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Summary

Apoptosis is known as a major mechanism which contributes to beta cell
decay in type 1 diabetes. Commitment to this pathway generally involves
caspase-mediated protein cleavage and was found to induce cross-
presentation of a specific antigen repertoire under certain inflammatory
conditions. We aimed to assess the significance of the CD8 T cell population
reactive against such caspase-cleaved apoptotic self-antigens in pancreatic
islets of prediabetic human leucocyte antigen (HLA)-A2 transgenic non-obese
diabetic chimeric monochain transgene construct (NOD.HHD) mice. We
have reproduced a unique peptide library consisting of human CD8 T cell-
derived apoptosis-specific antigens, all of which belong to structural proteins
expressed ubiquitously in human islets. Pancreatic islets from prediabetic
NOD.HHD mice, harbouring humanized major histocompatibilty complex
(MHC) class I, were isolated and handpicked at various ages, and islet-
infiltrating CD8 T cells were expanded in vitro and used as responders in an
interferon (IFN)-g enzyme-linked immunospot (ELISPOT) assay. Human T2
cells were used as antigen-presenting cells (APC) to avoid endogenous antigen
presentation. Analogous to the interindividual variability found with peptides
from known islet autoantigens such as islet-specific glucose-6-phosphatase
catalytic subunit related protein (IGRP) and insulin, some mice showed vari-
able, low-degree CD8 T cell reactivity against caspase-cleaved self-antigens.
Because reactivity was predominantly minor and often undetectable, we con-
clude that beta cell apoptosis does not routinely provoke the development of
dominant cytotoxic T lymphocyte (CTL) reactive against caspase-cleaved self-
antigens in the NOD.HHD model.
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Introduction

Type 1 diabetes (T1D) is characterized by the autoimmune
destruction of pancreatic islets [1,2]. A prime pathogenic
role for CD8 T cells has been theorized based on their pre-
dominance within islet lesions around onset and the detec-
tion of islet antigen-reactive species in peripheral blood from
T1D patients [3]. CD8 T cell specificities associated with
T1D include insulin [4], preproinsulin[5], islet-specific
glucose-6-phosphatase catalytic subunit related protein
(IGRP; [6,7]), glutamic acid decarboxylase (GAD65; [8]),
insulinoma-associated antigen-2 (I-A2; [9]) and preproislet
amyloid polypeptide (ppIAPP; [10]). A unique study by
Skowera et al. demonstrated that preproinsulin-reactive

CD8 T cells from human T1D patients exert cytotoxicity
against islets in vitro, which serves as a direct indication of
their pathological relevance [5]. In prediabetic non-obese
diabetic (NOD) mice, it was shown that up to 60% of CD8 T
cells obtained from inflamed islets recognize either insulin,
IGRP or dystrophia myotonica kinase (DMK; [11]). Whereas
these disease-specific reactivities are generally believed to
initiate and drive disease progression, it remains unknown to
what extent secondary neo-antigens are involved in driving
the later stages of beta cell decay.

Apoptosis is the principal pathway leading to degenera-
tion of beta cell function and viability in T1D. This highly
conserved process is orchestrated by the enzymatic cleavage
of proteins by caspases, resulting in controlled phagocytosis
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of cellular debris. The outcome of this cascade is typically
tolerogenic and does not give rise to immunity against
components of the dying cell. Consequently, induction of a
limited degree of apoptosis in prediabetic NOD mice or
transfer of dendritic cells loaded with apoptotic bodies pre-
vents the progression to hyperglycaemia and stimulates tol-
erization against islet antigens [12,13]. In some occasions
autoantigen overexpression itself may lead to beta cell apo-
ptosis in the absence of primary inflammation [14]. Other
studies, however, have found that caspase activation, similar
to oxidative modifications [15], may selectively modify
common cellular components, which in turn can become
‘neo-antigens’ responsible for activating autoreactive lym-
phocytes [16]. Apoptotic cells are thus considered to be an
important source of self-antigens that, depending on their
surrounding milieu, may induce tolerance or invigorate
ongoing autoimmune responses.

