IA-2A, and ZnT8A after onset of type 1 
diabetes. For Non-HLA SNPS, asterisks identify minor allele.

Variable Number (%) 

Gender (n = 577)
Male 320 (55.5)
Female 257 (44.5)
Age at onset (n = 577)
0.74–7.52 years 144 (25.0)
7.52–10.73 years 144 (25.0)
10.73–13.76 years 144 (25.0)
>13.76–54.6 years 145 (25.0)
Autoantibody (n = 577)
IAA (n = 238) 171 (71.8)
GADA 487 (84.4)
IA-2A 452 (78.3)
ZnT8A 395 (68.5)
 � ZnT8RA 342 (59.3)
 � ZnT8WA 297 (51.5)
HLA Class II (n = 501)
High (DR3-DQ2/DR4-DQ8) 159 (31.7)
Moderate (DQ2/DQ2, DQ8/DQ8, DQ2/X, DQ8/X) 269 (53.7)
Low (X/X, DQ6/X) 73 (14.6)
HLA Class I
HLA-A*24 negative (n = 454) 376 (82.8)
HLA-B*18 negative (n = 417) 364 (87.3)
HLA-B*39 negative (n = 417) 385 (92.3)
Non-HLA SNPs
IFIH1 (n = 469)
G 95 (41.6)
AG 215 (45.8)
A* 59 (12.6)
RELA (FIBP) (n = 432)
C 280 (64.8)
CT 133 (30.8)
T* 19 (4.4)
LPP (n = 440)
C 128 (29.1)
AC 213 (48.4)
A* 99 (22.5)
FCRL3 (n = 442)
G 159 (36.0)
AG 199 (45.0)
A* 84 (19.0)
SLC30A8 (n = 383)
CC 179 (46.7)
CT 168 (43.9)
TT* 36 (9.4)
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follow-up (45.7% 2–5 years, 61.5% 5–10 years, 74.4% 
10–15 years, and 83.0% 15–32 years). Profiles containing 
GADA and/or IA-2A were more frequent over follow-up than 
those containing ZnT8A (Supplementary Fig. S2).

Longitudinal autoantibody positivity showed distinct pat-
terns according to antigen specificity. ZnT8A positivity was 
lost more rapidly than GADA and IA-2A whereas, IA-2A 
positivity was lost at a rate comparable with GADA over 
follow-up (Fig. 1C). In subjects positive for ZnT8A at onset 
(395/577; 68.5%;), only 40.1% (150/374 with complete 
data) remained positive at final sampling [median 6.1 years 
(range 2–32)], with the greatest proportionate loss occurring 
within 5 years of onset (44.2%, Pcorr < 0.0001) and an overall 
loss of 80.5% at a diabetes duration ≥15 years (Pcorr < 0.05 
compared with 10–15 years). In contrast, in subjects positive 
for GADA at onset (487/577; 84.4%), 70.8% (340/480 with 
complete data) remained positive at final sampling [median 
7.9 years (range 2–32)], with only 17.3% loss within 5 years 
of onset (Pcorr< 0.0001) and an overall loss of 47.3% at a dia-
betes duration ≥15 years (Pcorr<0.001 compared with 10–15 
years). Comparable to GADA, in subjects positive for IA-2A 
at onset (452/577; 78.3%), 76.8% (347/452) remained posi-
tive at final sampling [median 8.0 years (range 2–32)], with 
only 11.6% loss occurring within 5 years of onset (Pcorr < 
0.0001) and an overall loss of 38.9% at a diabetes duration 
≥15 years (Pcorr < 0.01 compared with 10–15 years).

Patterns in autoantibody titre over longitudinal 
follow-up
In accordance with decreasing autoantibody prevalence, the 
median autoantibody titre for GADA, IA-2A, and ZnT8A 
also decreased as a function of increasing diabetes duration 
(P < 0.0001) but high GADA and IA-2A titres were still ob-
served at ≥15 years diabetes duration, which was rare for 
ZnT8A (Supplementary Fig. S3). Across a range of baseline 
titres, longitudinal autoantibody titres progressively de-
creased over follow-up in most subjects [GADA: 365/487 
(74.9%); IA-2A: 407/452 (90.0%); ZnT8A: 389/395 
(98.5%)]. A minority of GADA and IA-2A positive subjects 
had higher autoantibody titres in at least one follow-up 
sample compared to onset [GADA: n = 68 (14.0%); IA-2A: 
n = 25 (5.5%)] and/or had evidence of waxing–waning 
patterns of differing magnitudes from onset over at least 
two follow-up samples [GADA: n = 69 (14.2%); IA-2A: 
n = 26 (5.8%)]. However, only 6 (1.5%) ZnT8A positive 
subjects had a higher ZnT8A titre in at least 1 follow-up 
sample compared to onset, and there was no evidence of 
waxing–waning patterns (data not shown). Given the testing 
strategy, the re-emergence or seroconversion of additional 
autoantibodies after onset cannot be evaluated.

Non-genetic associations of autoantibody positivity 
at initial sampling and autoantibody loss at final 
sampling
Initial sampling
Non-genetic factors previously associated with positivity for 
GADA, IA-2A, and ZnT8A at onset were confirmed in this co-
hort in adjusted multivariable models (Supplementary Fig. S4 
and Supplementary Fig. S5). GADA and IA-2A positivity was 
associated with an older age-at-onset (>11 years and >14 years, 
respectively, P < 0.0001–0.001), whereas ZnT8A positivity was 
most common at diagnosis between 8 and 11 years old and IAA 
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Figure 1: Prevalence of autoantibody positivity at type 1 diabetes onset 
and longitudinal follow-up. Autoantibody positivity profiles for GADA, 
IA-2A, and ZnT8A in 577 subjects sampled at onset of T1D (<2 years) 
that also had at least one follow-up serum sample (range 2.0–32.0 
years). (a) Positivity for GADA, IA-2A, and ZnT8A. (b) The proportion of 
subjects positive for three and two autoantibodies decreased from onset 
(P < 0.0001) and the proportion of subjects positive for 1 autoantibody 
or 0 autoantibodies increased from onset (P < 0.0001). (c) Proportions 
of positivity for each autoantibody over longitudinal follow-up were 
compared to proportions at onset (all Pcorr < 0.0001) and to the previous 
category of longitudinal follow-up (shown below data points); Red: GADA; 
Blue: IA-2A; Black: ZnT8A at significance with Bonferroni correction *Pcorr 
< 0.05, **Pcorr < 0.01, ***Pcorr < 0.001 and ****Pcorr < 0.0001.
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positivity was negatively associated with an older age-at-onset 
>11 years (P = 0.001–0.023). Females were more likely to have 
GADA (P = 0.026). Positivity for IA-2A at onset was associated 
with ZnT8A (P = 4 × 10−6) and IAA (P = 0.003) and ZnT8A 
positivity at onset was associated with IA-2A (P = 5 × 10−6) 
and weakly with IAA (P = 0.045) whereas, GADA positivity at 
onset was not associated with other autoantibodies. An increase 
in initial sampling (months) from onset was only negatively 

associated with ZnT8A positivity (P = 0.009), suggesting that 
loss of ZnT8A can occur within months from onset.

