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Abstract

Aims/hypothesis Substantial deposition of the extracellular matrix component hyaluronan (HA) is
characteristic of insulitis in overt type 1 diabetes. We investigated whether HA accumulation is detectable
in islets early in disease pathogenesis and how this affects the development of insulitis and the beta cell

mass.

Methods Pancreas tissues from 15 non-diabetic organ donors positive for islet autoantibodies (aAbs) and
from 14 age-matched aAb-negative controls were examined for the amount of islet HA staining and the
presence of insulitis. The kinetics of HA deposition in islets along with the onset and progression of
insulitis, and changes in beta cell mass were investigated in BioBreeding DR””"” rats (a model of

spontaneous autoimmune diabetes) from 40 days of age until diabetes onset.

Results Abundant islet HA deposits were observed in pancreas tissues from 3 single and 4 double aAb+
donors (aAb+HADMEM) In these 7 tissues, the islet HA-stained areas measured 1000+650 um? and were 4-
fold larger than those from aAb- controls. The aAb+HAMe" tissues also showed a greater prevalence of
islets highly rich in HA (17% of the islets contained largest HA-stained areas of >2000 um? vs. less than
1% in the controls). The amount of islet HA staining was associated with the number of aAbs but not with
the Human Leukocyte Antigen (HLA) genotype or changes in beta cell mass. Among the 7 aAb+HANe"
tissues, 3 from single and one from double aAb+ donors did not show any islet immune cell infiltrates,
indicating that HA accumulates in aAb+ donors independently of insulitis. The 3 aAb+HAM2" tissues
exhibiting insulitis had the largest HA-stained areas, and the islet infiltrating immune cells co-localized
with the most prominent HA deposits (>2000 um?). Accumulation of HA in islets was evident prior to
insulitis in 7-8-week-old pre-symptomatic DR”PY? rats, in which islet HA-stained areas measured
23704170 pm? and were 3-fold larger than in 6-week-old rats. This initial islet HA deposition was not
concurrent with beta cell loss. Insulitis was first detected in 9-10-week-old rats in which the HA-stained

areas were 4980+500 um?. At this age, the rats also exhibited a 40% reduction in beta cell mass. Further



enlargement of the HA-positive areas, measuring 722041300 um?, was associated with invasive insulitis.
HA deposits remained abundant in islets of rats with destructive insulitis, which had lost 85% of their beta

cells.

Conclusions/interpretation This study indicates that HA deposition in islets occurs early in type 1
diabetes and prior to insulitis, and points to a potential role of HA in triggering islet immune cell

infiltration and promotion of insulitis.

Keywords: islet, autoantibodies, T1D, hyaluronan, extracellular matrix, insulitis

Abbreviations

aAb Autoantibody

BB Bio Breeding

DORmO  DOI11.10xRIP-OVA

HA Hyaluronan

ECM Extracellular matrix

HLA Human Leukocyte Antigen
LCA Leukocyte common antigen

SYN Synaptophysin



Research in context

What is already known about this subject?

e  We previously reported that an extracellular matrix rich in HA is a prominent feature of insulitis in
type 1 diabetes.

e Reducing the amount of islet HA using an inhibitor of HA synthesis attenuated insulitis in DORmO

mice.

What is the key question?

e Does the accumulation of HA take place early in type 1 diabetes and prior to insulitis?

What are the new findings?

e [Large HA deposits are present in islets in a subset of aAb+ organ donors and are the sites where the
immune cells infiltrate the islets. The abundance of these deposits is associated with the number of
aAb but not with the HLA genotype.

e Islet HA deposits form both in pancreata in which insulitis is not detected and in the immune cell-
free islets in pancreata that exhibit insulitis, which indicates that islet immune cell infiltrates are not
required for the initial islet HA deposition.

e Incipient HA accumulation precedes islet immune cell infiltration in presymptomatic DR*”? rats.
Continual amassment of HA is associated with the appearance of the insulitic cells, and positively

correlates with the degree of insulitis.

How might this impact on clinical practice in the foreseeable future?
e Our findings implicate accumulation of HA as a marker of early disease and as a mediator driving
immune cell migration into islets, which opens the door for potential novel therapeutic

interventions that target HA accumulation.



Introduction

The process of beta cell damage in type 1 diabetes starts long before the disease becomes overt and is
influenced by both genetic and environmental factors [1, 2]. The early stage of disease pathogenesis is
characterized by islet autoimmunity, marked by two or more of the four as yet identified type 1 diabetes -
associated islet autoantibodies (aAbs) against insulin, GADG65, IA-2, or ZnT8, followed by increasing beta
cell dysfunction and death, and then clinically apparent disease [1, 3-8]. A histopathologic hallmark of
diabetes at the time of clinical onset is insulitis, an inflammatory cell infiltrate indicating an ongoing
immune-cell mediated process in islets which presumptively results in beta cell destruction [9-15]. At
present, what guides immune cell trafficking from the blood into islets is not known. Moreover, the initial
changes in human islets which trigger the recruitment of immune cells have not been defined.

We have proposed that an increase in the amount of hyaluronan (HA), a major component of the islet
extracellular matrix (ECM), takes place early in the natural course of type 1 diabetes and that HA
accumulation promotes islet invasion by immune cells and functional impairment of beta cells [16, 17].
HA, a linear high molecular weight polysaccharide, amasses at sites of inflammation and has become
recognized as a regulator of several aspects of inflammation, including leukocyte migration, angiogenesis,
and generation of inflammatory cytokines [18-20]. Our previous observations of abundant HA in insulin-
deficient islets and insulitis regions in type 1 diabetes establish a link between HA accumulation in islets,
beta cell loss, and insulitis [16]. However, this association is based on islet changes resulting from a
chronic process that has been ongoing for months to years. Whether islet HA accumulation is an early
event in type 1 diabetes pathogenesis and how it influences the development of insulitis is not known. To
address this question, we investigated the occurrence and distribution of islet HA deposits in the presence
or absence of insulitis in pancreas tissues from non-diabetic aAb-positive (aAb+) organ donors. In

addition, we evaluated the kinetics of HA accumulation in islets concurrently with the extent of islet



immune cell infiltration and changes in beta cell mass in presymptomatic BB DR””” rats during the

progression to hyperglycemia.