In the current study we wished to assess the relative con-
tribution of CD8 T cells specific for caspase-cleaved apop-
totic self-antigens to islet lesions in the human leucocyte
antigen (HLA)-A0201-transgenic non-obese diabetic chi-
meric monochain transgene construct (NOD.HHD) mouse.
This mouse strain develops autoimmune diabetes analogous
to the conventional NOD mouse, but has a CD8 T cell rep-
ertoire that recognizes islet epitopes similar to the ones
found in T1D patients carrying the HLA-A0201 haplotype
[7,17]. We have utilized a unique set of HLA-A0201-
restricted peptides derived from ubiquitous structural cell
proteins that are generated specifically under conditions of
caspase activity in humans [18]. While Rawson and
co-workers originally derived this peptide library from apo-
ptotic CD8 T cells, all belong to ubiquitously expressed
‘housekeeping genes’ and can thus be found consistently
within pancreatic islet cells [19,20]. In using this library we
therefore assumed that these common proteins are processed
similarly through caspase activity in apoptotic beta cells.
While Rawson et al. demonstrated that caspases 3 and 8 are
responsible for generation of the peptides studied here, data
from a variety of mouse and human assays indeed show that
both executioner caspases are the principal effectors in beta
cell apoptosis [21]. We therefore expanded the T cell infil-
trates from isolated islets obtained from prediabetic NOD.
HHD mice and probed this population for reactivity against
apoptosis-associated peptides by enzyme-linked immuno-
spot (ELISPOT).

We demonstrate here that apoptosis-related neo-antigen
formation in the NOD.HHD mouse appears to be an inci-
dental phenomenon in most animals.

Materials and methods

Mice

Female NOD.b2mnull.HHD mice [7] were purchased from
The Jackson Laboratory (Bar Harbor, MI, USA). NOD.

b2mnull.HHD mice express a monochain chimeric HLA-
A*0201 molecule consisting of human b2-microglobulin
covalently linked to the a1 and a2 domains of HLA-A*0201,
followed by the a3 transmembrane and cytoplasmic por-
tions of H-2Db. Mice were euthanized humanely before each
experiment and all animal procedures were approved by the
Ethics Committee at The La Jolla Institute for Allergy and
Immunology.

Peptides

All peptides used were described previously by Rawson
et al. We selected the set of peptides that had significant
binding capacity [half maximal inhibitory concentration
(IC50) < 500 nm] for HLA-A0201, the HLA class I molecule
that is transgenically expressed by the NOD.b2mnull.HHD
strain. A total of 123 peptides (Table S1) were reproduced by
Mimotopes (Clayton, Victoria, Australia) and dissolved in
dimethylsulphoxide (DMSO) (Sigma, St Louis, MO, USA).

Islet isolation

The procedure for islet isolation and CD8 T cell expansion is
described in detail by Jarchum et al. [37]. Briefly, islets were
isolated from female NOD.b2mnull.HHD mice by collagenase
(collagenase P; Roche, Mannheim, Germany) perfusion of
the common bile duct. After pancreas homogenization, islets
were purified over a Ficoll PM400 gradient (Sigma). Islets
were stained with dithizone (Sigma), handpicked under a
dissecting microscope and cultured for 7 days in 24-well
tissue culture plates (~50 islets/well) in RPMI-1640 medium
(Invitrogen, San Diego, CA, USA) supplemented with 10%
fetal bovine serum (FBS), 50 units/ml recombinant human
interleukin (IL)-2 (Roche), glutamax, penicillin, streptamy-
cin and fungizone (all from Invitrogen). The entire study
describes the screening of a 123-peptide library in triplicate.
Each peptide was screened twice at 10 weeks and once at 16
weeks using pooled islet samples of two mice, for a total of 14
female NOD.HHD mice accounting for approximately 1400
handpicked islets.

IFN-g ELISPOT assay

IFN-g ELISPOT assay was performed as described previously
[37]. ELISPOT plates (Multiscreen from Millipore, Billerica,
MA, USA) were precoated with anti-mouse IFN-g mono-
clonal antibody (mAb) (BD Biosciences, San Diego, CA,
USA) and blocked with 1% bovine serum albumin (BSA).
Irradiated T2 cells (American Type Culture Collection no.
CRl-1992™) were added at 2 ¥ 104 cells/well and pulsed with
1 mm peptide. Cultured islet-infiltrating T cells were added at
2 ¥ 104 cells/well, and plates were incubated at 37°C for 40 h.
IFN-g secretion was detected with a second, biotinylated
anti-mouse IFN-g mAb (BD Biosciences) and spots were
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developed using streptavidin–horseradish peroxidase
(Vector Laboratories, Burlingame, CA, USA) and 3-amino-
9-ethylcarbazole substrate (Sigma-Aldrich). Spots were
counted manually regardless of size and the counts from the
wells stimulated with medium only were subtracted.

