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1 | INTRODUCTION

Abstract

Islet autoantibodies, including autoantibodies directed against the 65kDa isoform
of glutamate decarboxylase (GAD65Ab), are present in the majority of patients
with newly diagnosed type 1 diabetes (T1D). Whereas these autoantibodies are
historically viewed as an epiphenomenon of the autoimmune response with no
significant pathogenic function, we consider in this study the possibility that
they impact the major islet function, namely glucose-stimulated insulin secre-
tion. Two human monoclonal GAD65Ab (GAD65 mAb) (b78 and b96.11) were
investigated for uptake by live rat beta cells, subcellular localization and their ef-
fect on glucose-stimulated insulin secretion. The GAD65 mAbs were internalized
by live pancreatic beta cells, where they localized to subcellular structures in an
epitope-specific manner. Importantly, GAD65 mAb b78 inhibited, while GAD65
mAb b96.11 enhanced, glucose-stimulated insulin secretion (GSIS). These oppo-
site effects on GSIS rule out non-specific effects of the antibodies and suggest that
internalization of the antibody leads to epitope-specific interaction with intracel-
lular machinery regulating insulin granule release. The most likely explanation
for the alteration of GSIS by GAD65 Abs is via changes in GABA release due to
inhibition or change in GAD65 enzyme activity. This is the first report indicating
an active role of GAD65AD in the pathogenesis of T1D.
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ongoing debate. AutoAbs directed against islet cell anti-

Type 1 diabetes (T1D), an autoimmune disease that re-
quires lifelong injections of insulin and is associated
with increased risk for multiple complications, has been
extensively studied. However, the role of autoantibodies
(AutoAbs) in the development of T1D is the subject of

© 2022 Company of the International Journal of Experimental Pathology (CIJEP).

gens, including insulin and the 65 kDa isoform of gluta-
mate decarboxylase (GADG65), are found in the majority of
individuals diagnosed with T1D.! Islet AutoAb in T1D are
generally considered an epiphenomenon with no patho-
genic role. While publications in the early 80s indicated
an effect of islet AutoAbs on insulin secretion, the results
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were inconclusive.* Passive transfer of islet AutoAbs de-
rived from children diagnosed with T1D increased insulin
secretion in perifused mouse islets’; however, incubation
of dispersed rat islets with islet AutoAbs led to an decrease
of insulin secretion.’

GADG65 is not only expressed in the beta cells of
pancreatic islets but also in the central nervous system
(CNS),*> where it is function as one of two enzymes
decarboxylating glutamate to yield the inhibitory neu-
rotransmitter gamma-butyric acid (GABA) is better
understood. Moreover, GAD65’s association with the cy-
tosolic face of GABAergic synaptic vesicles (SVs)*” is es-
sential for axonal transport of the vesicles from the Golgi
apparatus to nerve terminals®’ and facilitates GABA’s
inhibitory effects at nerve synapses. Individuals suffer-
ing from neuromuscular autoimmune diseases, includ-
ing Stiff Person Syndrome and autoimmune Cerebellar
Ataxia, present with high titres of GAD65AD both in the
circulation and in the CNS."'*!! The intracellular loca-
tion of GADG65 called into question whether GAD65ADb
could play a pathogenic role, since antibodies are not
thought to cross plasma membranes.'> However, we have
shown that GAD65ADb are internalized and retained by
live neurons.'>'* Furthermore, GAD65Ab injected into
the cerebellum of rodents localize into Purkinje cells.'**>
Mechanistically, GAD65Ab interferes with the binding of
GADG65 to GABAergic SVs, and the subsequent transport
of the vesicles to the synapsis.'* Importantly, the above
observations were replicated with human monoclonal
GADG65AD b78 that recognizes a specific conformational
epitope, while a monoclonal GAD65Ab of a different
epitope specificity (b96.11) had little or no effect on
GABAergic neurotransmission.'**®

Similar to neurons, in pancreatic beta cells GAD65 binds
to GABAergic synaptic-like microvesicles (SLMVs),'”'8
which differ from insulin secretory granules.'”!* Despite
a number of studies investigating the role of GABA on
insulin secretion,?*?’ a clear role of GAD65 and GABA
in the regulation of insulin secretion has not been estab-
lished. Based on the above described studies showing a
pathogenic role of GAD65Ab in neuromuscular diseases,
we investigated whether GAD65Ab may impact insulin
secretion in dispersed rat islet cells.