Final sampling
Multivariable analysis on the loss of GADA, IA-2A, and 
ZnT8A responses at final follow-up adjusted for all non-
genetic covariates are detailed in Fig. 2. As expected, the 
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Figure 2: Non-genetic associations of autoantibody loss for GADA, IA-2A, and ZnT8A. OR: odds ratio; 95% CI: confidence interval; OR of 1 denotes 
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multivariable non-genetic model was used as a baseline model for further analysis.
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quartile of diabetes duration at final follow-up (years) was 
associated with autoantibody loss to differing degrees (OR 
range 1.8–19.1; P < 0.0001–0.05) and was included in all 
multivariable analyses. Gender was not associated with auto-
antibody responses at final follow-up independent of other 
covariates (P > 0.05). Additionally, there was also no evidence 
of an interaction between baseline age and autoantibody titre 
on autoantibody loss at final sampling (P > 0.05) and was not 
included in multivariable analysis.

Autoantibody titre at onset
Multivariable analysis confirmed that lower quartiles of 
autoantibody titres at onset were strongly associated with 
increased risk of autoantibody loss for GADA (OR 29.9; P 
= 3.8 × 10−14), IA-2A (OR 72.8; P = 1.1 × 10−14), and ZnT8A 
(OR 95.9; P = 2.2 × 10−16) at final follow-up, independent of 
other covariates. For GADA (P = 3.8 × 10−2 to 1.5 × 10−16) 
and ZnT8A (P = 6.0  ×  10−5 to 6.1  ×  10−18), quartiles of 
baseline autoantibody titre below the highest quartile were 
strongly associated with increased risk of autoantibody 
loss; however, for IA-2A, discrimination of risk was only 
observed between the upper two and lower two quartiles 
(P = 2.8  ×  10−4 to 1.1  ×  10−14). Despite the heterogeneity 
between individuals, autoantibody titres decreased over 
follow-up across all quartiles of baseline titre. Interestingly, 
some individuals with lower quartiles of baseline titre still 
maintained autoantibody positivity ≥15 years diabetes dur-
ation and some individuals with higher quartiles of baseline 
titre rapidly lost autoantibody positivity within 5 years dia-
betes duration (Fig. 3). Importantly, the number of missing 
data points did not differ between the quartiles of titre at 
onset, suggesting that the influence of autoantibody titre 
on autoantibody loss at final follow-up did not result from 
skewed data.

Age at onset
An older age-at-onset, considered as quartiles, and com-
pared to individuals diagnosed <8 years, was negatively as-
sociated with autoantibody loss at final follow-up, but the 
pattern and strength of association were not uniform. For 
GADA, an age-at-onset ≥8years was negatively associated 
with GADA loss, with comparable odds across the upper 
age quartiles (average OR 0.4; P < 0.01–0.05). IA-2A loss 
was only less likely in individuals diagnosed between 11 
and 14 years (OR 0.3; P = 0.012). In contrast, ZnT8A loss 
was less likely in individuals diagnosed ≥11 years (average 
OR 0.3; P = 0.002). These effects were independent of base-
line titre but the influence of age at onset on both titres 
and longevity of humoral responses after onset is evident 
(Supplementary Fig. 6).

Co-existing autoantibodies at onset
The presence of co-existing or the number of islet autoanti-
bodies at onset was not associated with the loss of GADA, 
IA-2A, or ZnT8A at final sampling adjusted for non-genetic 
covariates (Supplementary Fig. 7). Compared with three 
autoantibodies at onset, the presence of two autoantibodies 
was weakly associated with ZnT8A loss at final follow-up  
(P = 0.045).

Genetic associations of autoantibody positivity 
at initial sampling and autoantibody loss at final 
sampling
Multivariable models with complete genetic data for autoanti-
body positivity at initial sampling (<2 years from onset) and 
autoantibody loss at final sampling adjusted for non-genetic 
covariates (gender, age-at-onset, baseline autoantibody titre, 
and diabetes duration), genetic variables were considered in-
dependently as categorical or binary variables as previously 
stated (Fig. 4).

GADA
At initial sampling, GADA positivity was not associated with 
HLA class II risk but was strongly associated with the pres-
ence of DR3 (OR 2.7; P = 0.00019) and negatively with DR4 
(OR 0.3; P = 0.002) when considered independently. The 
presence of HLA class I HLA-B*39 was negatively associ-
ated with GADA positivity (OR 0.3; P = 0.015). Investigated 
non-HLA SNPs were not associated with GADA positivity at 
initial sampling. However, at final sampling, GADA loss was 
associated with low-risk HLA class II genotypes (OR 3.3; P 
= 0.005), possibly due to the reduced presence of at least one 
copy of DRB1*03. This was weakly confirmed by the negative 
association with DR3 (OR 0.6; P = 0.046) when considered 
independently. Loss of GADA at final sampling was not as-
sociated with any HLA class I genotypes but was associated 
with 3 non-HLA SNPs; positively with the RELA/11q13 T 
allele (OR 4.5; P = 0.017) and LPP/3q28 A allele (OR 3.4; P 
= 0.004) but was negatively associated with the IFIH1/2q24 
A allele (OR 0.3; P = 0.018).

