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Abstract

Type 1 diabetes (T1D) is a chronic autoimmune disease characterized by autoimmune destruction 

of insulin-producing β-cells in pancreatic islets. Seroconversions to islet autoantibodies (IAbs) 

precede the disease onset by many years, but the role of humoral autoimmunity in the disease 

initiation and progression are unclear. In the present study, we identified a new IAb directed 

to the extracellular epitopes of ZnT8 (ZnT8ec) in newly diagnosed patients with T1D, and 

demonstrated immunofluorescence staining of the surface of human β-cells by autoantibodies 

to ZnT8ec (ZnT8ecA). With the assay specificity set on 99th percentile of 336 healthy controls, 

the ZnT8ecA positivity rate was 23.6% (74/313) in patients with T1D. Moreover, 30 children in 

a longitudinal follow up of clinical T1D development were selected for sequential expression 

of four major IAbs (IAA, GADA, IA-2A and ZnT8icA). Among them, 10 children were 

ZnT8ecA positive. Remarkably, ZnT8ecA was the earliest IAb to appear in all 10 children. The 

identification of ZnT8ec as a cell surface target of humoral autoimmunity in the earliest phase of 

IAb responses opens a new avenue of investigation into the role of IAbs in the development of 

β-cell autoimmunity.

Islet autoantibodies (IAbs) are currently the most reliable biomarkers used for differential 

diagnosis and prediction of type-1 diabetes (T1D), but they are generally considered as 

bystanders in the disease progression leading to T cell-mediated autoimmune destruction 

of β-cells. It is well established that autoantibodies to antigenic targets on the cell surface 

are pathogenic mediators in a group of autoimmune diseases including Graves’ disease and 

myasthenia gravis (1). Islet Cell-Surface Autoantibodies (ICSA) in T1D were first described 

in 1970’s (2,3), examined for lytic effects on pancreatic β-cells (4), but contradictory 

results came from multiple study groups (5,6). Until now, ICSAs have never been defined 

biochemically, and the molecular target of putative ICSAs remains unidentified. T1D is 

a chronic autoimmune disease that often starts in childhood (7). While most patients are 

diagnosed many years after seroconversion to IAbs (8), the initial factors involved in the 
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early phase of the pathological cascade are still unclear due to their elusive chronic effects. 

IAbs are secreted by plasma cells derived from autoreactive B-cells. NOD mice lacking 

B cells are resistant to T1D (9,10), and depleting B cells delays disease progression in 

both animal models and human clinical trials (11,12). These findings support the notion 

that disease-associated autoantibodies might play a role in the development of T1D (13). 

However, all well-established IAbs recognize intracellular antigens and secreted insulin. The 

lack of biochemically defined ICSAs is one of the critically missing links in understanding 

the pathogenic role of humoral autoimmunity.

Zinc transporter-8 (ZnT8) is a major self-antigen in T1D (14). It is a two-modular membrane 

protein consisting of a major transmembrane domain (TMD) and a cytosolic module formed 

by a tight association of a C-terminal domain (CTD) and a N-terminal domain (NTD) 

(15). All currently tested autoantibodies to ZnT8 are limited to ZnT8 intracellular epitopes 

(ZnT8ic) localized to CTD. NTD is a minor antigen, contributing to ~8% of overall 

ZnT8icAb-reactivity with ~99% overlap with the CTD-reactivity (16). By comparison, TMD 

is more than twice the size of CTD, suggesting that a significant portion of antigenicity 

may arise from the ZnT8 extra-cellular epitopes (ZnT8ec) of TMD (Fig. 1A). Moreover, 

ZnT8 is one of the most abundantly expressed membrane proteins in human β-cells (17), 

and its subcellular distribution is functionally coupled with insulin secretion, biosynthesis 

and storage (18,19). Glucose stimulated insulin secretion promoted the display of ZnT8 

on the surface of live β-cells, making it a potential target for ICSA recognition (20). Our 

previous comparative analyses of ZnT8 autoantibodies to CTD and a full-length ZnT8 splice 

isoform (TMD+CTD) raised a possibility that autoantibody to ZnT8ec (ZnT8ecA) might 

exist (21,22), but a direct biochemical identification of ZnT8ecA remained unattainable due 

to the lack of a definitive assay for conformation-specific serum antibodies to ZnT8ec.