Flow cytometry

After culturing, the content of the wells was filtered over a 40
micron strainer and conventional antibody staining was
performed. All antibodies used were purchased from BD
Biosciences and analysis was performed using an LSR-II flow
cytometer (BD Biosciences). The brightfield image in Fig. 1b
was taken with an upright Nikon Eclipse microscope
equipped with a 4¥ air objective.

Results

Experimental approach for the analysis of
apoptosis-associated CD8 T cell responses in the
humanized NOD.HHD mouse

The caspase-cleaved apoptotic self-antigens used in this
study have been reported previously by Rawson et al. and
were generated by apoptosis induction in HLA-A2-
restricted, human CD95+CD8+ T cell clones by treatment
with a monoclonal antibody to CD95 [18]. The apoptotic
cells were lysed and their proteome was compared to

control cells using subtractive analysis by two-dimensional
electrophoresis to identify modified proteins. Most of the
spots found only in apoptotic cells corresponded to frag-
ments derived from cytoskeletal proteins [non-muscle
myosin, cytoplasmic actin, vimentin and lamin B1), pro-
teins involved in the regulation of the cytoskeleton (Rho
guanine nucleotide dissociation inhibitor-2 (Rho GDPI2)]
or nuclear lamina and matrix proteins [heterogeneous
nuclear ribonucleoprotein K (hnRNPK)]. Several of these
proteins have been reported to be targets of autoantibodies,
thus supporting the interaction between apoptosis and
autoimmunity. Peptides containing HLA binding motifs
were then identified, synthesized and tested for their
class I binding capacity, as described previously [22].
For our study we selected the peptides associated with
moderate to high binding capacity to HLA-A0201
(Table S1).

Pancreatic islets were isolated and handpicked from NOD.
b2mnull.HHD mice (Fig. 1a,b), which exclusively express
HLA-A0201 and harbour an HLA-A0201-restricted diabeto-
genic CD8 T cell population that infiltrates the islets. Previ-
ous analysis of 8-week-old NOD.b2mnull.HHD and NOD
female mice indicated similar levels of leucocytic infiltration
[7]. The T cell population within the cultured islets was then
expanded for 7 days by addition of exogenous IL-2, and these
cells were finally used as responders in an IFN-g ELISPOT
with MHC II-negative, transporter antigen processing
(TAP)-deficient T2 cells as antigen-presenting cells (APC).
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Fig. 1. Experimental approach. (a) Pancreatic islets were isolated and handpicked from two NOD.b2mnull.HHD mice, expressing human leucocyte

antigen (HLA)-A*0201, but no murine class I molecules, yielding a population of highly pure islets (b, stained with dithizone). These islets were

cultured for 7 days in the presence of interleukin (IL)-2, harvested and used as responders in an interferon (IFN)-g enzyme-linked immunospot

ELISPOT (assay). Class II major histocompatibility complex (MHC) antigen-negative, transporter antigen processing (TAP)-deficient T2 cells were

used as antigen-presenting cells (APC). These cells express low levels of class I MHC molecules, which are increased and stabilized upon binding of

exogenous peptides. (c) Flow cytometry reveals that a subset of highly activated CD8 T cells was expanded. Data are from a single preparatory

experiment performed prior to and independent of the seven experimental runs to screen the peptide library.
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Figure 1c shows the expansion of a population of highly
activated CD8 T cells from the islets after culturing.