Methods

Donors and tissue procurement Pancreas tissues samples from non-diabetic organ donors were obtained
through the Network for Pancreatic Organ Donors with Diabetes. Samples were from 10 single aAb+, 5
double aAb+, and 14 age-matched control aAb-negative (aAb-) donors. Clinical characteristics of the
donors are shown in ESM Table 1. For each donor, we randomly sampled six paraffin blocks from
different regions of the pancreas. The pancreas tissues are referred to henceforth as “tissues”. All the
experiments were carried out with the approval of the Institutional Review Board of the Benaroya

Research Institute (BRI).

BB DR/Rhw rats The BB rat model of autoimmune diabetes shares characteristics common to human
disease including spontaneous hyperglycemia, ketoacidosis, genetic susceptibility, and insulitis [21]. Male
and female BB DR**, DR*”"*, and DR»”"” rats [22] were housed in a specific-pathogen-free facility at
the University of Washington on a 12-hour light/dark cycle and were fed a regular diet (Harlan Teklad,
Madison, WI) and water ad libitum. Diabetes develops spontaneously by 12 weeks of age in DR??Y? rats,
while the diabetes-resistant (DR** and DR"”"*) rats remain diabetes-free throughout life [22, 23]. The
colony was maintained by intercrossing DR®”"* rats. These crosses generated DR rats as well as
DR"?"* and DR** controls. The DR?”* and DR*"* control rats showed similar body weight, glucose levels,
and islet morphology at any age. The body weight and blood glucose for each individual rat was recorded
daily from 40 days of age until DR"”"? rats became diabetic (blood glucose levels >250 mg/dl). Rat
pancreata were processed for histological analysis or hormone assay. All animal studies were approved

by the Institutional Animal Care and Use Committee of the University of Washington and BRI

Histochemistry and immunohistochemistry Staining methodologies were performed as previously

described [17]. Serial sections were prepared from all the paraffin blocks. Sections were stained for HA



using a biotinylated HA binding protein prepared from cartilage [24]. The primary antibodies used for
immunohistochemistry are listed in ESM Table 2. Positive and negative controls were included in each
staining experiment. Sections were examined using a Leica DM IRB microscope, and images were

acquired using a Spot Xplorer camera and imaging software.

Morphometric analysis and quantification Whole-section bright-field imaging was performed as
previously [17, 23]. Islets were identified by their staining for synaptophysin (SYN). Thirty percent of the
human islets were sampled according to assumption-free systematic uniform random sampling, based on
our pilot studies which indicate that this sampling results in a coefficient of error <2%. We classified the
islet HA+ areas using an established categorization scheme with the following categories: <100, 100-500,
500-1000, 1000-2000, and >2000 umz per islet [17, 25, 26]. Tissues from aAb+ donors with an average
islet HA-stained area significantly larger than that of the aAb- controls were defined as aAb+HAMe" or as
having HA deposits, while tissues with islet HA-stained areas that were similar in size to those of the

controls as aAb+HA"Y,

Evaluation of islet immune cell infiltrates Sections were stained for LCA and SYN to detect islet-
infiltrating immune cells. All the islets present in the sections were examined. Islets were counted along
with the number of LCA+ cells in contact with the endocrine cells [17, 22]. Human islet immune cell
infiltrates were evaluated by determining 1) the percentage of islets with LCA+ cells adjacent to endocrine
cells, and 2) the number per islet of LCA+ cells in contact with endocrine cells. Tissues exhibiting >15
LCA+ cells per islet [9, 27] were defined as LCAM&", In DR?P? rats, insulitis is a continuum from scarce
to numerous immune cells, which first appear at the islet periphery and subsequently invade the whole
islet. In these rats, insulitis was evaluated according to the presence and the extent of islet LCA+ cell
infiltration, and was graded as follows: grade 0, no infiltration; grade 1, LCA+ cells present around islets
and within the islets in less than 25% of the islet area; grade 2, LCA+ cells occupying less than 75% of

the islet area; and grade 3, LCA+ cells infiltrating more than 75% of the islet or islets devoid of beta cells.



Each islet in an individual rat was examined once and assigned an insulitis grade, and the grade of highest
prevalence determined the insulitis grade for that rat (ESM Table 3). The control DRY?* and DR** rats

do not develop insulitis.

Quantitation of islet mass, beta cell mass, proliferation, and apoptosis One section for each of the
paraffin blocks sampled per human pancreas was stained for Ki67/insulin to determine the beta cell
proliferation rate and to measure the relative insulin-positive area. Four sections per pancreas were stained
for TUNEL/insulin to determine the apoptosis rate. The TUNEL stain (Millipore, MA, USA) was
performed according to the manufacturer’s instructions. For each rat, consecutive pancreas sections were
stained for SYN (8 sections per rat, 400 um apart) and insulin (8 sections per rat, 400 um apart) to measure
the relative pancreas islet and beta cell areas at 100% sampling using Visiopharm software. The relative
positive areas were then multiplied by the pancreas weight to determine the islet or beta cell mass.

Statistical analysis Data are expressed as mean + SEM of n independent measurements. Significance of
the difference between two or more groups of data was evaluated using the Mann-Whitney U test, Kruskal-
Wallis test, or ANOVA. Correlation analysis was performed using the nonparametric Spearman rank

correlation test. A p value of less than 0.05 was considered statistically significant.