High-affinity binding of autoantibodies to conformational epitopes on the cell surface is 

a key driver of autoantibody-induced pathology (23). Linear peptides in the absence of a 

protein scaffold do not form structurally-defined conformational epitopes while the purified 

ZnT8 by itself is highly unstable in maintaining its native folding. In the present study, 

we generated natively folded human ZnT8 in a novel stabilizing protein complex, and 

developed an electrochemiluminescence (ECL)-assay to identify ZnT8ecA biochemically in 

newly diagnosed patients with T1D. We also demonstrated direct accessibility of ZnT8ec 

epitopes to extracellular IAbs by ZnT8-specific immunofluorescence staining on the surface 

of human β-cells. By comparison, the accessibility of ZnT8ic epitopes to IAbs requires prior 

cell damage that releases intracellular antigens to the extracellular space (24), resulting in 

secondary events of epitope spreading during the procession of islet autoimmunity (25). 

Hence, we further examined the temporal relationship of multiple IAb seroconversions in a 

selected cohort of young children who developed all four major IAbs. A longitudinal follow-

up analysis of these children from birth to clinical T1D revealed that ZnT8ecA was the 

earliest IAb to appear in all children tested, followed by IAbs to insulin (IAA), glutamic acid 

decarboxylase-65 (GADA), protein tyrosine phosphatase-related islet antigen-2 (IA-2A), 

and ZnT8ic (ZnT8icA), respectively. The identification of ZnT8ecA as a major ICSA and 

demonstration of intramolecular epitope spreading from cell surface ZnT8ec to intracellular 

ZnT8ic epitopes suggest a potential role of antibody-mediated β-cell damage in the early 

phase of humoral autoimmunity development.
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Materials and Methods

Serum samples

Two independent groups of serum samples from newly diagnosed patients with diabetes 

mellitus were used in the ECL-ZnT8ecA assay. The demographic information of these 

samples for each group are summarized in Tabel-1. All patients were diagnosed at Barbara 

Davis Center for Diabetes, and serum samples were obtained from patients within two 

weeks of diagnosis. Age and gender matched healthy control samples were included for 

each experimental patient group in the study. In addition, samples from 30 children from 

the Diabetes Auto Immunity Study in the Young (DAISY) who were longitudinally followed 

from birth to clinical T1D were used in the study. All samples from patients with diabetes 

and healthy controls were previously tested for all four established IAbs with RBA. The 

samples from 30 longitudinally followed children were tested for IAbs with both RBA 

and ECL assay. Signed written informed consents were obtained from participants and the 

studies were approved by the Institutional Review Board of the University of Colorado.

ZnT8-Fab complex

The human ZnT8 isoform-2 cDNA (NM_001172814.1) was subcloned into a mammalian 

pCMV6-based expression vector (26). The expression plasmid was introduced into 

FreeStyle 293-F cells, transiently expressed in suspension culture, and purified as described 

previously (21,26). mAb20 and mAb39 were produced by hybridoma cells grown in BD 

quanta medium plus 10% ultralow-IgG FBS. After 3–4 weeks of cell culture, mAb20 and 

mAb39 in the culture medium were captured by protein A/G beads (Thermo), washed 

with PBS, and then eluted by an IgG elution buffer (Thermo). The purified mAbs were 

concentrated to ~20 mg/ml for Fab production using a Piercers Fab preparation kit following 

manufacturer’s protocol. The resulting Fab20 or Fab39 was HPLC purified in PBS, labeled 

with Sulfo-tag, and then HPLC purified again to remove free sulfo-tag in the reaction 

mixture. Finally, purified Fabs were mixed with ZnT8 in 10:1 molar ratio, incubated 

overnight, and then the resultant ZnT8-Fab20-Fab39 ternary complex or ZnT8-Fab20 binary 

complex was purified by sizing HPLC as a single monodisperse protein peak. The purified 

ternary complex with sulfo-tag was used for ZnT8ecA detection while the purified binary 

complex without sulfo-tag was used for cryo-EM single particle analysis.

Cryo-EM and 3D reconstruction

Freshly glow discharged Quantifoil R 1.2/1.3 gold grids (300 mesh) were prepared by 

double blotting of HPLC-purified ZnT8-Fab20 protein complex in 3.0 mg/ml. Each blotting 

was done for 3 s at 6 ℃ and 100% relative humidity. After the second blotting, the grids 

were plunge-frozen in liquid ethane using a Vitrobot Mark III. Cryo-EM data were collected 

automatically with EPU in a FEI Talos Arctica transmission electron microscope operated 

at 200 kV. A total of 484 movies were recorded on a Falcon 3EC in linear mode at a 

magnification of 130,000, equivalent to a pixel size of 1.21 Å. Each movie consists of 

40 frames with a total dose of 62 e−/Å2 for a total exposure time of 2 s. Defocus values 

varied from −1.5 to −2.5 μm. Raw movies were motion-corrected by MotionCor2 (27), 

and then CTFFIND4.1.8 was used to estimate the contrast transfer function parameters 

for each micrograph (28), which was processed by RELION2.1.0 (29). Specifically, about 
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1,000 particles were manually picked and were subjected to reference-free 2D classification. 