IA-2A
At initial sampling, IA-2A positivity was not associated with 
HLA class II genotypes but was strongly associated with the 
presence of DR4 (OR 4.6; P = 1.3  ×  10−10) and negatively 
with DR3 (OR 0.3; P = 4.7 × 10−7) when considered inde-
pendently. The presence of HLA class I HLA-A*24 was nega-
tively associated with IA-2A positivity (OR 0.5; P = 0.0019). 
IA-2A positivity at initial sampling was also associated with 
two non-HLA SNPs; positively with the LPP/3q28 A allele 
(OR 2.1; P = 0.031) and negatively with the FCRL3/1q23 
A allele (OR 0.3; P = 0.002). IA-2A loss at final sampling 
was not associated with any of the genotypes considered, in-
dependent of non-genetic covariates. However, the presence 
of at least one copy of DR4 was negatively associated with 
IA-2A loss (OR 0.5; P = 0.016) when IA-2A titre at onset was 
excluded from the model due to an interaction between DR4 
and IA-2A titre (data not shown).

ZnT8A
At initial sampling, ZnT8A positivity was not associated 
with any HLA class II genotypes but was negatively associ-
ated with the presence of HLA class I HLA-A*24 (OR 0.5;  
P = 0.011) and the non-HLA FCRL3/1q23 A allele (OR 0.4; 
P = 0.004). The SLC30A8 genotype did not influence overall 
ZnT8A positivity but strongly influenced the specificity of the 
ZnT8A response (data not shown). The T allele was strongly 
associated with the development of ZnT8WA (OR 7.7;  
P = 5.8 × 10−5) and strongly negatively associated with the 

http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxac087#supplementary-data
http://academic.oup.com/cei/article-lookup/doi/10.1093/cei/uxac087#supplementary-data
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development of ZnT8RA (OR 0.1; P = 1.9 × 10−7). ZnT8A 
loss at final sampling was associated with the presence of 
HLA-A*24 (OR 3.5; P = 0.019). Only one non-HLA SNP 
showed a weak negative association with ZnT8A loss at final 
follow-up, the RELA/11q13 T allele (OR 0.2; P = 0.049).

Discussion
In this study, we were able to analyse autoantibody loss (not 
just cross-sectional prevalence) because presence at diag-
nosis was established. The strongest predictor of islet auto-
antibody loss was lower baseline titres close to onset, while 
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Figure 3: Longitudinal GADA, IA-2A, and ZnT8A titres according to the quartile of titre present at type 1 diabetes onset. The prevalence of longitudinal 
autoantibody positivity in all autoantibody responses was higher in subjects with high quartiles of baseline autoantibody titre (P < 0.0001–0.05). 
Independent of baseline titre, longitudinal autoantibody titres sequentially decreased over follow-up in most subjects [GADA: 403/487 (82.8%); IA-2A: 
423/452 (93.6%); ZnT8A: 389/395 (98.5%)].



158 Williams et al.

an age-at-onset under 8 years and a diabetes duration over 
5 years were also associated. Genetic factors associated with 
autoantibody loss were antigen-specific and distinct from 
well-known associations with autoantibody positivity at 
onset. GADA loss was associated with low-risk HLA class 
II genotypes and non-HLA loci for RELA/11q13, LPP/3q28, 
and negatively with IFIH1/2q24. IA-2A loss was not linked 
with any genetic factors considered. ZnT8A loss was as-
sociated with the presence of HLA-A*24 and weakly with 
RELA/11q13. Despite an overall reduction in autoantibody 
prevalence, number, and titre as a function of increasing dia-
betes duration, the degree of autoantibody loss was not in-
fluenced by the number or combination of autoantibodies 
present at onset.

The strength of our study was the ability to account for 
baseline autoantibody positivity and titres, which we have 
shown, have the largest effect size with the persistence of hu-
moral responses in the largest cohort of longitudinally sam-
pled subjects with T1D. This allowed for the analysis of factors 
that may only be associated with autoantibody responses 
when baseline positivity and titre are accounted for, enabling 
the differentiation between prevalence and persistence of 

humoral responses after onset. A limitation of our current 
analysis was that the method (multivariable binary logistic 
regression) only utilised data from the last sample, instead of 
all available samples. We considered mixed-model effect gen-
eralised linear models (GLM) using a Restricted Maximum 
Likelihood fit and the Geisser–Greenhouse correction to 
estimate a linear trend accounting for missing values and 
sphericity in mean autoantibody levels over follow-up, re-
spectively. When applied, this method suggested that there 
was evidence of a linear trend in decreasing autoantibody 
titres (P < 0.0001), but the within-subject variance of mean 
autoantibody titres was unequal across categories of longitu-
dinal follow-up (Geisser-Greenhouse ε <0.5 in all responses). 
Similarly, the between-subject variance of mean autoanti-
body titres was high in all autoantibody responses (GADA 
SD: 240.3 DK units/ml; IA-2A SD: 83.0 DK units/ml; ZnT8A 
SD: 27.1 AU). Collectively, this indicated that autoantibody 
responses after onset are highly heterogeneous between indi-
viduals, and therefore, predictive modelling using linear trend 
or imputation would be inappropriate.

After onset (average median 7.3 years diabetes duration), 
only 40.1% remained positive for ZnT8A compared with, 
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70.8% and 76.8% for GADA and IA-2A, respectively. The 
rapid decline in ZnT8A, independent of R325W specificity 
during the first 10 years of diabetes, compared with GADA 
and IA-2A, has been reported previously [12, 13]. However, 
many studies have not been able to demonstrate the compar-
able persistence of both IA-2A and GADA, as generally preva-
lence of GADA is higher, particularly in older individuals 
[10]. Whilst it is difficult to compare between cross-sectional 
studies, where ZnT8A testing is often omitted, where GADA/
IA-2A/ZnT8 was tested >10 years diabetes duration, there is 
agreement that autoantibody prevalence decreases with dia-
betes duration, but different frequencies of all biochemical 
autoantibodies were reported [12, 19, 20], and these studies 
were unable to account for baseline positivity status/titre. 
Increasingly islet autoantibody markers are being recom-
mended and performed clinically to inform diabetes classifi-
cation and insulin treatment, particularly in older individuals 
where type 2 diabetes is most prevalent [29–31]. Therefore, 
ZnT8A should be detected as close to diagnosis as possible 
but GADA and IA-2A can be detected for many years in the 
majority where they were positive at diagnosis. This could in-
form post-diagnosis diabetes classification in adults.