2 | MATERIALS AND METHODS

2.1 | Monoclonal antibodies

Monoclonal antibodies b96.11 and b78 were derived from
apatient with autoimmune polyendocrine syndrome type
1 and recognize epitopes located at amino acid residues

308-365 and 451-585 respectively.”**° Mouse monoclo-
nal antibody AE6D9 recognizes epitopes located at the A
chain of insulin.** Human monoclonal antibody HAA1
(ATCC Manassas VA, USA; ATCC number: HB-8534)
is directed against Blood group A antigen and served as
an isotype control for mAb b96.11 and b78. B-cell lines
and hybridoma were grown under standard conditions,
and the antibodies were purified from cell supernatant
using Protein G Sepharose (Catalog number 101242,
Invitrogen). Monoclonal antibodies b78 and HAA1 were
labelled with Alexa Fluor 647 (AF 647) (Catalog num-
ber A20173, Invitrogen), while b96.11 and AE6D9 were
labelled with Alexa Fluor 488 (AF 488) (Catalog num-
ber A20181, Invitrogen) according to the manufacturer's
instructions. TGN-38 antibody (2F7.1) (catalog number
NB300-575SS) was obtained from Novus Biologicals
(Littleton, CO).

2.2 | Ratislet isolation and culture

Rat islets used in this study are an excellent model for test-
ing the effects of treatments in beta cell function. Secretion
of insulin from rat islets responds to all physiologic agents
in vitro as they do in vivo in both humans and rats includ-
ing glucose, amino acids, fatty acids, neurotransmitters
(acetylcholine), incretins (GLP-1), other hormones (so-
matostatin and glucagon) and sulfonylureas. Moreover,
human islet quality and characteristics are very variable
relative to inbred rodent models which tend to be very
reproducible.®!

Islets were harvested from Sprague Dawley male rats
(250 g, Envigo/Harlan, Indianapolis, IN)) anaesthe-
tized by intraperitoneal injection of sodium pentobarbital
(35 mg/230 g rat). Subsequently, islets were prepared by
injecting collagenase (10 ml of 0.23 mg/ml Liberase, cata-
log number 05339880001; Roche Molecular Biochemicals,
Indianapolis, IN) into the pancreatic duct and surgically
removing the pancreas. All procedures were approved
by the Institutional Animal Care and Use Committee at
the University of Washington. The pancreata were placed
into 15-ml conical tubes containing 5 ml of 0.23 mg/ml
Liberase and incubated at 37°C for 30 min. The diges-
tate was filtered (400 um stainless steel screen), rinsed
(Hank's buffered salt solution, pH 7.4 + 0.1, catalog num-
ber 14025, Gibco Grand Island, NY) and purified in a gra-
dient solution of OptiPrep (catalog number NC9182490,
Fisher Scientific).>* Islets were cultured for 18-24 h prior
to the experiments in RPMI media 1640 (catalog number
21875034, Gibco) supplemented with 10% heat-inactivated
foetal bovine serum (FBS) (catalog number S11195H,
Atlanta Biologicals).**
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2.3 | Glucose-stimulated
insulin secretion

When assessing the effect of antibodies on GSIS, iso-
lated islets were cultured for 72 h in the presence or ab-
sence of antibodies and glibenclamide (1 uM) (catalog
number CAS 10238-21-8, R&D, Minnesota), acetylcho-
line (10 uM) (catalog number A2261, Sigma-Aldrich)
and glucagon like peptide-1 (GLP-1) (100 nM) (catalog
number G9416, Sigma-Aldrich) as indicated (60 islets/
condition). At the end of this incubation period, insu-
lin secretion rate (ISR) was determined statically as
described previously.** Briefly, islets were handpicked
into a petri dish containing Krebs-Ringer Bicarbonate
Buffer, pH 7.4 + 0.1, 0.1% BSA (catalog number A3059,
Sigma-Aldrich), and 3 mM glucose (catalog number
G8270, Sigma-Aldrich) and pre-incubated at 37°C/5%
CO, for 60 min. Subsequently, islets were picked into
wells of 96-well plates (10 islets/well) containing desired
amounts of glucose (either 3 or 20 mM) and antibody
(2.6 uM) (n = 4 for each condition) and incubated for an
additional 60 min. At the end of this period, supernatant
was collected and later assayed for insulin utilizing a rat
insulin radioimmunoassay RIA kit (catalog number RI-
13K, Millipore Sigma).