Five out of ten representative 2D class averages were used as templates for automatic 

particle-picking. A total of 64,920 particles were picked and were sorted by three rounds 

of 2D classification. 55,396 particles in those classes with good features were retained and 

were subjected to 3D classification. Based on visual inspection, 36,345 particles belonging 

to three classes with structural features combined for further refinement. A C2 symmetry 

was applied during final 3D reconstruction and refinement, resulting in the reported 3D map 

at a nominal resolution of 17 Å, based on the gold standard Fourie shell correlation between 

two half maps.

Structural modeling

A monoclonal Fab (PDB ID: 1M71) as a Fab homologue model and cryo-EM structure of 

human ZnT8 (PDB ID: 6XPD) were docked into the 3D map of ZnT8-Fab20. Rigid-body 

docking was performed using UCSF Chimera (30). For the ZnT8ecA-ZnT8-Fab20-Fab39 

complex, an intact IgG2a monoclonal antibody (PDB ID: 1IGT) as a ZnT8ecA homologue 

on the extracellular surface of TMD, Fab molecules (PDB ID: 1M71) and the cryo-EM 

structure of human ZnT8 (PDB ID: 6XPD) were docked as rigid-body into the 3D map of 

ZnT8-Fab20-Fab39 (31).

ZnT8ecA assay

Assay components are schematically represented in Fig. 1B with a workflow as following. 

First, a serum (10μl) was mixed with 25 μl of HPLC-purified ZnT8-Fab20-Fab39 ternary 

complex with a Sulfo-tag at a final concentration of 500 ng/ml in PBS (pH 7.4) plus 0.005% 

lauryl maltose neopentyl glycol (LMNG). The mixture was incubated at room temperature 

for 1 h on a plate shaker. Then 5 μl of 25 μg/ml biotinylated anti-(human IgG)-Fc mAb 

(Thermo Scientific) was added to the mixture and incubated at room temperature for 1 h 

with shaking. Meanwhile, 96-well streptavidin-coated ECL plates were blocked with 150 

μl of 3% Blocker A (MSD) per well. The blocked ECL plate was 3x washed with PBS 

plus 0.005% LMNG, followed by the addition of the incubated serum-antigen, anti-IgG 

mixture into the ECL plate. After incubation at room temperature for 1 h, the plate was 

washed three times with PBS plus 0.005% LMNG to remove uncaptured antigen-antibody 

complex. Finally, 150μl/well of 2× reading buffer (MSD) were added and the plate was 

counted on an ECL Sector SQ120 (Meso-Scale Discovery). An internal standard positive 

and a negative control serum samples were used to normalize the assay readout as an 

index (index=(Signalsample−Signalnegative-control)/(Signalpositive-control−Signalnegative-control). 

Median years of first seroconversion and their distributions for each IAb in 10 DAISY 

subjects were shown in a box-and-whisker plot by SigmaPlot. The levels of statistic 

difference between the median years seroconverted to ZnT8ecAb and other IAbs were 

measured by P values as exact solutions of the two-sided Wilcoxon-Mann-Whitney test for 

paired data sets (32).

RBAs for IAA, GADA, IA-2A and ZnT8icAb were published previously. Briefly, RBA for 

GADA and IA-2A were performed with NIH/NIDDK harmonized standard methods (33). 

RBA for IAA and ZnT8icA were performed with in-house assays (14,34). In the most recent 
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IASP Workshop of 2020, the sensitivity and specificity were 78% and 99% for GADA, 72% 

and 100% for IA-2A, 62% and 99% for IAA, 74% and 100% for ZnT8icAb.

Immunofluorescence staining and imaging

A droplet (20 μl) of ~2000 human insulinoma cells (EndoC-βH1) was seeded onto a glass 

bottom microwell dish that was pre-coated with β-coat (Univercell-Biosolutions). After 

cell adhesion to the surface, 2 ml OPTI cell culture medium (Univercell-Biosolutions) was 

added to the dish, and cells inside the well were grown at 37 °C in a 5% CO2 humidified 

atmosphere for two days. At this time, cells were washed with a high glucose (20 mM) 

Krebs buffer, and then fixed using a flowcytometry fixation buffer (R&D) for 20 min at 

RT, washed again using PBS plus 1% BSA. Next, 10 μl human serum diluted in 90 μl 

PBS was added to the microwell to cover EndoC-βH1 cells, incubated for 4 hr at RT. 