Measuring islet autoantibodies after diagnosis may also 
provide important insights into the mechanisms driving 
ongoing islet autoimmunity and loss of beta-cell function 
after onset. The results of the present study into autoanti-
body patterns in addition to, non-genetic and genetic fac-
tors may help elucidate these mechanisms. For instance, islet 
autoantibody loss was strongly influenced by titre around 
onset but analysis of longitudinal humoral titres after onset 
showed that periodic enhancement of titres is rare; titres of 
GADA, IA-2A, and ZnT8A progressively decreased over 
follow-up in 74.9%, 90.0%, and 98.5%, respectively. This 
suggests that islet autoantibody responses are predomin-
antly governed by immune memory. However, for GADA 
our study supports previous reports that GADA titres can 
peak or stabilize after diagnosis in select individuals, but this 
may be a distinct feature of GADA responses and the mech-
anism is not clear [14, 32, 33]. Previously, one longitudinal 
study tested subsets of samples taken at 1-13 years diabetes 
duration in 116 subjects from onset (aged <18 years) in the 
Czech Republic and found a seroconversion frequency of 
6–8% after diagnosis [16]. However, a limitation of our 
study is that we cannot comment on possible re-emergence 
of additional autoantibody seroconversion because sequen-
tial samples after the loss of autoantibody positivity were 
not tested. Collectively, current data indicate that antigen 
spreading of humoral responses occurs predominantly 
during the prodrome of T1D and is unlikely to be a strong 
feature of ongoing humoral autoimmunity towards residual 
beta-cells.

Islet autoantibody positivity at diabetes onset has been 
linked to age at diagnosis which we have confirmed in this 
cohort [11, 14, 34, 35] but few studies have been able to in-
vestigate the influence of age at diagnosis on the persistence of 
humoral responses. In this study, we found that loss of GADA, 
IA-2A, and ZnT8A is slower in older individuals when cor-
rected for diabetes duration, and importantly, autoantibody 
titre at diagnosis. Other smaller studies with multivariable 
analysis have also observed this for GADA and IA-2A [14, 
33]. Age-associated autoantibody positivity profiles during 
diabetes may in part be related to histologically distinct T1D 

endotypes recently proposed (<7 years and ≥13 years) [36], 
but regardless of how age was considered (endotype versus 
quartile of age) in multivariable analysis, a younger age at 
onset was associated with loss of autoantibody responses 
in this cohort (data not shown). Whilst this cohort included 
some cases of adult T1D, the majority of the cohort were 
under 20 years old at diagnosis which limits our exploration 
of this factor. It is clear that age is an important factor in 
the heterogeneity of T1D and both the development and lon-
gevity of islet autoimmunity remain to be fully characterized 
in adults at all stages of diabetes. Of the non-genetic factors 
assessed, only autoantibody titre and age at onset were asso-
ciated with loss of humoral responses. Whether titre or age 
at diagnosis is related to beta-cell mass or development of 
immunological memory and senescence, requires future study.

Next, we asked ‘do the genetic drivers of autoantibody 
production after onset differ from the well-known antigen-
specific variants that influence T1D progression and risk?’ 
For this, we specifically chose to analyse genotypes and gen-
etic loci that have been associated with islet autoantibody 
positivity before, around, and after diagnosis of T1D. The 
highly predisposing HLA class II genotypes for T1D risk that 
strongly influence titres of specific autoantibodies at onset 
(especially IA-2A and IAA) do not have additional effects 
on humoral responses after clinical onset. Previous studies 
investigating prevalence after diagnosis have shown an asso-
ciation of GADA with DRB1*03 and IA-2A with DRB1*04 
[11, 35, 37, 38]; however, were unable to correct for autoanti-
body level at diagnosis. In contrast, we found a weak negative 
association between DRB1*03 and GADA loss, a positive 
association between low HLA class II risk and GADA loss, 
and DRB1*04 was only negatively associated with IA-2A 
loss when baseline titre was not considered. Type 1 diabetes-
associated HLA class I genotypes were not associated with 
loss of GADA or IA-2A, but the presence of HLA-A*24 was 
associated with loss of ZnT8A in adjusted models. This is in 
line with the negative association between HLA-A*24 and 
ZnT8A positivity which we have confirmed and have previ-
ously reported at onset [39] and in first-degree relatives [40], 
which may suggest that attenuation of humoral responses to 
ZnT8A in HLA-A*24 carriers continues after diabetes onset. 
A previous study has shown a negative association of HLA-
A*24 with IA-2A positivity after diagnosis but was unable to 
account for IA-2A status at onset [34]. We only observed this 
effect at onset as previously published in an overlapping BOX 
study cohort [39]. An association between HLA-B*39 and 
progression of autoimmunity has been previously reported 
[41], but the negative association identified between HLA-
B*39 and GADA positivity at onset was not observed after 
onset, suggesting distinct effects of these HLA class I geno-
types on GADA and IA-2A responses around onset and after 
diagnosis.

The SNPs investigated in this study and/or genetic loci have 
also been linked with positivity for specific humoral responses 
3–14 years after T1D onset in ~7000 individuals from the 
T1D genetic consortium (aged <17 years; median age at onset 
8 years) [11, 27]. In age-at-onset and diabetes duration ad-
justed models, RELA/11q13 and FCRL3/1q23 SNPs were 
associated with IA-2A positivity, LPP/3q28 SNPs were as-
sociated with GADA positivity, and IFIH1/2q24 was associ-
ated with positivity for autoantibodies related to autoimmune 
gastritis and thyroid disease [11]. In a separate analysis of 
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overlapping populations, FCRL3/1q23 was negatively asso-
ciated with IA-2A and ZnT8A positivity sampled <2 years of 
onset [42, 43], which we replicated for ZnT8A but not IA-2A. 
In contrast, we found that RELA/11q13 and LPP/3q28 were 
associated with GADA loss, but no SNPs studied were associ-
ated with IA-2A loss, the minor allele of IFIH1/2q24 (major 
allele confers risk for diabetes) was negatively associated with 
GADA loss, and RELA/11q13 was weakly negatively asso-
ciated with ZnT8A loss. Despite the size difference in both 
cohorts (577 vs ~7000), the different effects of RELA/11q13, 
LPP/3q28, and IFIH1/2q24 may be related to the present 
study having a longer follow-up period and correction for 
baseline autoantibody titre rather than statistical power. Of 
all the SNPs we studied, only IFIH1/2q24 (rs2111485 in LD 
with rs1990760) has been associated with both T1D risk [44] 
and progression to T1D [45], whereas, the others have been 
linked to other autoimmune conditions [46–48]. A limitation 
of our study is that we did not have sufficient power to ana-
lyse all T1D-associated SNPs. These SNPs and/or genetic loci 
have previously been associated with non-islet autoimmunity, 
which we and others have shown are common in individuals 
with type 1 diabetes [49]. Overall, most HLA and non-HLA 
genetic factors influencing the prevalence of autoantibodies 
at diagnosis were not associated with autoantibody loss, sug-
gesting that the processes driving autoantibody development 
before diagnosis do not continue to drive the maintenance of 
autoantibody levels/responses after diagnosis.

