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Type 1 Diabetes (T1D) is an autoimmune disease in which insulin producing beta cells of the pancreas are
selectively destroyed. Glial Fibrillary Acidic Protein (GFAP) expressed in peri-islet Schwann cells (pSCs) and in
the ductal cells of the pancreas is one of the candidate autoantigens for T1D. Immune responses to GFAP ex-
pressing cell types precede the islet autoimmunity in Non-Obese Diabetic (NOD) mice. By removing MHC class I
from GFAP expressing cell types, we tested the role of autoantigens presented by these cell types in the de-
velopment of invasive insulitis. Our findings indicate that antigens expressed by pancreatic ductal cells are

important in the development of invasive insulitis in NOD mice.

1. Introduction

The immune mediated destruction of beta cells in T1D results in the
progressive loss of beta cells, causing insulin deficiency and consequent
hyperglycemia (Jayasimhan et al., 2014; van Belle et al., 2011). The
presence of multiple auto antibodies and evidence of T cell reactivity to
autoantigens indicates multiple targets are involved in disease patho-
genesis in both humans and in NOD mice (Han et al., 2013; Roep and
Peakman, 2012; Pearson et al., 2016).

Investigations in NOD mice have identified numerous autoantigens
and many of these autoantigens including Glutamic Acid Decarboxylase
65 (GADG65), Insulinoma Associated antigen 2 (IA2) and Islet Cell
Autoantigen 69 (ICA69) are found not only in beta cells, but also in the
cells of the neuroendocrine system (Mallone et al., 2011; Mauvais et al.,
2016; Lieberman and DiLorenzo, 2003). It is important to identify the
initiating autoantigen to design immunoregulatory strategies to treat
the disease in genetically susceptible individuals. To date Proinsulin is
the earliest autoantigen that has been identified to drive islet infiltra-
tion (Nakayama et al., 2005; Wong, 2005; Wegmann and Eisenbarth,
2000). Mice lacking native proinsulin, and carrying a mutated non-
antigenic proinsulin, were protected from developing infiltrates into the
islets. However, these transgenic mice had infiltrates into the islet

associated pancreatic ductal tissue. This suggests that there are anti-
genic targets of an autoimmune attack on the islet associated ductal
tissue of the pancreas, which precedes islet autoimmunity (Nakayama,
2011).

The possibility that an initiating antigen is expressed in peri islet
tissues is further supported by the finding that, immune responses to
autoantigens expressed in pSCs precede the immune response to beta
cells (Winer et al., 2003; Tsui et al., 2008). The early infiltrates seen
around the pancreatic ducts and the attack on GFAP expressing pSCs
implicates these cells in the autoimmune process. Studies conducted by
Razavi et.al also support the involvement of pancreatic sensory neurons
in controlling islet inflammation (Razavi et al., 2006). This raises the
question of whether an autoantigen present in GFAP positive cells may
not trigger an autoimmune response that precedes the immune re-
sponses to beta cell antigens (Pang et al., 2017; Kaufman, 2003).

GFAP expressing ductal cells and pSCs of the neuroendocrine pan-
creas share with islet beta cells a number of autoantigens implicated in
T1D (Bouwens and Pipeleers, 1998; Mally et al., 1996a; Gurr et al.,
2002; Lieberman and DiLorenzo, 2003). An early immune response
against autoantigens expressed in GFAP positive cell types may result in
the subsequent cross reactive attack of beta cells (Kaufman, 2003). To
understand the role of early upstream antigens expressed in pSCs and in
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ductal cell types of the pancreas, our lab generated NOD mice lacking
MHC class I expression on GFAP expressing cells and assessed the de-
velopment of insulitis.

2. Materials and methods
2.1. Animals

All animals were maintained under specific pathogen free (SPF)
conditions at the Precinct, Animal Centre at the Alfred Hospital (PAC,
Melbourne, Australia). All procedures involving mice were performed
in compliance with the Animal Ethics guidelines of Monash University
and were approved by the Animal Ethics Committee of the Alfred
Medical Research and Education Precinct (AMREP).

2.1.1. Generation of transgenic NOD GFAPcre mice

FVB-Tg(GFAP-cre)25Mes/J (Stock number 004600) were purchased
from the Jackson Laboratory (Bar Harbor, ME, US) and backcrossed
onto NOD/Lt for at least 10 generations. The generated NOD GFAPcre
mice express cre recombinase under the control of human GFAP pro-
moter. Hemizygous transgenic mice were identified by PCR based
strategy using primers ACT CCT TCA TAA AGC CCT and ATC ACT CGT
TGC ATC GAC CG specific for the GFAP and cre gene respectively (Zhuo
et al., 2001). Even after 10 generations of backcrossing to NOD, there is
a possibility of having a sizeable FVB derived genomic interval sur-
rounding the GFAPcre transgene in NOD GFAPcre mice.

To rule out the possibility of any alterations in disease incidence by
this hitchhiking FVB genomic interval, we compared the diabetic in-
cidence in transgene positive NOD mice to conventional NOD mice.
Since the pattern of incidence in transgene positive NOD mice and in
conventional NOD mice was similar, we did not attempt to sequence the
surrounding genomic intervals around the GFAPcre transgene.
Endogenous B2M expression in GFAPcre transgene positive mice was
removed by crossing to NOD B2M”" mice (Serreze et al., 1994).
Homozygous $2M knockout and GFAPcre transgene positive mice were
known as NOD GFAPcre mice.

2.1.2. Generation of NOD GFAPcre.fl32Ma mice (class I GFAP bald mice)

NOD.fIp2Ma mice carrying a floxed f2Ma transgene (Hamilton-
Williams et al., 2003; Hamilton-Williams et al., 2001) on an en-
dogenous (32M knockout background were crossed with NOD GFAPcre
mice to generate NOD GFAPcre.fl[32Ma mice. The NOD GFAPcre™
B2M 7/~ flp2Ma* (class I GFAP bald mice) exhibit ductal cell and
neuronal cell specific deletion of MHC class I whereas NOD GFAP-
cre"B2M~/~fI32Ma* (Control mice) are class I GFAP normal mice
respectively. 100-160 day old female NOD class I GFAP bald and NOD
class I GFAP normal mice were used for insulitis studies.

2.1.3. Generation of Reporter mice (NOD GFAPcre ™ EYFP*)

C57BL/6.Gt(ROSA)26Sor.EYFP mice (gift by Dr. David Izon at St
Vincent's Institute for Medical Research, Melbourne, Australia) carries a
loxP-flanked STOP sequence followed the Enhanced Yellow Fluorescent
Protein (EYFP) gene (Srinivas et al., 2001). C57BL/6.Gt(ROSA)26Sor.-
EYFP mice were backcrossed to NOD/Lt for at least 10 generations.
Crossing the mutant NOD EYFP mice to NOD GFAPcre mice generated
the reporter mice (NOD GFAPcre *EYFP '), exhibiting EYFP expression
in GFAP driven cre expressing tissues. To analyze the pattern of cre
expression, tissues extracted from reporter and control (NOD GFAP-
cre EYFP*) mice were analyzed via immunohistochemistry and flow
cytometry.

2.2. Flow cytometry
2.2.1. Pancreatic ductal cell isolation and staining

The pancreas from the reporter and control mice was dissected and
single cell suspensions were prepared as described by Maximilian
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Reichert et al. (Reichert et al., 2013). The pancreatic single cell sus-
pensions were incubated with biotinylated Dolichos biflorus Agglutinin
(DBA) (Vector Labs, Burlingame, CA, US) (Xiao et al., 2013), washed
and labelled with streptavidin conjugated to PerCP (BD Biosciences,
USA). Following a second wash, cells were fixed in 4% paraformalde-
hyde (PFA) in Phosphate Buffered Saline (PBS), permeabilized using
0.1% saponin and stained with polyclonal guinea pig anti-insulin an-
tibodies (Dako, Carpinteria, CA) and secondary goat anti guinea pig
Alexa Fluor 647 antibody (Thermo Fisher scientific, USA). The stained
cells were acquired on FACS Calibur (BD Biosciences) and the data were
analyzed using FlowJo software (Version 7.6.5). Establishment of the
gate was based on the staining profiles of the negative control. We also
attempted to stain for MHC class I molecules in pancreatic ductal cells.
Despite multiple attempts, we were unable to view the MHC class I
expression on ductal cells of the pancreas. We believe that the pro-
longed enzymatic digestion method used in isolating ductal cells, may
have damaged the surface proteins which annihilated the detection of
MHC class I molecules using antibody dependent flow cytometric
methods.

2.2.2. Splenocytes isolation and staining

Red Blood Cell (RBC) lysed spleen single cell suspensions from the
reporter and control mice were stained for CD4 (RM4-5), CD8 (53-6.7),
CD11b (M1/70) and CD11c (HL3) with anti mouse monoclonal anti-
bodies from BD Biosciences. The stained cells were acquired on a FACS
Calibur and data was analyzed using FlowJo software. Establishment of
the gate was based on the staining profiles of the negative control.

2.2.3. Brain cell isolation

The brain was dissected from reporter and control mice and col-
lected in Hanks Balanced Salt Solution (HBSS without Ca®* and Mg?*).
The brain hemispheres were mechanically dissociated and passed
through a 70 um cell strainer. The suspension was centrifuged at 250g
for one minute and the collected pellet resuspended in HBSS containing
0.5% trypsin EDTA (Gibco, USA). Following 15 min incubation at 37 °C
with intermittent shaking, the cell suspension was centrifuged, washed
in HBSS and passed through a 70 um strainer for analysis via flow cy-
tometry.

2.3. Histology

2.3.1. Immunofluorescence

Pancreatic tissue from the reporter and control mice was fixed
overnight in 4% PFA, immersed in 20% sucrose solution for 8 h and
then snap frozen in Optimum Cutting Temperature (OCT) compound
(Tissue-Tek). 5um tissue sections were cut and stained using Alexa
Fluor 555 conjugated rabbit antibody against Green Fluorescent Protein
(GFP) (Invitrogen, Carlsbad, CA, USA). Stained sections were visualized
using a fluorescent microscope (Olympus BX61) at 20 X magnification.
Images were captured in AnalySIS 5.0 software and analyzed using
Image J.

2.3.2. Histochemistry

Paraffin embedded pancreatic tissue from 100 to 160 day old class I
GFAP Bald and GFAP normal mice was cut at three levels (100 um
apart) and each 5 um section stained with Haematoxylin and Eosin (H&
E). The degree of mononuclear cell infiltration was determined in
10-60 islets from each pancreas, in a blinded fashion. Insulitis severity
was scored on a scale of 0—4 as previously described (Hamilton-
Williams et al., 2003). The proportion of islets exhibiting invasive in-
sulitis or disease free was determined and expressed as a percentage of
total islets scored. H&E stained sections were visualized using the
Olympus BX51 microscope at 20 X magnification.
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Fig. 1. Genogram shows the breeding strategy for NOD GFAPcre and reporter
mice. FVB.GFAPcre mice were crossed to NOD mice for at least 10 generations
to obtain NOD GFAPcre mice. At generation eight the GFAPcre mice were
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munohistochemistry.
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2.4. Statistical analysis

All data were represented as means *+ SEM. Statistical difference
was determined by using the unpaired t-test for column comparisons.
Significance was accepted at two tailed p values < .05 and analyzed
with Graphpad prism software (version 7.02).

3. Results
3.1. Characterization of EYFP expression

3.1.1. Detection of EYFP expression in pSCs and ductal cells of reporter
mice

NOD GFAPcre mice were generated by backcrossing the FVB
GFAPcre mice to NOD mice for 10 generations (Fig. 1). The FVB X NOD
GFAPcre mice at generation eight were crossed to NOD EYFP mice that
carried a stop codon flanked by lox sites. The resultant NOD GFAP-
cre "EYFP* reporter mice lost the stop codon and thus expressed EYFP.
The expression of EYFP indicating cre expression was determined by
flow cytometry (Fig. 2a) and immunohistochemistry (Fig. 2b). Flow
cytometric analyses of brain cells isolated from reporter mice showed
EYFP expression in 28 + 1.6% of the cells. EYFP was also detected in
fixed pancreatic cryosections using fluorescence microscopy. The pat-
tern of fluorescence was consistent with the morphology of pancreatic
pSCs (Fig. 2b (VIII) white arrows) and ductal cells (Fig. 2b (VIII) red
arrows) of the pancreas.

3.1.2. EYFP expression was not detected in immune cells of reporter mice
Ectopic expression of cre in off-target tissue types has variably been

50K

O o sok 100k 150k 200k 250k (II)

FSC-A

250K
GFAPcre+EYFP+5

100K

50K

av) o sk

250K

200K

SSC-A

100K 150K 200K 250K
FSC-A (V)

0.278%
0 50k 100K 150k 200k 250k  (III) 0 10° 10° 10t 10°
FSC-H EYFP
250K
200K
< 150K
@

1
100K

- 30.0%
50K
0
0 50K 100K 150k 200k 250Kk (V) o 10° 10° 10* 10°
FSC-H EYFP

Fig. 2. a. Detection of EYFP in brain cells indicates cre expression. Flow cytometric analysis of brain cells isolated from control (top panel) and reporter mice (n = 3)
showing gating strategy used and EYFP expression. Dot plot shows brain single cell suspension gated in forward and side scatter. First doublets were excluded from
live gate (I, IV) based on FSC-H and FSC-W (II, V) then EYFP expressing cells were gated (x axis) vs side scatter (y axis) (IIl, VI). Brain cells in reporter mice express
EYFP (VI) and the absence of expression in control mice (III). b Detection of EYFP in pancreatic neuroendocrine and ductal cells indicates cre expression. Fluorescent
microscopic analysis showing cre expression in morphologically identified pancreatic neuroendocrine pSC and ductal cells of the reporter mice (n = 3). Pancreatic
tissue sections from reporter (VII, VIII, IX) and control mice (I, II, III) were stained using a rabbit antibody against GFP conjugated to Alexa Fluor 555 and nuclear
stained with DAPI. White arrows (VIII and IX) point to EYFP expressing pSC and red arrows point to EYFP expressing ductal cells. Stained brain sections from reporter
mice (IV, V, and VI) were used as a positive control for EYFP signal. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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reported with the use of cre-lox systems (Smith, 2011; Harno et al.,
2013). The specificity of the promoter dictates the fidelity of its ex-
pression and therefore the pattern of cre mediated recombination and
EYFP expression. It was important to assess the pattern of cre expres-
sion in GFAPcre mice. This is because, in class I GFAP bald mice any
non-specific expression of cre in immune cell types, would have re-
sulted in deletion of f2Ma and loss of MHC class I molecules from these
cell types. This would have confounded the interpretation of results.

EYFP expression was not detected in CD4 T cells, CD8 T cells
(Fig. 3a) dendritic cells or macrophages (Fig. 3b) isolated from reporter
mice (n = 5). The absence of EYFP expression in the entire splenocyte
population (Supplementary Fig. 1A) indicates that GFAPcre mice are an
appropriate model in which to study the role of MHC class I expression
on pSCs and ductal cells in the initiation of insulitis.

3.2. Severity of insulitis is significantly reduced in the absence of MHC class
I on GFAP expressing cell types

Class I GFAP bald mice were generated by crossing the NOD
GFAPcre mice to NOD.fI32ma mice (Fig. 4). These mice were used to
assess whether MHC class I presented self-antigens, expressed by GFAP
positive cells, were necessary for the initiation and progression of in-
sulitis. Histological analyses of pancreatic sections showed insulitis was
significantly reduced in mice lacking MHC class I molecules on GFAP
expressing cells compared with class I sufficient age and sex matched

control mice (Fig. 5a). Class I GFAP bald mice had more disease free
islets (70 + 5%) compared with class I sufficient controls (41 = 8%)
(Fig. 5b). Conversely the percentage of islets with invasive insulitis was
also significantly reduced in class I GFAP bald mice. Class I GFAP bald
mice had 9.5 = 2% compared with MHC class I sufficient controls
(32 = 9%) (Fig. 5c). These data suggest that the loss of MHC class I
from GFAP expressing cells somehow protected the mice from insulitis.
Since a subset of GFAP positive cells expresses insulin, we therefore
wanted to test whether the significant reduction of invasive insulitis
seen in these mice is due to the absence of MHC class I mediated pre-
sentation of the autoantigen insulin.

3.3. GFAP positive ductal cells do not express insulin

Our data from reporter mice show that ductal cells are made up of
GFAP positive and GFAP negative cell types (Fig. 6(III)). We detected
insulin expression in 2.5 * 0.6% of the ductal cells and identified that
90% of the insulin expressing ductal cells were GFAP negative. Since
GFAP positive cells were found not to co-express insulin, the reduction
of invasive insulitis seen in class I GFAP bald mice cannot be due to the
loss of expression of insulin. It must be due to the loss of the pre-
sentation of another autoantigen present in the GFAP expressing ductal
cells. There are a number of other autoantigens that ductal cells share
with beta cells. It is possible therefore that one of these autoantigens is
an early autoantigen that can initiate insulitis.
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Fig. 3. a. EYFP expression was not detected in immune cells of reporter mice. Flow cytometric analyses of splenocytes from reporter mice were unable to detect
lymphocytes expressing EYFP (n = 5). Dot plots showing live gating of lymphocytes in forward and side scatter (I). Sequential gating on live lymphocytes and
contour plots showing CD4 T cells, CD8 T cells and Non T lymphocytes (II). EYFP expression was not detected in CD4 T cell, CD8 T cell and non T lymphocytes in
reporter and control mice (III). Spleenocytes from mice known to express EYFP in immune cells were used as a positive control. b. EYFP expression was not detected
in macrophages and dendritic cells of reporter mice (n = 5). Dot plots showing live splenocytes gated in forward and side scatter (I). Sequential gating on live
splenocytes and dot plots showing macrophages gated using CD11b expression (II) and dendritic cells gated using CD11c expression (III). EYFP expression was not
detected in macrophages and dendritic cells in reporter and control mice (IV). Splenocytes from mice known to express EYFP were used as a positive control.
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Fig. 4. Genogram shows the breeding strategy in generating female NOD GFAP bald mice. NOD GFAPcre mice on B2M knockout background were crossed with
NOD.fI32Ma mice and the female GFAP bald littermates at 100-160 days of age were chosen for insulitis studies.

4. Discussion

We aimed to understand the role of MHC class I on GFAP expressing
cells in the initiation of disease in NOD mice. Cre-lox technology was
used to generate tissue specific knockout mice. Cre was expressed under
the control of the GFAP promoter and thus cre mediated loss of MHC
class I occurred in GFAP expressing cells including ductal and pSC
types. Transgenic expression of cre has occasionally been reported to
occur in off-target tissues. We therefore wanted to confirm that cre was
not leaking in the immune compartment because any cre mediated loss
of MHC class I from immune cells would have confounded the inter-
pretation of results (de Jersey et al., 2007). The absence of any leaki-
ness of cre in the immune compartment confirmed that the model was

appropriate to study the role of MHC class I on GFAP expressing cells, in
particular the ductal and pSCs of the pancreas.

Utilizing this model we found that the expression of MHC class I on
GFAP positive cells was important for the development of insulitis. Not
only did the mice lacking MHC class I on GFAP expressing cells have
more disease free islets, they were also significantly protected from
developing invasive insulitis. This suggests that MHC class I expression
on GFAP positive cells is important early in the disease process. Because
proinsulin is widely held to be the earliest autoantigen, we wondered
whether the reduction in insulitis in class I GFAP bald mice may have
been due to the loss of MHC class I mediated presentation of insulin
peptides expressed by ductal cells of the pancreas.

The decrease in the presence of islets with insulitis, even low level
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Fig. 5. GFAP bald mice had more disease free islets. The pancreatic sections from NOD GFAP bald mice at 100-160 days of age were analyzed by haematoxylin and
eosin staining. Microphotography shows mononuclear infiltrated islets in control and disease free islets in GFAP bald mice (a). Statistical data showing the percentage
of disease free islets (b) and islets with invasive insulitis in GFAP bald and control mice (c). 236 islets were scored for GFAPcre-flB2Ma + group and 265 islets were

scored for GFAPcre +flB2Ma + group respectively.

periductal insulitis in class I GFAP bald mice suggests there has been a
loss of immune response to ductal and/or pSC antigens. However, it is
unlikely that the protection from insulitis observed in class I GFAP bald
mice was due to the inability of ductal cells to present insulin peptides
to CD8 T cells. This is because a proportion of ductal cells retained class
I expression in GFAP bald mice and also expressed insulin. Thus a
subset of ductal cells would have been able to present insulin peptides
to CD8 T cells capable of initiating the disease. This begs the question as
to which antigen/s GFAP positive ductal and/or pSCs express that may
be important for the initiation of insulitis.

Ductal cells are beta cell progenitors and as such they share a
number of autoantigens with beta cells, including proinsulin, GAD65,
ICA69 and HIP/PAP (Inada et al., 2008; Bouwens and Pipeleers, 1998;
Gurr et al., 2002; Mally et al., 1996a; Mally et al., 1996b). Thus, it is
plausible that the initiation of an immune response to ductal cell an-
tigens may lead to cross reactive attack of beta cells expressing shared
antigen/s. Although not widely discussed, the argument that ductal cell
antigens may have an important role in the initiation of periductal in-
sulitis has credence. Peri ductal insulitis persisted in mice lacking native
proinsulin indicating that the immune response to autoantigens ex-
pressed by ductal cells can occur independently of the immune response
to proinsulin (Moriyama et al., 2003).

The chronological order of the immune response to autoantigens
implicated in T1D is not completely understood. There has long been an
assumption that proinsulin is the primary autoantigen, however, in
addition to the findings presented here, it has also been shown that the

immune response to antigens expressed by pSCs precede the immune
response and attack of beta cells (Winer et al., 2003). Our data, and the
findings of Michael Dosch et al. (Winer et al., 2003), suggests there may
be several alternative autoantigens that could initiate an immune re-
sponse which culminates in beta cell auto reactivity (Dilorenzo, 2011).

While it is not known what causes the inflammation around the
ducts of the pancreas, there are a number of hypotheses which have
been proposed. The pro inflammatory milieu of the islets could be
driven by chemicals (Bodin et al., 2015), microbial infections
(Kondrashova and Hyoty, 2014; de Beeck and Eizirik, 2016), food al-
lergens (Virtanen, 2016; Rewers and Ludvigsson, 2016) or the defective
clearance of apoptotic bodies by macrophages (O'Brien et al., 2002).
Inflammation is associated with tissue damage that can result in the
release of otherwise sequestered self-antigens. Our findings indicate
that self-antigens expressed by GFAP positive cells are important in the
development of insulitis in NOD mice. Further studies using the Class I
GFAP bald NOD mice will help researchers to understand the im-
portance of ductal cell antigens in insulitis progression and diabetes
development.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jneuroim.2019.01.001.

Acknowledgements

The Authors thank AMREP flow cytometry and Monash Micro
Imaging for providing the services.


https://doi.org/10.1016/j.jneuroim.2019.01.001
https://doi.org/10.1016/j.jneuroim.2019.01.001

A. Jayasimhan et al.

Journal of Neuroimmunology 327 (2019) 1-9

1K 1K
800 800
i 60 /S 00
(&} / (%]
3 // g

Negative control

Ductal cells stained

for insulin for insulin

GFAPcre-EYFP+

=
=
P
=

GFAPcre+EYFP+

2.5%

(I11)

Insulin

Fig. 6. Insulin positive pancreatic ductal cells do not express EYFP. Contour plots showing pancreatic single cells live gated for low side scatter (I). DBA stained
pancreatic ductal cells (II) from reporter and control mice (n = 4). DBA stained ductal cells showing insulin and EYFP expression (III). Out of the 2.5% of insulin

expressing ductal cells, > 90% of the cells did not express EYFP.

Competing interest

The authors declare they have no competing interest associated with
this manuscript.

Funding
This work was supported by NHMRC, Australia (RMS).
References

Bodin, J., Stene, L.C., Nygaard, U.C., 2015. Can exposure to environmental chemicals
increase the risk of diabetes type 1 development? Biomed. Res. Int. 2015, 19.

Bouwens, L., Pipeleers, D.G., 1998. Extra-insular beta cells associated with ductules are
frequent in adult human pancreas. Diabetologia 41, 629-633.

De Beeck, A.O., Eizirik, D.L., 2016. Viral infections in type 1 diabetes mellitus — why the
B cells? Nat. Rev. Endocrinol. 12, 263-273.

De Jersey, J., Snelgrove, S.L., Palmer, S.E., Teteris, S.A., Mullbacher, A., Miller, J.F.A.P.,
Slattery, R.M., 2007. 3 Cells cannot directly prime diabetogenic CD8 T cells in
nonobese diabetic mice. Proc. Natl. Acad. Sci. 104, 1295-1300.

Dilorenzo, T.P., 2011. Multiple antigens versus single major antigen in type 1 diabetes:
arguing for multiple antigens. Diabetes Metab. Res. Rev. 27, 778-783.

Gurr, W., Yavari, R., Wen, L., Shaw, M., Mora, C., Christa, L., Sherwin, R.S., 2002. A Reg
family protein is overexpressed in islets from a patient with new-onset type 1 diabetes
and acts as T-cell autoantigen in NOD mice. Diabetes 51, 339-346.

Hamilton-Williams, E.E., Serreze, D.V., Charlton, B., Johnson, E.A., Marron, M.P.,
Mullbacher, A., Slattery, R.M., 2001. Transgenic rescue implicates beta2-micro-
globulin as a diabetes susceptibility gene in nonobese diabetic (NOD) mice. Proc.
Natl. Acad. Sci. U. S. A. 98, 11533-11538.

Hamilton-Williams, E.E., Palmer, S.E., Charlton, B., Slattery, R.M., 2003. Beta cell MHC
class I is a late requirement for diabetes. Proc. Natl. Acad. Sci. 100, 6688-6693.
Han, S., Donelan, W., Wang, H., Reeves, W., Yang, L.-J., 2013. Novel autoantigens in type

1 diabetes. Am. J. Transl. Res. 5, 379-392.

Harno, E., Cottrell, E.C., White, A., 2013. Metabolic pitfalls of CNS Cre-based technology.
Cell Metab. 18, 21-28.

Inada, A., Nienaber, C., Katsuta, H., Fujitani, Y., Levine, J., Morita, R., Sharma, A.,
Bonner-Weir, S., 2008. Carbonic anhydrase II-positive pancreatic cells are progeni-
tors for both endocrine and exocrine pancreas after birth. Proc. Natl. Acad. Sci. U. S.
A. 105, 19915-19919.

Jayasimhan, A., Mansour, K.P., Slattery, R.M., 2014. Advances in our understanding of
the pathophysiology of Type 1 diabetes: lessons from the NOD mouse. Clin Sci (Lond)
126, 1-18.

Kaufman, D.L., 2003. Murder mysteries in type 1 diabetes. Nat. Med. 9, 161-162.

Kondrashova, A., Hy6ty, H., 2014. Role of viruses and other microbes in the pathogenesis
of Type 1 Diabetes. Int. Rev. Immunol. 33, 284-295.

Lieberman, S.M., Dilorenzo, T.P., 2003. A comprehensive guide to antibody and T-cell
responses in type 1 diabetes. Tissue Antigens 62, 359-377.

Mallone, R., Brezar, V., Boitard, C., 2011. T cell recognition of autoantigens in human
type 1 diabetes: clinical perspectives. Clin Dev Immunol 2011, 513210.

Mally, M.L, Cirulli, V., Hayek, A., Otonkoski, T., 1996a. ICA69 is expressed equally in the
human endocrine and exocrine pancreas. Diabetologia 39, 474-480.

Mally, M1, Cirulli, V., Otonkoski, T., Soto, G., Hayek, A., 1996b. Ontogeny and tissue
distribution of human GAD expression. Diabetes 45, 496-501.

Mauvais, F.-X., Diana, J., Van Endert, P., 2016. Beta cell antigens in type 1 diabetes:
triggers in pathogenesis and therapeutic targets. F1000Research 5 (F1000 Faculty
Rev-728).

Moriyama, H., Abiru, N., Paronen, J., Sikora, K., Liu, E., Miao, D., Devendra, D., Beilke, J.,
Gianani, R., Gill, R.G., Eisenbarth, G.S., 2003. Evidence for a primary islet auto-
antigen (preproinsulin 1) for insulitis and diabetes in the nonobese diabetic mouse.
Proc. Natl. Acad. Sci. U. S. A. 100, 10376-10381.

Nakayama, M., 2011. Insulin as a key autoantigen in the development of type 1 diabetes.


http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0005
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0005
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0010
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0010
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0015
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0015
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0020
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0020
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0020
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0025
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0025
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0030
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0030
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0030
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0035
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0035
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0035
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0035
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0040
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0040
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0045
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0045
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0050
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0050
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0055
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0055
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0055
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0055
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0060
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0060
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0060
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0065
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0070
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0070
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0075
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0075
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0080
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0080
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0085
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0085
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0090
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0090
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0095
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0095
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0095
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0100
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0100
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0100
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0100
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0105

A. Jayasimhan et al.

Diabetes Metab. Res. Rev. 27, 773-777.

Nakayama, M., Abiru, N., Moriyama, H., Babaya, N., Liu, E., Miao, D., Yu, L., Wegmann,
D.R., Hutton, J.C., Elliott, J.F., Eisenbarth, G.S., 2005. Prime role for an insulin
epitope in the development of type 1 diabetes in NOD mice. Nature 435, 220-223.

O'brien, B.A., Huang, Y., Geng, X., Dutz, J.P., Finegood, D.T., 2002. Phagocytosis of
apoptotic cells by macrophages from NOD mice is reduced. Diabetes 51, 2481-2488.

Pang, Z., Kushiyama, A., Sun, J., Kikuchi, T., Yamazaki, H., Iwamoto, Y., Koriyama, H.,
Yoshida, S., Shimamura, M., Higuchi, M., Kawano, T., Takami, Y., Rakugi, H.,
Morishita, R., Nakagami, H., 2017. Glial fibrillary acidic protein (GFAP) is a novel
biomarker for the prediction of autoimmune diabetes. FASEB J. 31, 4053-4063.

Pearson, J.A., Wong, F.S., Wen, L., 2016. The importance of the Non Obese Diabetic
(NOD) mouse model in autoimmune diabetes. J. Autoimmun. 66, 76-88.

Razavi, R., Chan, Y., Afifiyan, F.N., Liu, X.J., Wan, X., Yantha, J., Tsui, H., Tang, L., Tsai,
S., Santamaria, P., Driver, J.P., Serreze, D., Salter, M.W., Dosch, H.M., 2006.
TRPV1+ sensory neurons control beta cell stress and islet inflammation in auto-
immune diabetes. Cell 127, 1123-1135.

Reichert, M., Takano, S., Heeg, S., Bakir, B., Botta, G.P., Rustgi, A.K., 2013. Isolation,
culture and genetic manipulation of mouse pancreatic ductal cells. Nat. Protoc. 8,
1354-1365.

Rewers, M., Ludvigsson, J., 2016. Environmental risk factors for type 1 diabetes. Lancet
(London, England) 387, 2340-2348.

Roep, B.O., Peakman, M., 2012. Antigen targets of type 1 diabetes autoimmunity. Cold
Spring Harbor Perspectives in Medicine 2, a007781.

Serreze, D.V., Leiter, E.H., Christianson, G.J., Greiner, D., Roopenian, D.C., 1994. Major
histocompatibility complex class I-deficient NOD-B2mnull mice are diabetes and

Journal of Neuroimmunology 327 (2019) 1-9

insulitis resistant. Diabetes 43, 505-509.

Smith, L., 2011. Good planning and serendipity: exploiting the Cre/Lox system in the
testis. Reproduction 141, 151-161.

Srinivas, S., Watanabe, T., Lin, C.S., William, C.M., Tanabe, Y., Jessell, T.M., Costantini,
F., 2001. Cre reporter strains produced by targeted insertion of EYFP and ECFP into
the ROSA26 locus. BMC Dev. Biol. 1, 4.

Tsui, H., Winer, S., Chan, Y., Truong, D., Tang, L., Yantha, J., Paltser, G., Dosch, H.M.,
2008. Islet glia, neurons, and beta cells. Ann. N. Y. Acad. Sci. 1150, 32-42.

Van Belle, T.L., Coppieters, K.T., Von Herrath, M.G., 2011. Type 1 diabetes: etiology,
immunology, and therapeutic strategies. Physiol. Rev. 91, 79-118.

Virtanen, S.M., 2016. Dietary factors in the development of type 1 diabetes. Pediatr.
Diabetes 17 (Suppl. 22), 49-55.

Wegmann, D.R., Eisenbarth, G.S., 2000. It's insulin. J. Autoimmun. 15, 286-291.

Winer, S., Tsui, H., Lau, A., Song, A., Li, X., Cheung, R.K., Sampson, A., Afifiyan, F.,
Elford, A., Jackowski, G., Becker, D.J., Santamaria, P., Ohashi, P., Dosch, H.M., 2003.
Autoimmune islet destruction in spontaneous type 1 diabetes is not beta-cell ex-
clusive. Nat. Med. 9, 198-205.

Wong, F.S., 2005. Insulin — a primary autoantigen in type 1 diabetes? Trends Mol. Med.
11, 445-448.

Xiao, X., Guo, P., Shiota, C., Prasadan, K., El-Gohary, Y., Wiersch, J., Gaffar, L., Gittes,
G.K., 2013. Neurogenin3 Activation is not Sufficient to Direct Duct-to-Beta Cell
Transdifferentiation in the Adult Pancreas. J. Biol. Chem. 288, 25297-25308.

Zhuo, L., Theis, M., Alvarez-Maya, 1., Brenner, M., Willecke, K., Messing, A., 2001.
hGFAP-cre transgenic mice for manipulation of glial and neuronal function in vivo.
Genesis 31, 85-94.


http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0105
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0110
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0110
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0110
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0115
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0115
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0120
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0120
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0120
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0120
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0125
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0125
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0130
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0130
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0130
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0130
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0135
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0135
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0135
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0140
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0140
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0145
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0145
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0150
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0150
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0150
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0155
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0155
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0160
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0160
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0160
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0165
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0165
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0170
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0170
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0175
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0175
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0180
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0185
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0185
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0185
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0185
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0190
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0190
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0195
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0195
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0195
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0200
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0200
http://refhub.elsevier.com/S0165-5728(18)30263-7/rf0200

	Pancreatic ductal cell antigens are important in the development of invasive insulitis in Non-Obese Diabetic mice
	Introduction
	Materials and methods
	Animals
	Generation of transgenic NOD GFAPcre mice
	Generation of NOD GFAPcre.flβ2Ma mice (class I GFAP bald mice)
	Generation of Reporter mice (NOD GFAPcre+EYFP+)

	Flow cytometry
	Pancreatic ductal cell isolation and staining
	Splenocytes isolation and staining
	Brain cell isolation

	Histology
	Immunofluorescence
	Histochemistry

	Statistical analysis

	Results
	Characterization of EYFP expression
	Detection of EYFP expression in pSCs and ductal cells of reporter mice
	EYFP expression was not detected in immune cells of reporter mice

	Severity of insulitis is significantly reduced in the absence of MHC class I on GFAP expressing cell types
	GFAP positive ductal cells do not express insulin

	Discussion
	Acknowledgements
	Competing interest
	Funding
	References