Unbound serum antibodies were removed by 2x wash using PBS plus 1% BSA, and then an 

Alexa Fluor-647 conjugated anti-human IgG antibody (Life technologies, dilution 1:1000) 

in 100 μl PBS+1%BSA was added to the microwell, incubated for 1 hr at RT. Finally, 

cells were washed with PBS to remove unbound secondar antibody, and then sealed under 

a drop of mounting solution with DAPI for fluorescence imaging on a Zeiss LSM 700 

inverted confocal microscope with a 63x oil objective. For serum pre-absorption, human 

ZnT8-GFP was stably expressed in rat insulinoma cells (INS-1E) where ZnT8-GFP was 

abundantly displayed on the cell surface as described earlier (20). 5×104 INS-1E cells with 

ZnT8-GFP over-expression were grown in a 96-well plate, fixed using a flowcytometry 

fixation buffer, and then exposed to 100 μl diluted sera to absorb serum ZnT8ecA. 

After an overnight incubation at 4 °C, sera were recovered for later immunofluorescence 

staining of human EndoC-βH1 cells as described above. Alternately, recombinant human 

ZnT8 was transiently expressed in FreeStyle 293-F cells, purified and reconstituted into 

proteoliposomes as described earlier (26). Proteoliposomes containing 0.1 mg of purified 

ZnT8 was pelleted by ultracentrifugation, resuspended in 100 μl diluted sera to absorb 

serum ZnT8 autoantibody. After an overnight incubation at 4 °C, sera were recovered by 

ultracentrifugation to remove ZnT8 proteoliposomes. The resultant supernatants were used 

for immunofluorescence staining of human EndoC-βH1 cells as described above.

Results

Stable ZnT8-Fab complex

To stabilize the native ZnT8 conformation for ZnT8ecA binding and to block ZnT8icA 

binding, we used antigen-binding fragments (Fabs) of two ZnT8ic monoclonal antibodies, 

mAb20 and mAb39, to form a stable binding complex. Earlier functional characterization 

of mAb20 and mAb39 established sub-nanomolar binding affinities for both mAbs and 

demonstrated the stable formation of a ZnT8-Fab20-Fab39 ternary complex (31). This 

ternary complex was HPLC-purified and adapted to an ECL-based ZnT8ecA assay (Fig. 

1B) (35). The native ZnT8 conformation and spatial arrangements of multiple Fabs around 

a ZnT8 homodimer were revealed by single-particle electron microscopy (EM) and protein 

docking analysis. The ZnT8ecA was modeled by docking an immunoglobulin-G molecule to 

the extracellular surface of a cryo-EM structure of human ZnT8 at 3.8-angstrom resolution 

(15), Fab20 by docking a Fab molecule to the electron density of a ZnT8-Fab20 complex 
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at 17-angstrom resolution (Fig. 1C), and Fab39 by docking a Fab molecule to the electron 

density of a ZnT8-Fab20-Fab39 complex as reported earlier (31). The co-bindings of Fab20 

and Fab39 were found to shield the surface of cytoplasmic domains while the detergent 

micelle surrounded the transmembrane sector of TMD (Fig. 1C). Lipid molecules with a 

strong association with the hydrophobic surface of TMD may exist in the detergent ring, but 

they are immunologically silent because ZnT8 was produced from over-expression in human 

cells. Thus, the extracellular surface of TMD was an only option for ZnT8ecA binding to 

the ternary protein complex (Fig. 1A). To minimize ZnT8icA binding to NTD, we used a 

native ZnT8 splice variant that reduces the NTD to a 13-aa peptide (36). This N-terminal 

sequence was secluded in a crevice between two CTDs (15). Fab39 was docked to the 

CTD-CTD interface, blocking potential ZnT8icA access to NTD. Fab20 was docked to a 

different CTD surface in a direction approximately parallel to the membrane surface (Fig. 

1C), posing steric hindrance to potential ZnT8icA binding to the intracellular surface of 

TMD. Taken together, co-bindings of Fab20 and Fab39 effectively protected NTD, CTD 

and the intracellular surface of TMD from ZnT8icA binding, allowing specific detection of 

ZnT8ecA on the electrode surface of ECL-sensors (Fig. 1B).

Identification of ZnT8ecA.