Unique CD8 T cell reactivity profiles within islet
infiltrates from NOD.b2mnull.HHD mice

Taking into account that all NOD.b2mnull.HHD mice used
here had been inbred for many generations and are thus
genetically virtually identical, one would expect similar T
cell reactivity profiles and hierarchies compared to regular
NOD mice as diabetes development progresses. Takaki and
co-workers demonstrated earlier that individual NOD.
b2mnull.HHD mice exhibit distinct patterns of CD8+ T cell
reactivity to IGRP peptides and that peptide 228–236 is the
immunodominant HLA-A0201-binding epitope of IGRP
[7]. Another study identified the immunodominant insulin
epitope Ins1/2 A2–10 and showed that most NOD.b2mnull.
HHD mice responded to both Ins1/2 A2-10 and IGRP 228–
236 with minor subsets of animals responding to only one
of both or to none [23]. We chose to use both peptides as
positive controls in our assays for reactivity against
apoptosis-related reactivity. Our results here confirm the
results by Jarchum et al. in showing that individual animals
develop distinct diabetogenic CD8 T cell profiles within
insulitic lesions at 10 and 16 weeks of age (Fig. 2). Our data
also indicate that at 10 weeks of age reactivity can be directed
against one of both peptides (compare rectangle 1 versus 2 in
Fig. 2a), whereas in the late prediabetic phase at 16 weeks
reactivity against IGRP 228–236 is generally dominant. In
conclusion, these data confirm the observation that insulitis
in the NOD.b2mnull.HHD is associated with unique patterns
of CD8 T cell reactivity against diabetes-associated islet
autoantigens.

Secondary CD8 T cell reactivity against
apoptosis-related epitopes is incidental

All 123 apoptosis-related peptides listed in Table S1 were
screened for the ability to induce IFN-g production in
expanded islet-infiltrating CD8 T cells. As the number of
cells that can be expanded from a single animal is limited, a
series of four experiments using pooled populations from
two individual mice was performed in order to screen each
peptide in duplicate at 10 weeks of age. Representative
experiments are shown in Fig. 3 and show that such reactiv-
ity, although often detectable, is limited in comparison to
both Ins1/2 A2-10 and IGRP 228–236. Analogous to the
variable reactivity pattern against both control islet epitopes,
different mice showed distinct reactivity profiles against
apoptosis-related peptides (compare Fig. 3a versus b).
Similar results were obtained at 16 weeks of age (Fig. 4), at
which stage the mice were still normoglycaemic in our
hands, but higher numbers of T cells could be expanded
from the harvested islets. The latter observation indicated
that this stage represents the late prediabetic phase and

allowed us to complete screening of the entire library in
three experiments. We did not see a consistent correlation
between the magnitude of the IFN-g response and the affin-
ity of the stimulating peptide for HLA-A0201. For instance,
peptide 63 derived from myosin type A, which exhibits the
strongest stimulatory capacity in Fig. 4b, was classified
as only an intermediate binder. An excellent binder from
the same molecule such as peptide 57 did not yield any
response. Collectively, these results indicate that reactivity
against apoptosis-related epitopes in the prediabetic NOD.
b2mnull.HHD mouse constitutes a minor subset among
islet-infiltrating cells.

Dominant reactivity against a vimentin epitope was
encountered in a single occasion (Fig. 5). In this experimen-
tal run, the anti-vimentin response surpassed the response
against Ins1/2 A2-10. In order to ascertain that the vimentin
sequence is not found in any known diabetes-related pro-
teins we performed a Basic Local Alignment Search Tool
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Fig. 2. Variability in CD8 T cell islet specificities among individual

mice. (a) Significant variability in reactivity against two
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(BLAST) search which returned no such molecules. The
vimentin peptide did not particularly bind more strongly to
HLA-A0201 compared with other peptides examined and
was classified as having intermediate affinity. Finally, in an
unsuccessful attempt to reproduce this strong response, we
performed additional experiments at 10 and 16 weeks of age,
but none showed this dominant response. We conclude that
the development of a dominant secondary response against
apoptosis-related antigens during diabetes development in
the NOD.b2mnull.HHD mouse is a rare phenomenon.

Discussion

In this present study we investigated the relative contribution
of CD8 T cells reactive against apoptosis-related epitopes
within the total population of islet-infiltrating lymphocytes
from prediabetic NOD.b2mnull.HHD mice. We found that
only a small subset reacts against these epitopes, with differ-
ent reactivity patterns among individual mice.

The rationale for this study was built on the premise that
the set of peptides generated upon caspase activation in
human apoptotic cells is derived from structural proteins
with highly conserved sequences between man and mouse.
For instance, vimentin shares 97% of its amino acid

sequence between both species [24,25]. Whereas some of the
123 epitopes tested may not share complete sequence simi-
larity, conserved sequences can be assumed for the majority
of included peptides. The original study by Rawson and
co-workers generated a more extensive list of peptides that
are expressed preferentially under conditions of apoptosis,
with a focus on CD8 T cell reactivity profiles in human
immunodeficiency virus (HIV) patients [18]. We selected
the subset of peptides that was capable of efficient binding to
HLA-A201 and asked whether islet-infiltrating CD8 T cells
recognize these neo-epitopes during the course of autoim-
mune diabetes.

The potential differences in expression between the struc-
tural proteins investigated here from human CD8 T cells
(from which Rawson et al. obtained the peptide library) and
islet cells can be expected to be minimal. Indeed, compre-
hensive proteomic studies of human islets demonstrate that
these ‘housekeeping genes’ are, without exception, expressed
in islet cells [19,20]. In conjunction with the shared pre-
dominance of executioner caspases 3 and 8 during apoptosis
induction in both cell types [18,21], we reasoned that similar
peptide fragments are probably generated under apoptotic
conditions.

Because the islet-infiltrating T cell population in patients
is inaccessible, we resorted to the ‘humanized’ NOD.HHD
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mouse, which has been shown previously to exhibit a close
resemblance to T1D patients with regard to CD8 T cell reac-
tivity profiles [7]. The CD8 T cells in this animal are diabe-
togenic in vivo and are restricted to the HLA-A0201
sequence, which is one of the most prevalent class I alleles,
with a frequency of > 60% in T1D patients. Moreover, its
expression has been shown to confer additional risk to the
development of T1D in patients possessing the high-risk
class II DR3/4-DQ8 haplotype [26,27]. The choice for this
humanized model may thus allow for better interpretation in
the context of human disease.

Aberrant autoimmunity to common structural cell pro-
teins has been described on multiple occasions. Early studies
found that the immunological outcome of apoptosis
depends critically on the local milieu and in particular the
concurrent release of ‘danger’ signals. Systemic exposure to
apoptotic cells or apoptosis induction in the presence of viral
particles was shown to shift the balance from tolerance to
autoimmunity[28,29]. Similarly, the induction of efficient
anti-tumour responses requires signals provided by ongoing
necrosis to clear apoptotic cells [30]. Collectively, these data
suggest that apoptotic cells are captured consistently by den-
dritic cells, but induce dendritic-cell maturation and T cell
cross-priming only in the presence of exogenous inflamma-
tory mediators or CD4+ T cell help; otherwise, tolerance is

induced [31]. Apoptosis is an important pathological
component in many autoimmune diseases, including type 1
diabetes [32], and the requirement for additional ‘danger’
signals is often fulfilled in affected patients. Under these
conditions, ubiquitous structural proteins can become the
target of a secondary immune response, as exemplified by
cytotoxic T lymphocyte (CTL) priming against vinculin
from apoptotic cells [33]. Another example is the detection
of autoantibodies against vimentin in lupus patients or CD8
T cell reactivity against that protein in cardiac transplant
patients [34–36].

From the results presented here, we conclude that the
contribution of neo-antigen formation and CTL priming as
a result of caspase activation in apoptotic cells is limited in
the prediabetic NOD.b2mnull.HHD mouse. Furthermore,
the latter responses vary substantially between genetically
identical animals, in line with the interindividual variability
observed in CD8 T cell responses against bona fide
islet autoantigens. Only on one occasion was a significant
response against a vimentin epitope detected, but this result
could not be confirmed in other animals. Finally, the possi-
bility cannot be excluded that the low activation levels
observed are related to the secondary priming of cells
responsive to the self-peptides.

In summary, this study indicates that while a unique reac-
tivity pattern develops against islet-specific epitopes in islets
from NOD.HHD mice, we found no evidence of any signifi-
cant secondary repertoire directed against apoptosis-related
epitopes.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Table S1. List of peptides used in this study.
*IC50 indicates binding affinity for A*0201 and it is
expressed as 50% inhibitory nanomolar concentration; pep-
tides with IC50 <50 nM are classified as high affinity pep-
tides, peptides with IC50 >50 nM are classified as
intermediate affinity peptides, peptides with IC50 >500 nM
were classified as low affinity peptides in the original study
and were not resynthesized [18].

hnRNP K, heterogeneous nuclear ribonucleoprotein K; Rho
GDI 2, Rho guanine nucleotide dissociation inhibitor-2.
References on islet expression pertain to studies on isolated
human islets or human beta cell lines.
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content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
article.
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