2.4 | Isletsingle-cell cultures

Ratislets were dissociated into single cells as previously de-
scribed.® Briefly, dissociated islet cells was accomplished
by gentle trituration of islets suspended in a phosphate-
buffered saline solution pH 7.4 + 0.1 containing 0.125%
trypsin/0.05 mM EDTA (catalog number 25 200 056,
Gibco) every minute (using a 1 ml pipet) until the islets
were visibly dispersed (about 5-10 min). The trypsin was
then deactivated by the addition of heat-inactivated FBS.

2.5 | Confocal microscopy

Primary rat islet cells derived from dissociated whole islets
were cultured as monolayers on coverslips at 50-100,000
cells/well to allow for high-resolution confocal micros-
copy. Cells were fixed with 4% paraformaldehyde (catalog
number J61899-AK, Alfa Aesar) for 30 mins, blocked and
permeabilized in PBS (catalog number 10010023, Gibco)
with 0.3% Triton x-100 (catalog number CAS 9002-93-1,
Sigma-Aldrich) and 10% FBS (catalog number S11195H,
Atlanta Biologicals) for 1 h. Cells were incubated with
fluorescently labelled antibodies (2 ug/ml) for 2 h. For
live-cell imaging, cells were incubated for the indicated
periods of time with fluorescently labelled antibodies

prior to confocal imaging. Confocal imaging was carried
out using a Leica TCS SP8 confocal microscope with a
40x%, 1.3 NA oil immersion objective. All images for quan-
tification within a single experiment were captured with
the same laser power and detector gain.

2.6 | Statistical analysis

GSIS responses were compared within treatment groups.
Friedman tests for multiple comparisons were performed
with the GraphPad software (GraphPad Software Inc,
San Diego, CA). A p-value of <0.05 was considered as
significant.

3 | RESULTS
3.1 | GADG65-specific mAb show distinct
staining in dispersed rat islets

To determine the respective binding pattern for GAD65
mADb b78 and b96.11, fixed and permeabilized dispersed
islet cells were stained with fluorescent GAD65 mAb
and control antibody HAA1 (Blood group A antigen) and
their localization was assessed by confocal microscopy
(Figure 1).

Distinct staining pattern for different GAD65 mAbs
was observed. B78 showed a diffuse staining of the cyto-
plasm, with enhanced staining of structures adjacent to
the nucleus, while b96.11 showed punctate staining lo-
cated in the cytosol. Neither of the GAD65 mAbs stained
the area of the nucleus. Control antibody HAA1 showed
no significant staining.

3.2 | Binding of GAD65AD is specific for
beta cells

Next, we endeavoured to ascertain whether GAD65 mAb
staining was preferentially associating with pancreatic
beta cells by comparing staining for GAD65 mAD to the
other major type of cell in the islets, the alpha cell. Alpha
cells are less than half the size of beta cells and are thus
identifiable even without staining for glucagon.*®*” The
dispersed islets were co-stained with GAD65 mAb and
insulin-specific monoclonal antibody AE6D9 (Figure 2).

Staining with GAD65 mAb b96.11 resulted in a strong
fluorescence signal by beta cells, whereas alpha cells
remained largely unstained. Although not all insulin-
positive cells stained for b96.11-488, all cells that stained
for GADG65 also stained for insulin. No staining of delta
and epsilon cells was observed (data not shown).



KAMAT ET AL.