Studies investigating long-duration (>20–50 years) dia-
betes suggest some individuals have residual beta-cells with 
the functional capacity to secrete insulin (C-peptide) [18, 50]. 
Recent reports have suggested that incorporating autoanti-
body titre may improve predictive models for C-peptide and 
clinical characteristics after diagnosis [51, 52]. An older age 
at onset has also been associated with the less rapid decline 
of C-peptide [21, 53], which may partially explain why older 
individuals had a less rapid loss of humoral responses in the 
present study. However, previous BOX data and other studies 
suggest autoantibody positivity at and after onset did not 
strongly correlate with C-peptide in longstanding cases [12, 
15, 17, 18]. We had few additional data from BOX partici-
pants and therefore, this was not re-analysed here but sample 
collection is ongoing.

If residual antigen remains accessible to immune surveil-
lance either by continued beta-cell death or functional residual 
beta-cells, the differential antigen expression may provide 
some rationale as to why ZnT8A is lost more rapidly than 
GADA or IA-2A. All islet autoantigens are highly expressed 
in pancreatic islets but ZnT8 expression is almost exclusive 
to beta-cells and is exposed upon glucose-stimulated insulin 
secretion whereas, GAD and IA-2 are found in specific cells 
of the nervous system [54]. However, considering the find-
ings from present and previous studies, it seems unlikely that 
the presence of residual beta-cells is the only factor driving 
sustained islet autoantibody production. There are tissue-
resident long-lived plasma cells (LLPCs) that form an inde-
pendent compartment of immunological memory that may 
be involved in long-duration T1D [55]. LLPCs can persist 
for decades independent of B lymphocyte precursors or re-
sidual antigens but are not intrinsically long-lived. Their sur-
vival is dependent on specialized niche microenvironments, 
but the cellular and molecular components that promote 
LLPC production or survival are not fully characterized in 
humans; there is some evidence in other autoimmune diseases 

of LLPCs in inflamed target tissue [55–57]. Could these be 
responsible for residual autoantibody production in some in-
dividuals decades after diagnosis?

The clinical usefulness of islet autoantibodies after diag-
nosis is often questioned but the data from this study present 
the longest duration of longitudinal autoantibody analysis 
thus far. Where islet autoantibodies are used to help define 
diabetes aetiology, testing close to diagnosis is important par-
ticularly for ZnT8A, as responses are rapidly lost. This study 
also suggests that the drivers of islet autoantibody prevalence 
before diagnosis and persistence after diagnosis are distinct. 
Whilst islet autoantibody loss is heterogeneous, factors asso-
ciated with loss are titre, diabetes duration, and age at diag-
nosis, select HLA Class I/II alleles and non-HLA SNPs. These 
factors may also be important to consider when interpreting 
the impact of immunotherapy on islet autoantibodies after 
the onset of T1D, and what this indicates about the mech-
anistic actions of the therapy. Therefore, the meaning of islet 
autoantibodies after T1D onset, merits further investiga-
tion, because it has implications for clinical trials and under-
standing of the ongoing islet autoimmunity after diagnosis in 
some individuals.

Acknowledgements
The authors wish to thank the diabetes teams and the families 
participating in the BOX study, without whom this work would 
not be possible. Some of the data were presented as abstracts 
at the Immunology of Diabetes Society (IDS) International 
Conference and Diabetes UK Annual Professional Conference 
in 2018 and 2019, respectively. The BOX Study Group is com-
prised of Drs Chitrabhanu Ballav, Atanu Dutta, and Michelle 
Russell-Taylor, Bucks Healthcare Trust, UK; Dr Rachel Besser, 
Oxford University Hospitals Trust UK, UK; Drs James Bursell 
and Shanthi Chandran, Milton Keynes University Hospital, 
UK, Dr Sejal Patel, Wexham Park Hospital, UK; Drs Anne 
Smith and Manohara Kenchaiah, Northampton General 
Hospital, UK; Dr Gomathi Margabanthu, Kettering General 
Hospital, UK; Drs Foteini Kavvoura and Chandan Yaliwal, 
Royal Berkshire Hospital, UK.

Funding
This study was funded by a Diabetes UK studentship 
(16/0005556) awarded to KMG, AJKW, and AEL. AEL 
is jointly funded as a Diabetes UK & JDRF RD Lawrence 
Fellow (18/0005778 and 3-APF-2018-591-A-N). The Bart’s 
Oxford study was funded by Diabetes UK (14/0004472). 
GLMM is funded by a UOB PhD scholarship.

Conflict of interests
The authors declare no conflicts of interest.

Author contributions
CLW, AEL, AJKW (deceased), and KMG contributed to the 
original idea and designed the study; CLW, RF, GLMM, RJA, 
IVW and GG designed and performed data collection; CLW 
and AEL performed data analysis and wrote the manuscript; 
all authors contributed to data interpretation, manuscript re-
vision, and approved the final manuscript. AEL is responsible 
for the integrity of the work as a whole.



Determinants of autoantibody loss after diabetes onset, 2022, Vol. 210, No. 2 161

Ethics approval
The Bart’s-Oxford study is currently approved by the South 
Central – Oxford C. National Research Ethics Committee. 
Participants provided informed, written consent and the study 
was performed according to the principles of the Declaration 
of Helsinki.

Data availability
The datasets are available from the corresponding author on 
reasonable request.

The animal research adheres to ARRIVE 
guidelines
Not Applicable.

Permission to reproduce
Not Applicable. All content is the original work of the au-
thors.

Clinical trial registration
Not Applicable.

References
1.	 Bingley PJ, Bonifacio E, Williams AJ, et al. Prediction of IDDM in 

the general population: strategies based on combinations of au-
toantibody markers. Diabetes 1997, 46, 1701–10. doi:10.2337/
diab.46.11.1701.