Results

Abundant islet HA deposits form in a subset of aAb+ donors While HA was detectable extracellularly
in islets from all pancreas samples, islets from aAb+ donors exhibited HA deposits, defined by the greater
areas of HA staining vs. controls (Fig. 1). Examination of 4598 islets from 14 aAb- and 5482 islets from
15 aAb+ donors indicated 2.8-fold larger islet HA-stained areas in the aAb+ group (Fig. 1c). This
difference was due to a higher occurrence of larger areas of HA staining (>500 pm?) and lower occurrence
of smaller HA-stained areas (<500 pm?) than in aAb- controls (p<0.001, one-way ANOVA). We used the

range of HA-stained area in the control samples to define an upper cut-off value for “normal” HA staining,



set at three standard deviations above the mean of the controls, as it should include >99% of values typical
of aAb- controls. Dividing the 15 aAb+ donors using this threshold yielded two distinct groups (Fig. 2e
and ESM Fig. 1). One group of 8 aAb+ donors (aAb+HA®™) was not different from the aAb- controls,
while the other 7 (aAb+HAM&") had HA deposits in their islets. These 7 donors were at different stages of
islet autoimmunity, since 3 were single and 4 were double aAb+. In these donors, the islet HA-stained
areas were 4-fold larger than in the other donors (Fig. 2). The aAb+HAME" tissues also showed a greater
prevalence of islets highly rich in HA (17% of the islets contained largest HA-stained areas of >2000 um?
vs. less than 1% in the controls). Moreover, in these tissues, islet HA+ areas measuring 6000 to 28,000
um? were frequently observed, while such areas were not present in the aAb- controls and aAb+HA!*Y
tissues (ESM Fig. 1).

We found a positive association between the amount of islet HA staining and the number of aAbs but not
the donor age (Fig. 2 and ESM Fig. 2b). The islet HA-stained areas in the single aAb+ donors were on
average 1.6-fold greater than in the aAb- controls. This increase in size was attributable to the HA
abundance in 3 single aAb+ donors which exhibited 2.7 and 3.4-fold larger islet HA-stained areas than
those in aAb- or the other 6 single aAb+ donors (p<0.01). The double aAb+ group overall also exhibited
larger amounts of islet HA staining compared to single aAb+ or aAb- groups. This was a result of the
prominent HA deposition in 4 of the 5 donors in this group, which resulted in islet HA+ areas that were
4- and 5-fold larger than in single aAb+ donors or the aAb- controls, respectively (p<0.01). The increase
in the islet HA area in the aAb+HAM2" tissues was not determined by the islet size. Overall, the islet areas

in the aAb+ donors were within the normal range of the aAb- control measurements (ESM Fig. 3).

Islet HA deposits form in the absence of insulitis and are the sites of immune cell infiltrates
Among the 7 aAb+HAMe" tissues, 3 from single and one from double aAb+ donors did not show insulitis
(Fig. 3). The scarce islet-associated LCA+ cells present in these 4 HA-rich tissues occurred single units.

Insulitis was detected in the other 3 tissues from donors positive for two aAbs (Fig. 3c, d, g-1). In these 3



aAb+HAMEPL CAMe" tissues, HA had accumulated in the majority of the islets (Fig. 4 and ESM Fig. 4a).
However, the LCA+ cells were located only in 13%, 14%, and 28% of the islets in each of these tissues.
The markedly lower prevalence of islets with LCA+ cells vs. that of HA-rich islets indicates that HA
accumulation progresses independently of immune cell infiltration even in those tissues that eventually
develop insulitis. Further assessment of the islet HA amounts in relation to insulitis in the 3
aAb+HAME CAMEN tissues revealed that the insulitis-free islets contained less HA staining than
neighboring islets with insulitis, yet more than the islets in the other 4 aAb+HAM#" tissues (3.4- and 2.4-
fold, respectively, ESM Fig. 4b). Furthermore, the islet infiltrating immune cells were located almost
exclusively in the islets with substantial amounts of islet HA deposits (Fig. 4 and ESM Fig. 4a). In the 3
aAb+HAMELCAPie! tissues, about one third of the islets, 60% of which hosted immune cells, exhibited
HA-stained areas larger than 2000 um?. By contrast, such areas were found in only 8% of the islets in the
4 aAb+HA"eh tissues without insulitis and their average size was significantly smaller (3200800 pm? vs.
6600+4700 pm?, p<0.001). In the 3 aAb+HAMELCAMEN tissues, CD68 and CD3+ cells were frequently
found in islets with islet-associated LCA+ immune cells (ESM Fig. 4c). Scarce CD20+ or CD11c+ cells
were detected in case 1 only, and were observed in the regions of insulitis together with other immune
cells. These data may indicate that cells from both myeloid and lymphoid lineage might be attracted by
islet HA. The lower frequency of CD20+ and CD11c+ cells vs. that of CD68+ or CD3+ cells may indicate
that occurrence of the former may be determined by a specific composition of the HA-rich islet ECM

and/or the presence of other immune cell types in islets.

The formation of large HA deposits in the 3 tissues with insulitis was not associated with greater numbers
of LCA+ cells in the non-islet region. Also, the relative HA+ areas in the non-islet compartment in the

aAb+HAME" group overall were not significantly different from those in the controls (ESM Fig. 2c and d).

Relationship of human islet HA to beta cell mass The formation of HA deposits in islets of aAb+ donors

was not associated with changes in the size of the beta cell population (Fig. 5a-c). Apoptotic cells with



TUNEL-positive nuclei were not detected in the endocrine compartment in any of the tissues from either
the aAb- or aAb+ groups. Also, the rate of beta cell proliferation did not differ between these two groups
(0.1£0.1% in both). Beta cell mass varied among both aAb- and aAb+ donors and was not related to the
extent of HA staining. Interestingly, there was little variation in the size of the relative pancreas insulin-
positive areas, indicating that much of the variability in beta cell mass was due to differences in pancreas

weight rather than islet density (Fig. 5d).