- 143
e e iy M WILE Y-
HAA1-AF647

FIGURE 1 Confocal imaging of dispersed islet cells incubated with mAbs b96.11, b78 and HAA1 conjugated to the indicated
fluorochromes. Dispersed islet cells were grown on coverslips at 50-100,000 cells/well, fixed and permeabilized, and incubated with 2ug/

b96.11-AF488 b78-AF488

ml of antibody for 2 h. Top row of panels: fluorescent images. Lower row of panels: bright field images of the respective cells shown in the
above panel. Roughly 100 cells were analyzed for each image with ~60% showing positive staining with GAD65 mAb. The images are typical
individual cells found within a single set of dispersed islets and are representative of similar analyses of six independent rat islet isolations.
Scale bar is 10 microns in length

b96.11-488 AE6D6-647 Merged image

FIGURE 2 Confocal imaging of single islet cells incubated with GAD65 mAb b96.11-AF488 (left panel) and insulin mAb AE6D9-647
(middle panel). Dispersed islet cells were grown on coverslips at 50-100,000 cells/well, fixed and permeabilized, and incubated with 2pg/
ml of antibody for 2 h. The panel on the right presents an overlay of both stains on a bright field image. Roughly 100 cells were analyzed for
each image with ~60% showing positive staining with GAD65 mAb and/or insulin. The images are typical individual cells found within a
single set of dispersed islets and are representative of similar analyses of four independent rat islet isolations. Two alpha cells are circled for
size comparison to the larger beta cells. Scale bar is 10 microns in length

3.3 | GADG65 mAb b78 associated with the  GAD65 mAb b96.11 resulted in the previously reported
trans-Golgi Network staining of vesicular structures."” To confirm that the

b78 stained structure is the trans-Golgi Network (TGN),
GAD65 mAb b78 showed distinct staining of a subcel- we incubated fixed and permeabilized dispersed rat islet
lular structure, located close to the cell nucleus, while cells with b78 and TGN-specific monoclonal antibody



KAMAT ET AL.

144 -
J—Wl LEY«{lNT:nuATloNAL JOURNAL OF Eﬂ%ﬂw"e&vl “

TGN-38 (Figure 3) and staining was visualized by confo-
cal imaging.

Staining with b78 was localized to the same subcellular
structure that was bound by TGN-specific mAb TGN-38,
confirming that b78 recognizes predominately GAD65 as-
sociated with the TGN.

B78-647 TGN-AF488

Da| 1 Da| 2

Day 4

Day 5

3.4 | GADG65 mAbD are taken up by live
pancreatic beta cells

To test uptake of GAD65 mAb, rat islet cells were incubated
with fluorescent labelled GAD65 mAb b96.11. Fluorescence
was recorded after 1, 2, 3, 4, 5 and 6 days (Figure 4).

FIGURE 3 Confocal imaging of

dispersed islets incubated with GAD65
-~ mAb b78-AF647 and TGN-AF488. Bright
Y™ field images of the respective cells are
shown in the right panels. Dispersed
islet cells were grown on coverslips
at 50-100,000 cells/well, fixed and
permeabilized, and incubated with 2pg/
ml of antibody for 2 h. Roughly 100 cells
were analyzed. The images are typical of
individual cells found within a single set
of dispersed islets and are representative
of similar analyses of three independent
rat islet isolations. Scale bar is 2.5 microns

in length

FIGURE 4 Pancreatic rat islets were incubated for the indicated times with GAD65 mAb b96.11-AF488 (2.6 pM). The images are
representative of similar analyses of three independent rat islet isolations. Scale bar is 50 microns in length
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FIGURE 5 Effect of antibodies on GSIS. Islets were pre-incubated for 72 h in the presence of the indicated antibodies and reagents.
Insulin secretion in the presence of 5mM glucose indicates the unstimulated (baseline) insulin secretion (black filled circles). Insulin
secretion rate (ISR) is measured in the absence of antibody (filled squares), in the presence of b96.11 (2.6 pM) (triangles) and in the presence
of b78 (2.6 pM) (diamonds). GSIS is measured in the absence (red symbols) and presence of glibenclamide (blue symbols) and presence of
glibenclamide plus acetylcholine and GLP-1 (green symbols). Insulin secretion was measured in the presence of 3 or 20 mM glucose (see
Methods section for details). Data are plotted as the ratio of insulin secretion at 20 mM glucose over that at 3 mM glucose. The results of five
independent experiments are presented. For some experiments, the data points overlap, so that not all five results are visible. The median is

presented by the horizontal bar

We observed a time-dependent increase of uptake for
b96.11. The strongest uptake was observed after 6 days.
Similar kinetics were observed for b78, while control anti-
body HAA1 showed no uptake (data not shown). Staining
of subcellular structures in live dispersed islets with flu-
orescent labelled GAD65 mAb revealed staining pattern
similar to that observed in fixed and permeabilized cells.
Co-staining with cell viability markers showed that pan-
creatic beta cells were viable after uptake of monoclonal
antibodies (data not shown).

3.5 | GAD65 mAb modulate GSIS in an
epitope-specific manner

To evaluate the effect of GAD65 mAb on beta cell secretory
function, we pre-incubated live rat islet cells with GAD65
mAD for 72 h alone, or in the presence of agents designed
to degranulate the islet insulin stores (either glibencla-
mide alone or glibenclamide plus acetylcholine and GLP-
1) and subsequently measured glucose-stimulated insulin
secretion (GSIS) (Figure 5).

Glibenclamide is a powerful secretagogue, which
does not promote compensatory proinsulin biosyn-
thesis.*®** Acetylcholine and GLP-1 both stimulate

insulin secretion.”” We performed experiments after pre-
incubation with the above secretagogues, to evaluate the
effect of antibodies on insulin secretion at different states
of degranulation.

GSIS after pre-incubation with GAD65 mAb b78 alone
was significantly lower than that of the control (median
8.6vs. 5.4) (p =.015), while GAD65 mAb b96.11 had no ef-
fect on GSIS. The inhibitory effect of GAD65 mAb b78 was
also observed when cells were pre-incubated with secret-
agogues (Figure 5) (median 4.9 vs 2.8 pre-incubation with
glibenclamide) (p = 0.01) and (7.1 vs 4.5 pre-incubation
with Glib/Ach/GLP-1) (p = 0.004). Moreover, the GSIS
in the presence of GAD65 mAb b96.11 was significantly
higher compared to that from control islets (4.9 vs 7.8 pre-
incubation with glibenclamide) (p = 0.01) (7.1 vs. 12.2
pre-incubation with Glib/Ach/GLP-1) (p = 0.03).

4 | DISCUSSION

We present data, indicating that GAD65 mAb are inter-
nalized by living pancreatic beta cells and associate with
specific subcellular structures. The antibody uptake is not
restricted to GAD65Ab but was also observed for insulin-
specific Ab (data not shown). Antibody uptake by living
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cells has been demonstrated for different cell types (in-
cluding Purkinje cells,”>*! fibroblasts,* epithelial cells®
and neurons‘m), both in vitro®**®* and in vivo.!>**0
Importantly, many autoimmune diseases are accompanied
by autoantibodies targeting intracellular targets (reviewed
in*”). While the mechanism of internalization has been
determined for some autoantibodies (including interac-
tion of basic residues in the CDR of autoantibodies with
a negatively charged cell surface,® Fc receptor-mediated
entry,* clathrin-mediated endocytosis™ or caveolae/raft-
dependent endocytosis™), other studies were not able to de-
termine the mechanism of penetration,** or did not report
it.*"* We investigated several possible uptake mechanisms
using specific inhibitors: clathrin-mediated endocytosis
(Pitstop 2), caveolae-mediated endocytosis (Filipin III),
actin dependent endocytosis (Cytochalasin D) and Fc-
mediated uptake (Fc blocker Human TruStain FcX). None
of the tested inhibitors had a significant effect on antibody
uptake (data not shown). Thus, the mechanism involved in
the uptake of autoantibodies to live beta cells remains to be
determined.

Moreover, we identified specific GAD65 mAb enhanc-
ing GSIS, while GAD65 mAb with other epitope specific-
ities resulted in a suppression of GSIS. These results may
explain some of the earlier contradicting findings of the
effect of GAD65Ab on insulin secretion.>* Our previous
investigations into the role of GAD65 mAb in GABAergic
neurotransmission already revealed epitope-specific ef-
fects and support these new findings.'>** Specifically, we
found that GAD65 mAb b78 associates with GAD65 pres-
ent on the trans-Golgi Network and significantly inhibits
GSIS, while GAD65 mAb b96.11 associates with GAD65
present on synaptic-like microvesicles (SLMVs) and sig-
nificantly stimulates GSIS. The respective association of
the GAD65 mAbs confirms previous studies localizing
GAD65 to the Golgi and to SLMVs.'”*

GAD65 mAb-mediated interference with GSIS is par-
ticularly strong in islets that have been partially depleted
of their insulin granules and therefore rely on the replen-
ishment of the large dense core vesicles (LDCVs). Since
GADG5 is not directly associated with the LDCVs, the
modulation of GSIS is unlikely the outcome of a direct
modulation of insulin release from vesicles but may be
mediated indirectly through modulation of GABA release
or GABA levels. Insulin secretion is controlled by multiple
factors in addition to extracellular glucose concentration.
GABA-mediated paracrine communication between islet
cells has been suggested in the regulation of insulin secre-
tion.””*! GABA is present at high levels in beta cells® and
is released at a constant level via a glucose-independent
pathway.'”>* Released GABA can regulate alpha and beta
cell function via GABAA receptors expressed on both
cell types and GABAB receptors expressed on beta cells

only.”>>> Activation of GABAA receptors present on alpha
cells results in membrane hyperpolarization and inhibi-
tion of glucagon secretion, thereby blocking insulin se-
cretion.”*** The effect of GABA on beta cells is depended
on the extracellular glucose concentration.®*” At high
glucose concentrations, GABA induces hyperpolarization
and suppresses the secretion of insulin in an autocrine
negative feedback loop.””*® Association of GAD65 mAb
b96.11 with GADG65 present on the surface of GABAergic
SLMVs may interfere with the proper release of GABA,
thereby preventing the above downregulation of insulin
secretion. This effect will be particularly relevant in the
event when GABAergic SLMVs need to be replenished,
for example after degranulation of beta cells, because
GABAergic SLMVs need to be transported towards insu-
lin secretion sites. Thus, the observation that b96.11 af-
fects GSIS particularly after degranulation supports this
hypothesis.

An alternative scenario considers the effect of intracel-
lular GABA levels on insulin secretion. The majority of
GABA in the beta cells is located in the cytosol and not
associated with LDCVs or SLMVs.'”” Cytosolic GABA
may enter the ‘GABA shunt’ after conversion into suc-
cinic semialdehyde (SSA) catalysed by the GABA trans-
aminase T (GABA-T).”** Inhibition of GAD activity and
GABA-T has been demonstrated to reduce GSIS."*”’ It is
thus feasible that inhibition of GAD65 enzymatic activ-
ity by GAD65 mAb b78" reduces the intracellular GABA
concentration and thereby interferes with GSIS. In con-
trast, GAD65 mAb b96.11 does not inhibit GAD65 enzyme
activity'' and will therefore not reduce GSIS.

Additional studies to investigate the mechanisms in-
volved are underway.

To our knowledge, this is the first report showing a
direct effect of GAD65 Ab on beta cell function, which
may open a new line of investigations into the patho-
genesis of T1D. To date, the presence of antibodies in
pancreatic islets and specifically in beta cells has not
been demonstrated. This may be due to the low number
of intact beta cells in T1D patients, or low signal inten-
sity. Immunoglobulin deposits in patient biopsies have
been observed for few autoimmune diseases®*®* and in
neurons of normal rats.®> However, the staining is often
sporadic.* We are currently in the process of procuring
pancreatic sections from new onset T1D patients to fur-
ther evaluate this aspect. Other aspects of these antibod-
ies, including titre, affinity and isotypes, will need to be
considered and in vivo studies are planned to understand
the relevance of our findings regarding beta cell function
and T1D pathogenesis.
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