To further ensure a specific detection of ZnT8ecA, we generated two polymorphic ZnT8 

variants in ZnT8-Fab20-Fab39 ternary complexes, and examined the cross-reactivity of 

individual serum samples to each of the two ZnT8 variants. It is well established that 

the epitope specificity of ZnT8icA is determined by a nonsynonymous single nucleotide 

polymorphism, which causes an arginine (R) to tryptophan (W) change at position 325 

of CTD (16,31). Sera from R-homozygous patients do not cross-react with the W-form 

ZnT8ic epitopes, whereas sera from W-homozygous patients do not cross-react with the 

R-form ZnT8ic epitopes. Sera from R/W heterozygous patients can react with both R- and 

W-form ZnT8ic epitopes. Since ZnT8ec epitopes on the surface of TMD is independent of 

polymorphic variations in CTD, a bona fide ZnT8ecA is expected to cross-react with both 

ZnT8-R and ZnT8-W antigens. All serum samples examined were pre-screened by radio-

binding assay (RBA) with two CTD variants to exclude sera that exhibited cross-reactivity 

to polymorphic ZnT8ic epitopes. Of 300 ZnT8icA-postive sera from new onset patients 

with T1D, we identified 94 serum samples lacking ZnT8icA cross-reactivity, including 49 

exclusively positives for R-form CTD (R-sera), and 45 for W-form CTD (W-sera) (Fig. 2A). 

Additional sera included in the present study were 35 samples from new onset patients 

with T1D negative for ZnT8icA but positive for other IAbs, and 22 from new onset 

diabetic patients (presumptive type-2 diabetes) negative for all IAbs. In all selected patients 

examined for R/W cross-reactivity (Fig. 2B), ZnT8ecA was detected positive in 31% (29/94) 

of patients with T1D who were also positive for ZnT8icA (including 16/49 R-sera and 13/45 

W-sera), in 23% (8/35) of patients with T1D who were negative for ZnT8icA, and in 4.5% 

(1/22) of diabetic patients who were negative for all IAbs (Fig. 2C). The assay cutoff level 

for ZnT8ecA positivity was set on 99th percentile in 197 healthy controls from general 

population with matched ages and genders (Fig. 2C).

Gu et al. Page 6

J Autoimmun. Author manuscript; available in PMC 2022 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Validation of ZnT8ecA assay.

To confirm the results of the ZnT8ecA assay, an independent second group of 449 samples 

were tested, including 184 new onset patients with T1D who were positive for IAbs (123 

positive and 61 negatives for ZnT8icA), 126 new onset diabetic patients negative for all 

IAbs (presumptive type-2 diabetes), and 139 age/gender matched healthy controls. Similarly, 

two polymorphic variants of the ZnT8-Fab20-Fab39 ternary complex (R-form and W-form) 

were tested for R/W cross-reactivity. All sera positive for ZnT8icA were pre-screened and 

selected for exclusive reactivity to either ZnT8ic-R or ZnT8ic-W antigen. With the assay 

specificity set on 99th percentile of 139 healthy controls (2/139), the ZnT8ecA positivity 

rate was 20.1% (37/184) in patients with T1D including patients positive for ZnT8icA 

(19/123) and patients negative for ZnT8icA (18/61). In addition, the ZnT8ecA positivity rate 

was 4.8% (6/126) in diabetic patients (presumptive T2D) negative for all IAbs (Fig. 2D). 

Taken together, the two independent serum sets collectively gave a ZnT8ecA positivity rate 

of 23.6% (74/313) and an assay specificity of 99% (3/336) in patients with T1D. ZnT8ecA 

appeared independent of ZnT8icA with a similar positivity rate in new onset patients with or 

without ZnT8icA. Among 313 T1D cases enrolled in the present study, 46 adults in total but 

only one at the age of 20 developed low ZnT8ecA positivity. The ZnT8ecA positivity rate at 

27.3% (73/267) in children was significantly higher (P < 0.0001) than that in adults (1/46). 

The observed age-dependency of ZnT8ecA is similar to that of IAA, which tends to develop 

in children with more aggressive autoimmunity as compared with adult-onset T1D.

ZnT8ecA binding on the surface of human β-cells.

ZnT8 is abundantly expressed in human EndoC-βH1 β-cells with an expression level 

similar to that of the housekeeping α-tubulin at the protein level (18). We examined 

immunofluorescence staining of intact EndoC-βH1 cells using individual human sera tested 

either positive or negative for ZnT8ecA. Sera from healthy controls exhibited a negligibly 

low level of surface staining. ZnT8ecA(+)/ZnT8icA(+) and ZnT8ecA(+)/ZnT8icA(−) sera 

from patients with T1D showed an elevated level of surface staining as compared 

with that of ZnT8ecA(−)/ZnT8icA(+) and ZnT8ecA(−)/ZnT8icA(−) sera (Fig. 3A). To 

demonstrate ZnT8-specific cell surface staining, we generated stable expression of human 