Islet HA deposits form in the presence of aAbs but are not HLA related Previous work indicated that
the presence of islet aAbs is HLA-associated, while the progression from aAb positivity to clinical disease
is not [28, 29]. Therefore, we next examined the extent of islet HA deposition in relation to HLA. Two of
9 donors with the HLA haplotype DR4-DQ8 (DRB1#04-DQA1*0301-DQB1*0302), which 1s strongly
associated with T1D [30, 31], had substantial amounts of HA staining in their islets. Three of 12 donors
with HLA haplotypes often considered protective for T1D (DRB1*0401-DQA1*0301-DQB1*0301,
DRB1*¥1501-DQA1*0102-DQB1*0603, and DRB1*0401-DQA1*0301-DQB1*0301) and 2 of 7 with
HLA haplotypes conferring neutral risk (DRB1*0101-DQA1*0101-DQB1*0501 and DRBI1*0701-
DQAT1*0201-DQA2*0201) also exhibited larger HA+ areas in their tissues vs. controls (ESM Fig. 6 and
ESM Table 1). Thus, overall, the presence of the HA-stained deposits was not associated with HLA
haplotype.

In summary, as illustrated in Fig. 6, a subset of single and double aAb+ donors (cases 1 - 7) showed
prominent islet HA deposits. The HA-rich tissues containing the largest quantities of HA in their islets
(cases 1 - 3) exhibited insulitis. Tissues from the other aAb+ donors (cases 8 - 15), who were mostly single
aAb, did not exhibit insulitis and did not differ from the aAb- controls with respect to the quantities and

distribution of islet HA, or beta cell mass (ESM Fig. 6).

Islet HA deposition precedes insulitis in presymptomatic DR?”? rats The DR"”"” rat islets were

insulitic cell-free during the first 8 weeks of age (insulitis grade 0) (ESM Table 3). The insulitic infiltrates



appeared at 9-10 weeks of age (grade 1, inaugural insulitis). Subsequently, these infiltrates gradually
expanded around and within islets (grade 2, invasive insulitis), and then spread throughout them (grade 3,
destructive insulitis). In this last stage, the islets showed massive beta cell loss, which typically leads to
hyperglycemia within 24-48 hours (ESM Fig. 7a, b) [22, 23]. We first examined whether HA accumulates
in islets prior to the appearance of insulitic cells, and then assessed the initiation and progression of
insulitis and the beta cell mass as a function of the amount of islet HA in DR””"” rats during the
progression to hyperglycemia.

At 6 weeks of age, the quantities and distribution of islet HA staining in the DR”PY? rats did not differ
from those in the DR””* or DR** controls (ESM Fig. 7c). Islet HA deposits had developed both around
and within islets in 7-8-week-old DR””"” rats, which exhibited 3-fold and 2.4-fold larger islet HA+ areas
compared to the 6-week-old DR”"? and control rats, respectively (Fig. 7 and ESM Fig. 8a, b). However,
these rats did not show any islet-associated LCA+ cells (Fig. 7). Thus, in presymptomatic DR rats,
islet HA deposits form before the appearance of insulitic cells.

In the 9-10-week-old DR?PP rats, the islet HA-stained areas were on average twice as large as those
of their DR”V7 littermates at 7-8 weeks of age, while the SYN-positive areas were smaller (ESM Fig.
8f). This increase in size was due to a higher prevalence of islets rich in HA and the formation of large
HA-deposits measuring 8000-16,000 um?, which were not present in younger rats (Fig. 7 and ESM Fig.
8). At this age the first insulitic cells appeared and were embedded within the largest HA accumulations.
This suggests that the HA-rich areas are the sites of immune cell entry into islets. The islet HA+ areas
were larger in DR?P7 rats at 10-11 weeks of age (1.5-fold vs. 9-10-week-old DR”"” rats) and measured
up to 30,000 um?, indicating a massive deposition of islet HA. This was associated with exacerbation of
insulitis, since most islets exhibited a higher degree of immune cell infiltration.

The initial accumulation of HA in DR®”"” rat islets was not associated with a significant loss of beta cells
(Fig. 7 and ESM Fig. 8c). In rats exhibiting abundant islet HA-staining and grade 1 insulitis, the beta cell

mass was reduced to 56% of that in the controls. With further expansion of the HA deposits and



progression to invasive insulitis, the size of beta cell population continued to decrease. HA remained
abundant in rats with destructive insulitis, which had lost 60% of their islet mass (1£0.3 mg vs. 2.5+1 mg

in DRYP7 rats with grade 0 insulitis, p<0.01) and 85% of the beta cells (ESM Fig. 8c-e).

Discussion

HA is a major component of the ECM that amasses in chronic inflammatory lesions, where HA exerts
proinflammatory effects as a key regulator of leukocyte recruitment to the site of injury [19, 20, 32-34].
Our previous observation of abundant HA in human islets and insulitis regions in type 1 diabetes
implicated HA in the disease pathogenesis [17]. Here, we investigated whether the accumulation of HA
in islets is an early and critical step in the pathogenetic process of the disease.

We report that HA deposits form in islets in a subset of aAb+ donors in the absence of insulitis. We
also show that, on average, the double aAb+ donors exhibited larger islet HA deposits than those positive
for a single aAb. These observations reveal that islet immune cell infiltrates are not required for the initial
islet HA deposition, and that the islet HA deposits expand along with the increase in the number of islet
aAbs indicating progression of autoimmunity. It is important to point out that the largest islet HA deposits
and insulitis were observed in the double aAb+ donors who carried the highly susceptible genotype and
were under 40 years of age. Essentially, all individuals with multiple islet aAbs subsequently progress to
clinically overt diabetes [35]. Although progression to clinical onset of diabetes occurs at different rates,
we suggest that the 7 aAb+ donors exhibiting prominent HA deposits were in a stage of rapid progression
of the pathogenic process.