2.	 Wenzlau JM, Juhl K, Yu L, et al. The cation efflux transporter 
ZnT8 (Slc30A8) is a major autoantigen in human type 1 dia-
betes. Proc Natl Acad Sci USA 2007, 104, 17040–5. doi:10.1073/
pnas.0705894104.

3.	 Vermeulen I, Weets I, Asanghanwa M, et al. Contribution of 
antibodies against IA-2beta and zinc transporter 8 to classification 
of diabetes diagnosed under 40 years of age. Diabetes Care 2011, 
34, 1760–5. doi:10.2337/dc10-2268.

4.	 Ziegler AG, Rewers M, Simell O, et al. Seroconversion to multiple 
islet autoantibodies and risk of progression to diabetes in children. 
JAMA 2013, 309, 2473–9. doi:10.1001/jama.2013.6285.

5.	 Gorus FK, Balti EV, Messaaoui A, et al. Twenty-year progression 
rate to clinical onset according to autoantibody profile, age, and 
HLA-DQ genotype in a registry-based group of children and adults 
with a first-degree relative with type 1 diabetes. Diabetes Care 
2017, 40, 1065–72. doi:10.2337/dc16-2228.

6.	 Graham J, Hagopian WA, Kockum I, et al. Genetic effects on 
age-dependent onset and islet cell autoantibody markers in 
type 1 diabetes. Diabetes 2002, 51, 1346–55. doi:10.2337/dia-
betes.51.5.1346.

7.	 Sharma A, Liu X, Hadley D, et al. Identification of non-HLA genes 
associated with development of islet autoimmunity and type 1 di-
abetes in the prospective TEDDY cohort. J Autoimmun 2018, 89, 
90–100. doi:10.1016/j.jaut.2017.12.008.

8.	 Noble JA, Valdes AM, Varney MD, et al. HLA class I and genetic 
susceptibility to type 1 diabetes: results from the Type 1 Diabetes 
Genetics Consortium. Diabetes 2010, 59, 2972–9. doi:10.2337/
db10-0699.

9.	 Qu HQ, Polychronakos C. The effect of the MHC locus on 
autoantibodies in type 1 diabetes. J Med Genet 2009, 46, 469–71. 
doi:10.1136/jmg.2009.066647.

10.	Long AE, George G, Williams CL. Persistence of islet autoantibodies 
after diagnosis in type 1 diabetes. Diabet Med 2021, 38(12), 
e14712. doi:10.1111/dme.14712.

11.	Brorsson CA, Onengut S, Chen WM, et al. Novel association be-
tween immune-mediated susceptibility loci and persistent autoan-
tibody positivity in type 1 diabetes. Diabetes 2015, 64, 3017–27. 
doi:10.2337/db14-1730.

12.	Wenzlau JM, Walter M, Gardner TJ, et al. Kinetics of the post-
onset decline in zinc transporter 8 autoantibodies in type 1 dia-
betic human subjects. J Clin Endocrinol Metab 2010, 95, 4712–9. 
doi:10.1210/jc.2010-0169.

13.	Wenzlau JM, Frisch LM, Hutton JC, et al. Changes in zinc trans-
porter 8 autoantibodies following type 1 diabetes onset: the type 
1 diabetes genetics consortium autoantibody workshop. Diabetes 
Care 2015, 38, S14–20. doi:10.2337/dcs15-2004.

14.	Savola K, Sabbah E, Kulmala P, et al. Autoantibodies associated 
with Type I diabetes mellitus persist after diagnosis in children. 
Diabetologia 1998, 41, 1293–7. doi:10.1007/s001250051067.

15.	Williams GM, Long AE, Wilson IV, et al. Beta cell function and 
ongoing autoimmunity in long-standing, childhood onset type 1 
diabetes. Diabetologia 2016, 59, 2722–6. doi:10.1007/s00125- 
016-4087-0.

16.	Petruzelkova L, Ananieva-Jordanova R, Vcelakova J, et al. The 
dynamic changes of zinc transporter 8 autoantibodies in Czech 
children from the onset of Type 1 diabetes mellitus. Diabet Med 
2014, 31, 165–71. doi:10.1111/dme.12308.

17.	 Jaeger C, Allendorfer J, Hatziagelaki E, et al. ; Persistent GAD 65 
antibodies in longstanding IDDM are not associated with residual 
beta-cell function, neuropathy or HLA-DR status. Horm Metab 
Res 1997, 29, 510–5. doi:10.1055/s-2007-979091.

18.	Yu MG, Keenan HA, Shah HS, et al. ; Residual beta cell function 
and monogenic variants in long-duration type 1 diabetes patients. J 
Clin Invest 2019, 129, 3252–63. doi:10.1172/JCI127397.

19.	Wang L, Lovejoy NF, Faustman DL. Persistence of prolonged 
C-peptide production in type 1 diabetes as measured with an 
ultrasensitive C-peptide assay. Diabetes Care 2012, 35, 465–70. 
doi:10.2337/dc11-1236.

20.	Richardson CC, Dromey JA, McLaughlin KA, et al. High frequency 
of autoantibodies in patients with long duration type 1 diabetes. 
Diabetologia 2013, 56, 2538–40. doi:10.1007/s00125-013- 
3017-7.

21.	Shields BM, McDonald TJ, Oram R, et al. C-Peptide decline in type 
1 diabetes has two phases: an initial exponential fall and a subse-
quent stable phase. Diabetes Care 2018, 41, 1486–92. doi:10.2337/
dc18-0465.

22.	Bonifacio E, Yu L, Williams AK, et al. Harmonization of glutamic 
acid decarboxylase and islet antigen-2 autoantibody assays for 
national institute of diabetes and digestive and kidney diseases 
consortia. J Clin Endocrinol Metab 2010, 95, 3360–7. doi:10.1210/
jc.2010-0293.

23.	Long AE, Gillespie KM, Rokni S, et al. Rising incidence of type 1 
diabetes is associated with altered immunophenotype at diagnosis. 
Diabetes 2012, 61, 683–6. doi:10.2337/db11-0962.

24.	Williams AJ, Bingley PJ, Bonifacio E, et al. A novel micro-assay 
for insulin autoantibodies. J Autoimmun 1997, 10, 473–8. 
doi:10.1006/jaut.1997.0154.