ZnT8-GFP in rat INS-1E β-cells (20), and then used ZnT8-GFP displayed on the cell 

surface to absorb serum ZnT8ecA (20). Pre-absorption of human sera abolished surface 

immunofluorescence staining of EndoC-βH1 cells (Fig. 3B). We further purified human 

ZnT8 and reconstituted it into proteoliposomes that was used to pull-down serum ZnT8ecA 

and ZnT8icA by ultracentrifugation. A trace amount of detergent molecules from the 

proteoliposome preparation caused membrane leakage during immunofluorescence staining 

of EndoC-βH1 cells. Proteoliposome pre-absorption of human sera yielded intracellular 

staining, but completely abolished the ring-like profile of cell surface staining (Fig. 3C). 

This finding indicated that ZnT8ecA predominantly contributed to cell surface staining 

whereas residual IAbs in proteoliposome-absorbed sera caused intracellular staining as a 

result of β-cell damage. Interestingly, ZnT8ecA(−)/ZnT8icA(−) sera from patients with 

presumptive T2D exhibited no or lower levels of intracellular IAb staining (Fig. 3C).

Gu et al. Page 7

J Autoimmun. Author manuscript; available in PMC 2022 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Early expression of ZnT8ecA in pre-T1D young children.

The timing of seroconversions to ZnT8ecA and ZnT8icA may differ due to the difference 

in the immunological accessibility of respective epitopes before and after β-cell damage. To 

examine this hypothesis, we selected 30 DAISY children who sequentially developed four 

major IAbs before overt disease. All 30 children were longitudinally followed from birth 

to clinical T1D, and 10 were tested positive for ZnT8ecA (Fig 4A). Of these ZnT8ecA(+) 

children, seven were detected ZnT8ecA first, earlier than any other IAbs. The remaining 

three children were detected ZnT8ecA, IAA and/or GADA first at the same time. The 

time distributions of IAb onsets in these children are shown in a cumulative positivity 

plot (Fig. 4B), and median times of individual IAb seroconversions, their distributions 

and variability are summarized in a box and whisker plot (Fig. 4C). The median times 

were 1.2, 2.1, 2.2, 2.6 and 5.5 years for the first appearance of ZnT8ecA, IAA, GADA, 

IA-2A and ZnT8icA, respectively. Two-sided Wilcoxon-Mann-Whitney tests for paired 

datasets indicated that the first seroconversion to ZnT8ecA was marginally earlier than 

IAA and GADA (P=0.052), but significantly earlier than IA-2 (P=0.005) and ZnT8icA 

(P=0.002) (Fig. 4C). Our results indicated that the rank order of IAb first appearance was 

ZnT8ecA<IAA≈GADA<IA2A<ZnT8icA in 10 DAISY children studied. Of note, the onsets 

of ZnT8ecA and ZnT8icA exhibited a median delay of 4.3 years.

Discussion

It is generally accepted that the first autoantibody appearance with seroconversion 

to multiple IAbs marks the initiation of islet autoimmunity (8,37), but the lack of 

biochemically defined ICSAs on the β-cell surface impedes investigation into the potential 

pathogenic role of IAbs in the development of humoral autoimmunity. Here we report 

the identification of a new IAb to extracellular epitopes of ZnT8 on the β-cell surface. 

ZnT8ecA recognizes both ZnT8 polymorphic variants, and is the first seroconverted IAb 

in all 10 DAISY children studied whereas ZnT8icA is polymorphism-specific, and a later 

IAb closer to the disease onset. The distinctive timing of ZnT8ecA appearance and its cell 

surface binding suggest that ZnT8ecA represents a novel autoantibody category independent 

of classical IAbs. Notably, ZnT8ecA was detected by a median of 0.9 years earlier than 

IAA, which often appears as the first autoantibody among very young children (38). 

Seroconversion to autoantibody positivity at an early age is associated with an increased 

risk for progression to clinical T1D (39). The earliest appearance of ZnT8ecA would allow 

for a more precise detection of islet autoimmunity onset. Hence, the potential of ZnT8ecA 

as a biomarker for earlier detection of islet autoimmunity is of clinical importance to risk 

prediction and disease prevention.