In presymptomatic DR rats, the initial islet HA deposition predates the appearance of insulitic
cells. This finding together with our observation of islet HA deposits in the absence of islet immune cell
infiltrates in aAb+ donors indicates that the process of HA accumulation in islets can occur independently
of and prior to insulitis. To what extent this accumulation would have eventually contributed to the

development of insulitis in the subset of single aAb+ donors with islet HA deposits, had they lived longer,



is not possible to determine. Nonetheless, these results suggest that the formation of islet HA deposits may
be a prerequisite for the initial adhesion of insulitic cells and subsequent infiltration of islets, and thus
could potentially be considered causal. Support for an HA-insulitis causal relationship comes from in vitro
studies which indicated that an HA-rich ECM generated by activated human fibroblasts, endothelial or
smooth muscle cells, controls the migration of human mononuclear leukocytes [34, 36, 37]. Also, our
observations in BB rats are in line with the finding of HA accumulation preceding the inflammatory
infiltrate in the intestinal mucosa in mice with induced experimental colitis [38].

We point out a relationship between the extensiveness of islet HA accumulation and the degree of
insulitis, as in BB rats the amount of islet HA staining positively correlates with the continuum of insulitis,
from inaugural to invasive. The immune cells were first observed in DR?P? rats in which the islet HA-
stained areas had increased on average 2.4-fold. Also, in both humans and BB rats, the immune cell
infiltrates were situated within the largest HA accumulations in islets. These findings indicate that the
precursory islet HA buildup may determine the sites of subsequent immune cell entry into islets, and that
insulitis initiates in those islets which have accumulated a “critical” mass of HA. Additional islet HA
deposition was concurrent with expansion of insulitic infiltrates inside islets, which suggests that the
continuous amassment of HA may also influence the advancement of insulitis.

While the initial HA accumulation was not associated with a significant reduction in beta cell mass,
the DR??2” rats with HA abundant deposits and grade1 insulitis exhibited a considerable loss of beta cells.
The consequences of HA deposition on beta cell survival remain to be determined. In the presence of
insulitis, it is difficult to dissect the impact of the accumulated HA from that of the immune cells [12, 39-
41]. However, it can be speculated that changes in the islet ECM properties, conferred by continual HA
deposition, might affect beta cell viability via HA-induced signaling pathways and cellular responses in
islets. Also, abundant HA, in synergy with the insulitic cells and secreted cytokines, may create an

inflammatory microenvironment that is detrimental to beta cells.



Human islets with abundant HA were not localized in specific parts of the human pancreas, and their
uneven distribution is reminiscent of the “patchy” pattern of insulitis described in type 1 diabetes [1, 9,
11]. We previously found a similar distribution pattern of HA-rich islets and insulitis in human diabetic
pancreata [17]. These observations were reproduced in prediabetic and diabetic BB rats in the present
study, in which the location of the largest islet HA deposits served as a blueprint for islet immune cell
infiltration. The complete overlap in the localization of islets highly enriched in HA and insulitis reinforces
their close relationship, which, from initially being potentially causative, might have progressed into an
interdependent partnership.

In conclusion, this study indicates that islet HA accumulation is an early event in the pathogenesis of
autoimmune diabetes. Our novel observations, remarkably consistent in both humans with ongoing islet
autoimmunity and diabetes-prone BB rats in the preclinical stage of the disease, support our proposal of a
crucial role of islet HA in the inception and promotion of islet inflammation in type 1 diabetes [16].
Therefore, additional studies are warranted to explore the underlying mechanisms that regulate HA mass
in islets and the interactions between HA and islet cells or immune cells. Clarifying these molecular
mechanisms will be important in developing therapeutic interventions that target HA accumulation with

the aim to stop the development of insulitis.
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Figure Legends
Fig. 1 Islet HA deposits in aAb+ donors. HA staining (brown) in islets from (a) aAb- and (b) aAb+

donors. Arrows indicate HA occurring at islet periphery (yellow arrows) or within the islet (light blue
arrows). Arrowheads point to the islet border. Scale bars, 50 um. (¢) Violin plots of the individual HA+
areas in 4598 and 5482 islets analyzed in tissues from 14 aAb- and 15 aAb+ donors, respectively.
(d) Violin plots of the individual HA+ areas measured in islets from each donor. Blue circles, aAb- donors;

light red circles, single aAb+; dark red circles, double aAb+.

Fig. 2 HA accumulates in islets from a subset of aAb+ donors. HA staining (brown) in islets from (a)
aAb-, (b, ¢) single aAb+, and (d) double aAb+ donors. Arrowheads point to the islet border. Scale bars,
50 um. (e) Morphometric quantification of islet HA+ areas. Each circle denotes an individual donor. Blue
circles, aAb- donors; light red circles, single aAb+; dark red circles, double aAb+. Data are mean values
of islet HA+ areas for each individual donor. The numbers 1-7 indicate the aAb+HAM" tissues ranked
according to the size of their islet HA+ areas. The dotted line indicates the upper cut-off value (mean +
3SD) of the measurements obtained from the aAb- controls. 4598, 3210, and 2272 islets from aAb-, single
aAb+, and double aAb+ donor tissues were analyzed, respectively. *p<0.001, single aAb+ or double aAb+
vs. aAb-, Mann-Whitney U test. (f) Islet HA+ area size distribution. The pie charts represent the
percentage of islets with HA+ areas falling within each of the HA+ area size categories. 4598, 982, and
1828 islets were analyzed in aAb- and aAb+HAMe" tissues from 3 single and 4 double aAb+ donors,

respectively.

Fig. 3 Islet HA accumulation takes place in the absence of insulitis. HA staining (brown) in islets from
(a) aAb- and (b-d) aAb+ donors. Arrowheads point to the islet border. (e-h) Adjacent sections of the islets
shown in (a-d) stained for LCA (brown) and SYN (red). The area of insulitis in (d) is shown magnified
in the inset. Scale bars, 50 um. (i) Prevalence of islets with LCA+ cell infiltrates plotted as a function of

islet HA+ areas. Each circle denotes an individual donor. Data are mean values of measurements for each



individual donor. The dotted lines indicate the upper cut-off values (mean + 3SD) of the measurements
obtained from the aAb- controls. The numbers 1-7 indicate the aAb+HAM" tissues ranked according to
the size of their islet HA+ areas. Blue circles, aAb- donors; light red circles, single aAb+; dark red circles,

double aAb+.