25.	Gillespie KM, Valovin SJ, Saunby J, et al. HLA class II typing of 
whole genome amplified mouth swab DNA. Tissue Antigens 2000, 
56, 530–8. doi:10.1034/j.1399-0039.2000.560607.x.

26.	Bunce M, O’Neill CM, Barnardo MC, et al. Phototyping: com-
prehensive DNA typing for HLA-A, B, C, DRB1, DRB3, DRB4, 
DRB5 & DQB1 by PCR with 144 primer mixes utilizing sequence-
specific primers (PCR-SSP). Tissue Antigens 1995, 46, 355–67. 
doi:10.1111/j.1399-0039.1995.tb03127.x.

27.	 Brorsson CA, Pociot F; Type 1 Diabetes Genetics C. Shared genetic 
basis for type 1 diabetes, islet autoantibodies, and autoantibodies as-
sociated with other immune-mediated diseases in families with type 
1 diabetes. Diabetes Care 2015, 38, S8–13. doi:10.2337/dcs15-2003.

28.	Wenzlau JM, Liu Y, Yu L, et al. A common nonsynonymous single 
nucleotide polymorphism in the SLC30A8 gene determines ZnT8 
autoantibody specificity in type 1 diabetes. Diabetes 2008, 57, 
2693–7. doi:10.2337/db08-0522.

https://doi.org/10.2337/diab.46.11.1701
https://doi.org/10.2337/diab.46.11.1701
https://doi.org/10.1073/pnas.0705894104
https://doi.org/10.1073/pnas.0705894104
https://doi.org/10.2337/dc10-2268
https://doi.org/10.1001/jama.2013.6285
https://doi.org/10.2337/dc16-2228
https://doi.org/10.2337/diabetes.51.5.1346
https://doi.org/10.2337/diabetes.51.5.1346
https://doi.org/10.1016/j.jaut.2017.12.008
https://doi.org/10.2337/db10-0699
https://doi.org/10.2337/db10-0699
https://doi.org/10.1136/jmg.2009.066647
https://doi.org/10.1111/dme.14712
https://doi.org/10.2337/db14-1730
https://doi.org/10.1210/jc.2010-0169
https://doi.org/10.2337/dcs15-2004
https://doi.org/10.1007/s001250051067
https://doi.org/10.1007/s00125-016-4087-0
https://doi.org/10.1007/s00125-016-4087-0
https://doi.org/10.1111/dme.12308
https://doi.org/10.1055/s-2007-979091
https://doi.org/10.1172/JCI127397
https://doi.org/10.2337/dc11-1236
https://doi.org/10.1007/s00125-013-3017-7
https://doi.org/10.1007/s00125-013-3017-7
https://doi.org/10.2337/dc18-0465
https://doi.org/10.2337/dc18-0465
https://doi.org/10.1210/jc.2010-0293
https://doi.org/10.1210/jc.2010-0293
https://doi.org/10.2337/db11-0962
https://doi.org/10.1006/jaut.1997.0154
https://doi.org/10.1034/j.1399-0039.2000.560607.x
https://doi.org/10.1111/j.1399-0039.1995.tb03127.x
https://doi.org/10.2337/dcs15-2003
https://doi.org/10.2337/db08-0522


162 Williams et al.

29.	Lynam A, McDonald T, Hill A, et al. Development and validation 
of multivariable clinical diagnostic models to identify type 1 dia-
betes requiring rapid insulin therapy in adults aged 18-50 years. 
BMJ Open 2019, 9, e031586. doi:10.1136/bmjopen-2019-031586.

30.	Winter WE, Pittman DL, Jialal I. Practical clinical applications of 
islet autoantibody testing in type 1 diabetes. J Appl Lab Med 2022, 
7, 197–205. doi:10.1093/jalm/jfab113.

31.	Bravis V, Kaur A, Walkey HC, et al. Relationship between islet au-
toantibody status and the clinical characteristics of children and 
adults with incident type 1 diabetes in a UK cohort. BMJ Open 
2018, 8, e020904. doi:10.1136/bmjopen-2017-020904.

32.	 Jensen R, Gilliam L, Torn C, et al. Islet cell autoantibody levels after 
the diagnosis of young adult diabetic patients. Diabet Med 2007, 
24, 1221–8. doi:10.1111/j.1464-5491.2007.02235.x.

33.	 Decochez K, Tits J, Coolens JL, et al. High frequency of persisting or 
increasing islet-specific autoantibody levels after diagnosis of type 1 
diabetes presenting before 40 years of age. The Belgian Diabetes Reg-
istry. Diabetes Care 2000, 23, 838–44. doi:10.2337/diacare.23.6.838.

34.	Howson JM, Stevens H, Smyth DJ, et al. Evidence that HLA class 
I and II associations with type 1 diabetes, autoantibodies to GAD 
and autoantibodies to IA-2, are distinct. Diabetes 2011, 60, 2635–
44. doi:10.2337/db11-0131.

35.	Tridgell DM, Spiekerman C, Wang RS, et al. Interaction of onset 
and duration of diabetes on the percent of GAD and IA-2 antibody-
positive subjects in the type 1 diabetes genetics consortium data-
base. Diabetes Care 2011, 34, 988–93. doi:10.2337/dc10-1903.

36.	Leete P, Oram RA, McDonald TJ, et al. Studies of insulin and 
proinsulin in pancreas and serum support the existence of 
aetiopathological endotypes of type 1 diabetes associated with age 
at diagnosis. Diabetologia 2020, 63(6), 1258–67. doi:10.1007/
s00125-020-05115-6.

37.	Genovese S, Bonfanti R, Bazzigaluppi E, et al. Association of IA-2 
autoantibodies with HLA DR4 phenotypes in IDDM. Diabetologia 
1996, 39, 1223–6.

38.	Wilmot-Roussel H, Levy DJ, Carette C, et al. Factors associated 
with the presence of glutamic acid decarboxylase and islet antigen-2 
autoantibodies in patients with long-standing type 1 diabetes. Dia-
betes Metab 2013, 39, 244–9. doi:10.1016/j.diabet.2013.01.002.

39.	Long AE, Gillespie KM, Aitken RJ, et al. Humoral responses to islet 
antigen-2 and zinc transporter 8 are attenuated in patients carrying 
HLA-A*24 alleles at the onset of type 1 diabetes. Diabetes 2013, 
62, 2067–71. doi:10.2337/db12-1468.

40.	Ye J, Long AE, Pearson JA, et al. Attenuated humoral responses 
in HLA-A*24-positive individuals at risk of type 1 diabetes. 
Diabetologia 2015, 58, 2284–7. doi:10.1007/s00125-015-3702-9.

41.	Lipponen K, Gombos Z, Kiviniemi M, et al. Effect of HLA class 
I and class II alleles on progression from autoantibody positivity 
to overt type 1 diabetes in children with risk-associated class II 
genotypes. Diabetes 2010, 59, 3253–6. doi:10.2337/db10-0167.

42.	Howson JM, Krause S, Stevens H, et al. Genetic association of 
zinc transporter 8 (ZnT8) autoantibodies in type 1 diabetes cases. 
Diabetologia 2012, 55, 1978–84. doi:10.1007/s00125-012-2540-2.

43.	Plagnol V, Howson JM, Smyth DJ, et al. Genome-wide asso-
ciation analysis of autoantibody positivity in type 1 diabetes 
cases. PLoS Genet 2011, 7, e1002216. doi:10.1371/journal.
pgen.1002216.

44.	Smyth DJ, Cooper JD, Bailey R, et al. A genome-wide association 
study of nonsynonymous SNPs identifies a type 1 diabetes locus in 
the interferon-induced helicase (IFIH1) region. Nat Genet 2006, 
38, 617–9. doi:10.1038/ng1800.

45.	Winkler C, Lauber C, Adler K, et al. An interferon-induced helicase 
(IFIH1) gene polymorphism associates with different rates of pro-
gression from autoimmunity to type 1 diabetes. Diabetes 2011, 60, 
685–90. doi:10.2337/db10-1269.

46.	 Jostins L, Ripke S, Weersma RK, et al. Host-microbe interactions 
have shaped the genetic architecture of inflammatory bowel dis-
ease. Nature 2012, 491, 119–24. doi:10.1038/nature11582.

47.	Smyth DJ, Plagnol V, Walker NM, et al. Shared and distinct genetic 
variants in type 1 diabetes and celiac disease. N Engl J Med 2008, 
359, 2767–77. doi:10.1056/NEJMoa0807917.

48.	Chu X, Pan CM, Zhao SX, et al. A genome-wide association study 
identifies two new risk loci for Graves’ disease. Nat Genet 2011, 
43, 897–901. doi:10.1038/ng.898.

49.	Kozhakhmetova A, Wyatt RC, Caygill C, et al. A quarter of patients 
with type 1 diabetes have co-existing non-islet autoimmunity; the 
findings of a UK population-based family study. Clin Exp Immunol 
2018, 192(3), 251–8. doi:10.1111/cei.13115.

50.	Oram RA, Jones AG, Besser RE, et al. The majority of patients 
with long-duration type 1 diabetes are insulin microsecretors 
and have functioning beta cells. Diabetologia 2014, 57, 187–91. 
doi:10.1007/s00125-013-3067-x.

51.	Williams MD, Bacher R, Perry DJ, et al. Genetic composition and 
autoantibody titers model the probability of detecting C-peptide 
following type 1 diabetes diagnosis. Diabetes 2021, 70, 932–43. 
doi:10.2337/db20-0937.

52.	Zhang Y, Yin T, Wang X, et al. Relationships between islet-specific 
autoantibody titers and the clinical characteristics of patients with 
diabetes mellitus. Diabetes Metab J 2021, 45, 404–16. doi:10.4093/
dmj.2019.0239.

53.	Hao W, Gitelman S, DiMeglio LA, et al. Fall in C-peptide during 
first 4 years from diagnosis of type 1 diabetes: variable relation to 
age, HbA1c, and insulin dose. Diabetes Care 2016, 39, 1664–70. 
doi:10.2337/dc16-0360.

54.	Lampasona V, Liberati D. Islet autoantibodies. Curr Diab Rep 
2016, 16, 53. doi:10.1007/s11892-016-0738-2.

55.	Lightman SM, Utley A, Lee KP. Survival of Long-Lived Plasma 
Cells (LLPC): piecing together the puzzle. Front Immunol 2019, 
10, 965. doi:10.3389/fimmu.2019.00965.

56.	Brynjolfsson SF, Persson Berg L, Olsen Ekerhult T, et al. Long-
lived plasma cells in mice and men. Front Immunol 2018, 9, 2673. 
doi:10.3389/fimmu.2018.02673.

57.	Chang HD, Tokoyoda K, Hoyer B, et al. Pathogenic memory 
plasma cells in autoimmunity. Curr Opin Immunol 2019, 61, 86–
91. doi:10.1016/j.coi.2019.09.005.

https://doi.org/10.1136/bmjopen-2019-031586
https://doi.org/10.1093/jalm/jfab113
https://doi.org/10.1136/bmjopen-2017-020904
https://doi.org/10.1111/j.1464-5491.2007.02235.x
https://doi.org/10.2337/diacare.23.6.838
https://doi.org/10.2337/db11-0131
https://doi.org/10.2337/dc10-1903
https://doi.org/10.1007/s00125-020-05115-6
https://doi.org/10.1007/s00125-020-05115-6
https://doi.org/10.1016/j.diabet.2013.01.002
https://doi.org/10.2337/db12-1468
https://doi.org/10.1007/s00125-015-3702-9
https://doi.org/10.2337/db10-0167
https://doi.org/10.1007/s00125-012-2540-2
https://doi.org/10.1371/journal.pgen.1002216
https://doi.org/10.1371/journal.pgen.1002216
https://doi.org/10.1038/ng1800
https://doi.org/10.2337/db10-1269
https://doi.org/10.1038/nature11582
https://doi.org/10.1056/NEJMoa0807917
https://doi.org/10.1038/ng.898
https://doi.org/10.1111/cei.13115
https://doi.org/10.1007/s00125-013-3067-x
https://doi.org/10.2337/db20-0937
https://doi.org/10.4093/dmj.2019.0239
https://doi.org/10.4093/dmj.2019.0239
https://doi.org/10.2337/dc16-0360
https://doi.org/10.1007/s11892-016-0738-2
https://doi.org/10.3389/fimmu.2019.00965
https://doi.org/10.3389/fimmu.2018.02673
https://doi.org/10.1016/j.coi.2019.09.005