The early appearance of ZnT8ecA suggests a potential role of ZnT8 in triggering islet 

autoimmunity. Insulin/proinsulin has been implicated as a primary self-antigen in the HLA 

DR4-DQ8-positive form of T1D (40), but secreted insulin molecules do not mediate cell 

surface binding of IAA with cytotoxic effects. In contrast, the observed ZnT8-specific, cell 

surface immunofluorescence staining was attributed to ZnT8ecA binding to ZnT8ec epitopes 

on the surface of human β-cells, in agreement with earlier flow cytometry quantification 

of ZnT8-specific cell surface staining with pooled sera from patients with T1D (21). The 

Gu et al. Page 8

J Autoimmun. Author manuscript; available in PMC 2022 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



identification of ZnT8ecA as a major ICSA provides an experimental basis for further 

investigation into ZnT8ecA-mediated antibody-dependent cellular cytotoxicity (ADCC) 

and complement-dependent cytotoxicity (CDC). The immunological stress resulted from 

ZnT8ecA-ZnT8ec interactions on the cell surface is in line with the emerging notion that 

β-cell stress is central to T1D pathogenesis (41).

The presence of serum ZnT8ecA may reflect the activation of ZnT8-autoreactive B cells that 

undergo clonal expansion and differentiation into antibody-secreting plasma cells. Mature 

naive B cells could infiltrate into pancreatic islets where a continuous exposure of the B 

cell receptors (BCR) to cell surface antigens could activate B cell proliferation (42). The 

large gap in the responses of ZnT8ecA and ZnT8icA suggests an earlier propagation of 

ZnT8-autoreactive B cell clones upon BCR-recognition of ZnT8ec epitopes on the cell 

surface. Likewise, the extracellular insulin availability may explain how IAA arises as one 

of the earliest IAbs before severe autoimmune destruction of β-cells (43). On the other hand, 

ZnT8ic is an intracellular antigenic domain whose BCR-recognition is only in conditions of 

cell damage that releases ZnT8ic epitopes to the extracellular environment. Hence, B cells 

with BCRs that recognize ZnT8ic are expected to propagate later than those that react with 

ZnT8ec on the cell surface, explaining a delayed seroconversion to ZnT8icA.

Recently, IAbs to the extracellular domain of IA-2 (IA2ecA) were identified in a small 

portion of diabetic patients (44). While IA-2 and ZnT8 are both associated with the 

insulin secretory granule, only ZnT8 was shown trafficked to the cell surface upon 

glucose stimulation (20). It remains uncertain as to whether IA-2 can be surfaced (45,46). 

In addition, IA-2A like many other T1D-associated IAbs targets self-antigens that are 

ubiquitously expressed. By comparison, the tissue distribution of ZnT8 is islet-specific (47). 

ZnT8 (SLC30A8) mRNA was limited to all five endocrine cell types (α, β, γ, δ and ε 
cells) in islets of Langerhans, but not detected in exocrine ductal and acinar cells (17). Given 

strong differences between mRNA and protein quantities within and across human tissues 

(48), the relative protein abundance of ZnT8 in different types of endocrine cells may be 

more reliably reflected by the zinc transport activity. ZnT8 predominantly functions as a zinc 

sequestering transporter in the insulin secretory vesicles of β-cells, which distinguishes from 

other endocrine cell types by an exceedingly high cellular zinc content (49). The dominant 

zinc transport activity of ZnT8 in β-cells and the identification of ZnT8ecA in patients with 

T1D support the β-cell specificity of ZnT8ecA actions on the cell surface where ZnT8 is 

dynamically linked to insulin secretion and production (50).

T1D is a heterogenous autoimmune disease with varied IAb responses depending on the 

HLA genotype, age and ethnicity (51–53). For example, the IAA prevalence is inversely 

associated with the age from a positivity rate of 80% in young children to only 20% in adults 

whereas the GADA prevalence increases with the age (51). The present study used sera from 

patients with mixed ages, thus the ZnT8ecA prevalence in different age groups and genetic 

backgrounds needs to be further studied. In addition, all patient sera in retrospective cohorts 

were collected shortly after the disease onset. The timing of serum collection may miss the 

ZnT8ecA peak, probably contributing to an underestimation of the ZnT8ecA positivity rate. 

A further study with large cohorts from patients with T1D as well as pre-diabetic subjects 

with longitudinal follow-up may be warranted.
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Fig. 1. ZnT8ecA assay on the ECL platform.
A. ZnT8ecA binding to the cell surface and a structural model of ZnT8ecA-ZnT8-Fab20-