Fig.4 Insulitis occurs exclusively in the islet regions containing the largest HA deposits. Violin plots of
HA+ areas in islets without (LCA-) or with (LCA+) immune cells. The total number of LCA- or LCA+

islets in each group is indicated.

Fig. 5 Relationship of islet HA to beta cell mass. Immunohistochemical staining for insulin in islets from
(a) control aAb- and (b) aAb+HAM2" tissues. Scale bars, 100 um. (¢) Individual measurements of beta cell
mass plotted as a function of islet HA+ area. (d) Insulin-positive areas relative to the pancreas section
areas. Data are mean values of measurements for each individual donor. The horizontal lines represent the
average value in each group. The numbers 1-7 indicate the aAb+HAME" cases ranked according to the size
of their islet HA+ areas. Blue circles, aAb- donors; light red circles, single aAb+; dark red circles, double

aAb+.

Fig. 6 (a) Islet HA+ areas, insulitis, and beta cell mass in individual aAb+ donors. Islet HA+ areas are
mean values of measurements obtained from the islets examined in each pancreas. The pie charts represent
the percentage of islets with HA+ areas falling within each of the HA+ area size categories or the
percentage of islets with LCA+ cells. The size of each red circle is proportional to the average size of the
HA+ areas or to beta cell mass, which is indicated by the value number within the circle. Between 250
and 560 islets were analyzed per pancreas. See also ESM Fig. 6. N/D, not determined. (b) Whole slide
images of pancreas tissue sections from case 1 (aAb+HAM Jeft) and case 13 (aAb+HA"®¥, right). The
blue, green, and red circles were drawn around the islet border and label islets with HA-stained areas <500

um?, 500-2000 pm?, and >2000 um?, respectively. Scale bars, 2000 um.



Fig. 7 Islet HA accumulation precedes insulitis in presymptomatic DR?”Y? rats. HA staining (brown) in
islets from (a) diabetes-resistant DR?”"* and (b-e) diabetes-prone DR®”"” rats. Arrowheads point to the
islet border. SYN (brown) staining of islets from (f) DR+ and (g-j) DR””"? rats. Scale bars, 50 pm. (k)
Islet HA+ areas, (1) islet HA+ area size distribution, (m) insulitis, and (n) beta cell mass in DR*”"* (blue)
and DR"" (light blue and green) rats. Data in (k) are mean values of HA+ areas measured in 300-400
islets per group. The pie charts in (1) represent the percentage of islets with HA+ areas falling within each
of the HA area size categories. The size of each circle in (k) and (n) is proportional to the average size of
the HA+ areas or beta cell mass, which is indicated by the value number within the circle. Data in (m)
represent the proportion of islets with insulitis grade 0, 1, 2 or 3 in the rats within each age group. See also

ESM Table 3.
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ESM Table 1. Clinical and morphologic characteristics of study cases

| Case [Case ID| Autoantibody |Age (years) Gender | Ethnicity C-peptide (ng/ml)| BMI | DRB1_1 | DRB1_2 | DQA1_1 | DQA1_2 | DQB1_1 | DQB1_2 | RISK (genotype) | RISK (haplotypes) Family history for diabetes Cause of death Case group | Islet HA+ area (um2) | Beta cell mass (mg)
Autoantibody-positive
1 6267 GADA+ IA-2A+ 23 Female Caucasian 16.6 24 0401 0404 0301 0301 0302 0302 s s/s nr Anoxia HAMLCA™" 2450 470
2 6167  IA2A+ ZnT8A+ 37 Male Caucasian 54 26 0404 1502 0103 0301 0302 0601 s S/N nr Head trauma HAMLCA™" 1000 1100
3 6158  GADA+ mlIAA+ 40 Male Caucasian 0.5 30 0401 1302 0102 0301 0301 0604 P P/N Father with T2D Head trauma HAMLCA™" 900 1160
4 6154 GADA+ 49 Female Caucasian 0.1 25 0901 1501 0102 0301 0303 0603 P N/P nr Head trauma HAM" 800 610
5 6310 GADA+ 28 Female Hispanic 10.5 24 0701 1102 0201 0501 0202 0319 N N/N nr Anoxia HAM" 680 450
6 6197 GADA+ IA-2A+ 22 Male African-American 175 28 0302 0701 02:01 0401 0202 0402 P P/P Yes, unspecified Head trauma HAM" 660 1230
7 6151 GADA+ 30 Male Caucasian 55 24 0101 0701 0101 0201 0202 0501 N N/N nr Anoxia HAM" 600 240
8 6080  GADA+mIAA+ 69 Female Caucasian 1.84 21 0101 0401 0101 0301 0301 0501 P N/P nr Cerebrovascular/ stroke HA®Y 380 910
9 6027 ZnT8+ 19 Male Caucasian nd 20 0301 1501 0102 0501 0201 0602 P S/P nr nr HA®Y 250 790
10 6171 GADA+ 4 Female Caucasian 9.0 15 0301 0301 0501 0501 0201 0201 s s/s nr Anoxia HA®Y 250 N/D
11 6303 GADA+ 22 Male Caucasian 3.0 32 0301 0701 0201 0501 0201 0202 s S/N Sister with juvenile T1D, father with T2D Head trauma HA®Y 220 850
12 6181 GADA+ 32 Male Caucasian 0.6 22 0101 0401 0101 0301 0302 0501 s N/S nr Head trauma HA®Y 200 690
13 6123 GADA+ 23 Female Caucasian 20 18 0801 1101 0401 0501 0301 0402 N N/P nr Head trauma HA®Y 200 510
14 6301 GADA+ 26 Male African-American 39 32 1101 1304 0102 0501 0319 0602 P P/P nr Head trauma HA®Y 140 580
15 6314 GADA+ 21 Male Caucasian 1.5 24 0103 0401 0101 0501 0301 0501 P N/P Yes, ur ifi Head trauma HA®Y 140 730
Average 30415 Females, 40% 6+6 2415
Autoantibody-negative
16 6055 Negative 27 Male Caucasian 0.6 23 0103 0103 0501 0501 0301 0301 P P/P nr Anoxia 180 1350
17 6104 Negative 41 Male Caucasian 206 21 0701 1301 0101 0201 0201 0501 N N/N nr Anoxia 350 450
18 6179 Negative 20 Female Caucasian 2.7 21 0301 0404 0301 0501 0201 0302 s s/s nr Head trauma 220 660
19 6233 Negative 14 Male Caucasian 73 22 0101 1301 0101 0103 0501 0603 P N/P Mother and sister with T1D Anoxia 330 1180
20 6129 Negative 43 Female Caucasian 0.5 23 0301 1501 0102 0501 0201 0602 P P/P nr Anoxia 230 690
21 6013 Negative 65 Male Caucasian 28 24 0102 1301 0101 0103 0501 0603 N N/P nr Cerebrovascular/ stroke 370 ND
22 6230 Negative 16 Male Caucasian 52 19 0401 1101 0301 0501 0301 0302 s S/P nr Head trauma 190 800
23 6174 Negative 21 Male Caucasian 3.0 20 0301 0701 0201 0501 0201 0201 s S/N nr Cerebrovascular/ stroke 340 860
24 6232 Negative 14 Female Caucasian 19.5 21 1501 1501 0102 0102 0602 0602 P P/P nr Head trauma 180 460
25 6295 Negative 47 Female African-American 10.9 30 0301 1501 0102 0501 0201 0602 P S/P nr Head trauma 220 390
26 6005 Negative 5 Female Caucasian nd nd 0101 1201 0101 0501 0301 0501 N N/N nr Cerebrovascular/ stroke 170 ND
27 6134 Negative 27 Male Caucasian 36 20 0701 1001 0101 0201 0201 0501 N N/N nr Anoxia 290 910
28 6160 Negative 22 Male Caucasian 0.4 24 nd nr Head trauma 260 1070
29 6098 Negative 18 Male Caucasian 1.4 23 0301 0801 0401 0501 0201 0402 s S/IN nr Head trauma 170 1200
Average 27416 Females, 30% 6+7 22:3
nr, not reported
nd, not determined
P, protective; N, neutral; S, susceptible
Note 1. The case numbers indicate the tissues from autoantibody-positive and autoantibody-negative donors, which are ranked according to the size of their islet HA-positive areas, with 1 and 17 having the most HA in their respective groups.
Note 2. Numbers 1 - 7 are the aAb+HAhigh cases; numbers 8-16 are the aAb+HAlow cases.
Note 3. C-peptide levels are in ng/ml.



ESM Table 2. Primary antibodies used for immunohistochemistry.

Antigen Antibody supplier Catalog humber Dilution

Insulin Abcam ab7842 1:1000
Synaptophysin Invitrogen MA5-11575 1:100
Ki67 Abcam ab15580 1:100
CD3 DAKO A0452 1:100
CD11c Abcam ab52632 1:50

CD20 DAKO MO0755 1:50

CD68 DAKO MO0814 1:100
LCA Abcam ab187271 1:200
LCA (clone OX-1) Bio-Rad MCA43 1:100
CD68 (clone ED1) Bio-Rad MCA341 1:100




ESM Table 3. Insulitis grade, islet HA areas, and beta cell mass in BB rats.

Genotype Age Percent islets with insulitis grade Overall Islet HA area |Beta cell mass

(weeks) 0 1 3 Insulitis grade (p.mz) (ng)

DR /+ 7 100 0 0 0 0 960 1520
7 100 0 0 0 0 1140 2380

7 100 0 0 0 0 1070 2520

7 100 0 0 0 0 910 1420

8 100 0 0 0 0 1030 2100

8 100 0 0 0 0 930 2700
7-8 100 0 0 0 0 1010 2110

DRY?/¥° 7 100 0 0 0 0 1400 2080
7 100 0 0 0 0 2250 2650

7 100 0 0 0 0 3860 1100

7 100 0 0 0 0 1790 2010

8 100 0 0 0 0 2540 1800

8 100 0 0 0 0 2380 1910
7-8 100 0 0 0 0 2370 1930

DR /% 9 21 69 8 2 1 4190 950
9 25 67 8 0 1 3730 1180

9 26 72 2 0 1 4610 780

9 26 63 10 1 1 4490 750

10 16 73 1 0 1 7950 840

10 25 68 6 1 1 4900 1120

9-10 23 69 8 1 1 4980 940

DR /% 10 4 9 79 8 2 9040 470
11 8 28 50 14 2 5280 550

11 13 5 66 16 2 9640 610

11 3 25 62 10 2 6270 1050

11 12 15 61 12 2 5890 1090

10-11 8 16 64 12 2 7220 750

DRY? /¥ 11 1 1 29 69 3 5620 130
11 5 3 2 90 3 3320 230

12 6 2 7 93 3 4620 170

12 0 1 19 80 3 4100 490

12 2 0 28 70 3 8120 260

12 8 2 10 80 3 6550 630

11-12 4 2 16 80 3 5390 320
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ESM Fig. 1 HA accumulates in islets in a subset of aAb+ donors. (a-¢) Histograms of individual HA+ areas
measured in 4598, 2672, and 2810 islets from control aAb-, aAb+HAPw and aAb+HANh tissues, respectively.
The values of the HA+ areas for the indicated number of islets are in ascending order. The numbers on the x-
axis indicate the cumulative number of islets. (a, b) The cumulative numbers of islets with HA+ areas within the
500-1000 ym2, 1001-2000 um?2, or >2000 um? size categories, presented in the light green, dark green, and red

bars, respectively, (insets) are shown magnified. (d-f) Islet HA+ area size distribution. p<0.0005, one-way
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ESM Fig. 2 (a) Scattered plot of percent islet HA+ areas. *p<0.0001, Mann-Whitney U test. The dotted line
indicates the upper cut-off value (mean + 3SD) of the measurements obtained from the aAb- controls. 4598, 2672,
and 2810 islets from aAb- control, aAb+HA®Y, and aAb+HAN tissues were analyzed, respectively. (b) Islet HA+
area as a function of donor age. Islet HA+ areas (c) and LCA+ cell density (d) in the non-islet region. Each circle

denotes an individual donor. Blue circles, aAb- donors; light red circles, single aAb+; dark red circles, double aAb+.
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ESM Fig. 3 (a) Islet size distribution in 14 aAb- and 7 aAb+HANd" tissues. (b). Islet areas in each individual tissue.
Islet HA+ area as a function of islet area in 14 aAb- (¢) and 7 aAb+HAN9" (d) tissues. Each circle denotes an
individual donor in (b) and an individual islet in (¢ and d). Blue bars and circles, aAb- donors; light red circles, single
aAb+; dark red bars, aAb+; dark red circles, double aAb+ in (b) and aAb+HAMS in (d).
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ESM Fig. 4 LCA+ leukocytes infiltrate islets exclusively in regions containing the largest HA deposits.

(a) Violin plots of HA+ areas in islets without (LCA-) or with (LCA+) immune cells distributed within each HA area

size category. (b) Islet HA+ areas in the 7 individual aAb+HAMNgh tissues. Each bar represents one tissue. Solid bars,

4 aAb+HANgh tissues which showed no evidence of insulitis; hatched bars, 3 aAb+HANSh tissues with insulitis. In the

3 aAb+HANSh CANigh tissues, immune cell-free islets (LCA-) and islets with associated immune cells (LCA+) are

assessed separately. Data are mean + SEM of the measurements. *p<0.001, Mann-Whitney U test. (¢) Proportion
of islets with LCA+ cell infiltrates containing CD68+, CD3+, CD20+, and CD11c+ cells.



aAb- aAb+

3000 .1
T 2
= 1000 3 [
8 r .b“' ; 05
I ! o
+
T [ % o o
5 o) O o
3 o o *0¢
< (Y ) oo ®

oo
100
Protective Neutral Susceptible
Genotype

ESM Fig. 5 Scattered plot of islet HA+ areas as a function of donor HLA genotypes associated with type 1 diabetes.
Each circle denotes an individual donor. Blue circles, aAb- donors; light red circles, single aAb+; dark red circles,
double aAb+. Data are mean values of HA+ areas for each individual donor. The dotted line indicates the upper cut-
off value (mean + 3SD) of the measurements obtained from the aAb- controls. The numbers 1-7 indicate the

aAb+HAN9" tissues ranked according to the size of their islet HA+ areas.
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ESM Fig. 6 (a) Islet HA+ areas, insulitis, and beta cell mass in tissues from all donors. Data are mean values of
measurements made in the 7 aAb+HANI" 8 aAb+HA!®", and 14 control aAb- tissues. The pie charts represent the
mean percentage of islets with HA+ areas falling within each of the HA+ areas size categories or the percentage of
islets with LCA+ cells. The size of the red or blue circles is proportional to the average size of the islet HA+ areas or
beta cell mass, which is indicated by the value number within the circle. The measurements made in islets from the
individual aAb+ donors are shown in Fig. 6. In the tissues from the 14 aAb- donors: Size range of islet HA* areas,
172 to 375 um?; range of proportion of islets with HA+ areas, 38 to 59% for <100 um2, 31 to 52% for 100-500 pm?2, 3
to 13% for 500-1000 um2, 2 to 8% for 1000-2000 pm?, and 0 to <1% for >2000 um?2; range of beta cell mass, 390
mg to 1350 mg. (b) Islet HA+ area size distribution in the aAb- control group. The pie charts represent the

percentage of islets with HA+ areas falling within each of the HA+ area size categories.
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ESM Fig. 7 Assessment of morphologic and metabolic parameters in BB rats. (a) Fed blood glucose levels in
diabetes-resistant DR¥?* and diabetes-prone DRY?¥r rats. Data are mean + SD of measurements from 10-20 rats.
*p<0.001, Kruskal-Wallis test. (b) The blood glucose values in the two groups before the onset of hyperglycemia in
the DRYPP rats are shown using smaller intervals on the y-axis. (c) Islet HA+ areas, (d) beta cell mass, and (e)

body weight in DR%* (blue bars) and DR¥ (light blue bars) rats at 40 days of age. Data are mean = SD of
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ESM Fig. 8 HA accumulates in islets while beta cell mass decreases in presymptomatic DR¥?° rats during the
progression to hyperglycemia. (a) Intra- and peri-islet HA+ areas in diabetes-resistant DRY* (blue circles) or
diabetes-prone DR¥P (light blue and green circles) rats exhibiting different degrees of insulitis. Data are the mean
values of measurements obtained from 300-400 islets (5-6 rats) per group. The size of each circle is proportional to
the average size of the HA+ areas which is indicated by the value number within the circle. (b) Islet, intra- and peri-
islet HA+ areas in tissues from DRY?+ (blue bars) or DR¥*¥ (light blue and green bars) rats. Left panel, data
represent mean + SEM of the measurements shown in Fig. 7k; middle and right panels, mean + SEM of the
measurements shown in (a) of this figure. (¢) Beta cell mass, (d) percentage of insulin-positive cells, and (e)
pancreas insulin content in DRY*+ and DR¥ rats. (f) Islet HA areas and islet areas in DR¥?'+ and DR rats.
Data are mean + SEM of the measurements obtained from 5-6 rats per group. *p<0.05, tp<0.01, ¥ p<0.001 vs.

controls, Mann-Whitney U test.
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