Fab39 complex in relation to the surface membrane (grey balls and sticks). Proteins are 

drawn in 1:1 scale in cyan for a ZnT8 homodimer, magenta for Fab20, green for Fab39, 

blue for a ZnT8ecA in surface representation, and orange for antibody glycosylation. B. 
Schematic diagram of the ECL-assay. ZnT8 was solubilized by detergent (grey balls and 

sticks), stabilized by Fab (magenta/green bars) conjugated with a sulfo-tag (red star), and 

captured by a biotinylated anti-IgG secondary antibody via ZnT8ecA binding. C. Electron 

densities of a ZnT8-Fab20 complex with side view, cut-through view of TMDs, and bottom 

view from the cytoplasmic side. Cyan ribbons are fittings of a human ZnT8 cryo-EM 

structure to the electron density map.
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Fig. 2. Detection and validation of ZnT8eAb
A. ZnT8icA by CTD radio-binding assay. ZnT8AicA levels in each serum were measured 

against CTD-R and CTD-W variants. Datapoints were obtained from fours cohorts of 

patients with T1D: #1: 49 R-sera with ZnT8icA(+); #2: 45 W-sera with ZnT8icA(+); #3:35 

ZnT8icA(–) but other IAb positive; #4: 22 all IAb negative. Magenta dashed lines indicate 

assay positivity cut-off. B. Cross-reaction of ZnT8ecA to ZnT8-R and ZnT8-W. ZnT8ecA 

levels in each serum were measured against ZnT8-R and ZnT8-W variants in complex 

with Fab20 and Fab39. Identical patient cohorts were used in A. Note, diagonal datapoints 
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indicate R/W cross-reactivity. C. ZnT8ecA positivity in first set of diabetic patient cohorts. 

The healthy control group was used to determine a positivity cutoff level corresponding to 

99% of 197 healthy subjects (magenta dashed line). Diabetic patients were divided into all 

IAb negative group and IAb positive group, which was further divided into ZnT8icA(+) and 

ZnT8icA(–) subgroup. D. ZnT8ecA positivity in second set of diabetic patient cohorts. The 

healthy control group was used to determine a positivity cutoff level corresponding to 99% 

of 139 healthy subjects (magenta dashed line).

Gu et al. Page 16

J Autoimmun. Author manuscript; available in PMC 2022 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Cell surface immunofluorescence staining of ZnT8ecA from sera of individual diabetic 
patients
A. Human EndoC-βH1 cells were exposed to a human serum that was selected for ZnT8ecA 

and ZnT8icA positive or negative in various combinations as indicated. B-C. Identical sera 

were pre-absorbed by ZnT8-GFP on the surface of intact INS-1E cells (ZnT8-cell-Abs) or 

by purified human ZnT8 in proteoliposomes (ZnT8-PL-Abs) as indicated. Serum antibodies 

bound to the cell surface were visualized by confocal microscopy using a secondary 

antibody against human IgG (red) while cell nuclei were counterstained by DAPI (blue). 

Representative images are shown from immunofluorescence staining using two independent 

serum sets, each with 4 replicates.
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Fig. 4. Temporal responses of IAbs from birth to clinical T1D in 10 DAISY subjects.
A. Time courses of longitudinal IAb levels with a normalized positivity cutoff set to 1.0 

(grey dash lines) for all IAbs. B. Cumulative IAb positivity from birth to clinical T1D. All 

subjects (n=10) were monitored for IAb at 9 months of age, then approximately in 3-month 

intervals until the age of 2, and then 6-month intervals afterward. Note, IAA, GADA 

and IA-2A were measured by both RBA and ECL assays, and the earliest age points of 

positive conversions from one of the two assays were selected for this plot. C. Median first 
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seroconversion year for each IAb in 10 DAISY subjects. The P values are exact solutions of 

the two-sided Wilcoxon-Mann-Whitney test for paired data sets (n=10).
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Table 1:

Demographic information

Group 1 Group 2

T1DM* IAb- DM Control T1DM† IAb- DM Control

n= 129 22 197 184 126 139

Age (yr):

mean 12.2 12.8 13.4 13.8 15.7 17.1

median 11.6 13.2 11.5 11.4 13.2 11.7

range 2.0–45.8 1.3–34.8 0.7–51.6 0.7–67.6 1.3–66.8 2.0–51.0

Female (%) 57.4% 50.0% 50.8% 52.6% 45.8% 48.2%

*
including 94 patients with ZnT8icA positive and 35 patients negative for ZnT8icA.

†
including 123 patients with IAb positive but ZnT8icAb negative, and 61 patients with both IAb and ZnT8icAb positive

J Autoimmun. Author manuscript; available in PMC 2022 April 22.


	Abstract
	Materials and Methods
	Serum samples
	ZnT8-Fab complex
	Cryo-EM and 3D reconstruction
	Structural modeling
	ZnT8ecA assay
	Immunofluorescence staining and imaging

	Results
	Stable ZnT8-Fab complex
	Identification of ZnT8ecA.
	Validation of ZnT8ecA assay.
	ZnT8ecA binding on the surface of human β-cells.
	Early expression of ZnT8ecA in pre-T1D young children.

	Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Table 1:

