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While CD8+ T cells are critical to diabetogenesis in NOD mice, evidence of their involvement in human type 1 diabetes
(T1D) has been circumstantial. The existence of CD8+ T cells specific for β cell peptides has been demonstrated, but
functional data regarding the role of these cells in T1D have been lacking. In this issue of the JCI, Skowera et al. describe
an unusual self-peptide epitope derived from the leader sequence of preproinsulin (PPI) and show that 50% of HLA-A2+

patients with new-onset T1D possessed circulating CD8+ T cells specific for this epitope, suggesting that PPI plays a
critical role in the development of T1D (see the related article beginning on page 3390). They also report that β cells
upregulate PPI expression in the presence of high glucose levels, rendering these cells more susceptible to lysis and
potentially accelerating disease. This suggests that interventions aimed at decreasing the PPI-specific CD8+ T cell
response early after T1D diagnosis may be efficacious in ameliorating the disease process.
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While CD8+ T cells are critical to diabetogenesis in NOD mice, evidence of 
their involvement in human type 1 diabetes (T1D) has been circumstantial. 
The existence of CD8+ T cells specific for β cell peptides has been demon-
strated, but functional data regarding the role of these cells in T1D have 
been lacking. In this issue of the JCI, Skowera et al. describe an unusual self-
peptide epitope derived from the leader sequence of preproinsulin (PPI) and 
show that 50% of HLA-A2+ patients with new-onset T1D possessed circulat-
ing CD8+ T cells specific for this epitope, suggesting that PPI plays a critical 
role in the development of T1D (see the related article beginning on page 
3390). They also report that β cells upregulate PPI expression in the pres-
ence of high glucose levels, rendering these cells more susceptible to lysis 
and potentially accelerating disease. This suggests that interventions aimed 
at decreasing the PPI-specific CD8+ T cell response early after T1D diagnosis 
may be efficacious in ameliorating the disease process.

Type 1 diabetes (T1D) is an autoimmune 
disease that results from T cell–mediated 
destruction of the β cells of the endocrine 
pancreas. Much of our knowledge about 
the autoimmune pathogenesis of T1D, 
including the role of both CD4+ and CD8+ 

T cells in β cell destruction, is based on 
studies of the NOD mouse (1). In both 
mice and humans, development of T1D 
requires the interaction of a genetically 
susceptible host and an environmental 
insult. Investigation of the genetic basis of 
T1D susceptibility in NOD mice and com-
parison of the results with genome scans 
in humans with T1D have confirmed that 
many of the same processes are involved in 
this disease in both species (2). Although 
more than 20 loci have been described, the 
major genes that govern T1D susceptibility 

in both mice and humans map in the major 
histocompatibility complex. Specific MHC 
class II alleles in both mice and humans 
have a strong association with T1D sus-
ceptibility. The genetic evidence for MHC 
class I involvement is less clear. Removal of 
CD8+ T cells from young NOD mice results 
in no progression to diabetes (3). Similarly, 
depletion of CD4+ T cells from NOD mice 
also results in the failure to progress to 
diabetes (4). Adoptive transfer experiments 
with both purified T cells from diabetic 
mice and diabetogenic T cell clones estab-
lished unequivocally that CD8+ T cells are 
critical for the development of diabetes 
(5). As a result, there is widespread belief 
that β cell–specific immune responses  
mediated by both CD4+ and CD8+ T cells 
are required for the development of T1D in 
humans as well as in NOD mice. However, 
the evidence that CD8+ T cells are critical 
to the development of T1D in humans 
remains circumstantial. While CD8+ T cell 
β cell–specific epitopes, restricted by MHC 
class I, have been detected, the frequency of 
these epitope-specific CD8+ T cell clones is 
low, and their in vivo function has been dif-
ficult to demonstrate (6).

Nonstandard abbreviations used: PPI, preproinsulin; 
TAP, transporter associated with antigen processing; 
T1D, type 1 diabetes.
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Identification of a PPI-encoded  
CD8+ T cell epitope
In this issue of the JCI, Skowera et al. pro-
vide compelling evidence of a natural and 
unusual CD8+ T cell epitope that can be 
recognized on β cells (7). The authors first 
constructed a novel surrogate β cell by 
transfecting a cell line (K562) derived from 

a human leukemia with the genes encoding 
HLA-A2 and preproinsulin (PPI). PPI is the 
primary translation product of the insulin 
gene, which is proteolytically processed 
first to form proinsulin and then further 
cleaved to yield biologically active insulin. 
The authors then used a combination of 
HPLC, mass spectrometry, and proteomics 

to identify peptides that were present only 
from HLA-A2+ PPI-expressing K562 cells. 
Thus, HLA-A2–bound, PPI-derived pep-
tides exist and are potential T cell epitopes. 
The sequence of these HLA-A2–bound 
peptides was interesting, as it was derived 
from the leader sequence of PPI. This is 
not surprising, since the HLA-A2 peptide-
binding motif is highly hydrophobic, as are 
leader sequences, and even in transporter 
associated with antigen processing–defi-
cient (TAP–deficient) cells, HLA-A2 is 
expressed at nearly 50% of wild-type levels 
due to the ability of HLA-A2 to bind pep-
tides derived from leader sequences (8, 9). 
What was more surprising was that 50% of 
recently diagnosed HLA-A2+ patients were 
shown to have detectable PPI-specific CD8+  
T cell responses compared with other HLA-
A2–restricted responses that were found at 
lower frequency (7). However, it must be 
noted that 50% of the HLA-A2+ donors 
did not have detectable PPI-specific CD8+  
T cells, so other epitopes are likely to func-
tion to cause disease.

PPI-specific CD8+ T cell clones can 
kill primary human β cells
It is not surprising that CD8+ T cells specif-
ic for PPI are able to lyse K562 cells express-
ing HLA-A2 and PPI (7). More compelling 
are the results using an unusual cytotoxicity 
assay that measures the loss of PPI mRNA. 
PPI-specific CD8+ T cell clones were able 
to kill primary human pancreatic β cells 
in the midst of normal exocrine human 
pancreatic cells in vitro. This suggests 
that PPI-specific CD8+ T cell clones from 
T1D patients are able to recognize and kill  
β cells in a contact-dependant manner. This 
observation regarding an MHC class I– 
restricted epitope derived from insulin is 
of significance given the finding that PPI 
is a critical target antigen for CD4+ T cells 
early in β cell autoimmunity in both mice 
and humans (10, 11). The finding that 
two critical epitopes necessary for diabetes 
induction exist on a single molecule sug-
gests that there is a good opportunity for a 
single dendritic cell to present PPI-derived 
peptides to both CD4+ and CD8+ T cells.

As shown in the current study, the process-
ing pathway used for the presentation of PPI 
is both TAP and proteasome independent 
(7). Similar TAP- and proteasome-indepen-
dent epitopes have previously been described 
in the forms of an influenza- and a tumor-
specific epitope (12, 13). Furthermore, 
Skowera et al. (7) showed that PPI-produc-
ing K562 cells served as protein donors for 

Figure 1
Model for the development of T1D, elucidating the role of PPI-specific CD8+ T cells. This image 
shows a schematic of an islet before the onset of T1D, with relatively low levels of PPI-derived 
peptides (as determined in the study in this issue of the JCI by Skowera et al.; ref. 7) expressed on 
β cells and few or no T cells. Following migration of a dendritic cell to the draining lymph node, both 
CD4+ and CD8+ T cells are activated and migrate to the islets. There they encounter PPI-express-
ing β cells and kill them, resulting in lowered levels of insulin and hyperglycemia, as suggested 
by Skowera et al. (7). This results in increased PPI production and PPI presentation on both the  
β cells and resident dendritic cells. This can result in increased sensitivity to killing of β cells by CD8+  
T cells (7), as well as in local proliferation of the effectors stimulated by resident dendritic cells.
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indirect PPI presentation by dendritic cells 
that do not themselves synthesize PPI.

Implications of a PPI-derived epitope
The observations reported by Skowera  
et al. (7) are interesting and contribute to 
the identification of an epitope likely to 
be important in the pathogenesis of T1D. 
However, the most significant result of 
the current study is that β cells producing 
increased amounts of PPI are more suscep-
tible to lysis (7). This makes sense if the PPI 
peptide is limiting in either the priming of 
CD8+ T cells or in β cell sensitivity to lysis 
by PPI-specific CD8+ T cells. What is dia-
bolical about this result is that following 
the initial phases of β cell destruction, the 
remaining β cells produce more PPI in an 
effort to compensate for lowered levels of 
insulin. It is this increase in PPI produc-
tion by β cells that results in the more rapid 
destruction of the remaining β cells and, 
presumably, increased antigen presentation 
by resident dendritic cells and increased 
PPI-specific CD8+ T cell activation. Indeed, 
increased activation might not even be lim-
ited to PPI-specific CD8+ T cells, since the 
increased production of TNF-α by the PPI-
specific CD8+ T cells will promote matura-
tion of dendritic cells and could well result 
in epitope spreading, whereby β cell pro-
teins different from PPI would stimulate 
new autoimmune CD4+ and CD8+ T cell 
responses. This would create an out-of-
control autoimmune response directed at 
not only PPI but other β cell antigens. This 
model is shown in Figure 1.

This model raises the question of what is 
the initial inciting event that triggers the 
PPI-specific CD8+ T cell response? Neither 
does it explain the critical requirement for 
specific MHC class II alleles for T1D suscep-
tibility or the ability of other MHC class II  
alleles to be protect against development of 
T1D (14). The necessity for a CD4+ T cell 
response has been established conclusively 
in the mouse, and the MHC class II associa-
tion with T1D in humans argues strongly for 
it. In both mice and humans, MHC class II– 
restricted responses to GAD65 have been 
demonstrated (6). CD4+ T cells specific for 
GAD65 are critical to the pathogenesis of 
T1D (15). Future experiments in which 
those PPI-specific responses are ablated by 
the induction of tolerance would be impor-
tant in order to support the idea of halting 
the early autoimmune response and thus 
blocking the downstream consequences. 
Thus, the elegant experiments reported in 
the current study do not address the cru-

cial interaction between CD4+ and CD8+ 
T cells. The study leaves unexamined the 
critical questions regarding the specificity 
of the MHC class II–restricted epitopes and 
where antigen presentation occurs. This 
last question is of considerable importance. 
Since only β cells produce significant quan-
tities of PPI and β cells do not express MHC  
class II, the presentation must occur via 
a cross-priming pathway. As shown by 
the authors, cross-priming does occur, 
but where is the presented PPI peptide 
processed? In the ER of the β cell? As PPI 
presentation seems to be both TAP and 
proteasome independent, how does the 
PPI peptide get from the ER of the β cell 
where it is produced to the surface of the 
dendritic cell? Recently, Unanue and col-
leagues have demonstrated the existence 
of a small number of dendritic cells in the 
islets of mice (16). These cells were shown 
to circulate to the draining lymph node and 
were able to present both a model antigen 
as well as an authentic β cell autoantigen 
to CD4+ T cells. Both of these responses are 
MHC class II restricted and so do not pro-
vide information on MHC class I–restrict-
ed responses. Given the data presented by 
Skowera et al. (7) that demonstrate the 
ability of dendritic cells to present both PPI 
and β cell antigen, this provides a plausible 
route of stimulation, although many of the 
steps remain to be elucidated.

Still to be defined is the role of antigen 
presentation in the islets. Lymphoid struc-
tures similar to lymph nodes have been 
described in the islets of autoimmune mice 
(17, 18). The role of these structures in dia-
betogenesis is not clear, but the concept of 
antigen presentation by resident dendritic 
cells is attractive, and the process would 
not require trafficking of the resident den-
dritic cell to the pancreatic lymph node.

Further, the experiments reported here 
do not address the question of the involve-
ment of Tregs, which have been shown to be 
important for the development of diabetes 
in NOD mice (19). This critical question 
remains to be addressed in the future. Finally,  
this model is unable to explain why 50% of 
HLA-A2+ T1D patients showed no detect-
able response to PPI. Other β cell antigens 
could play the same role, or, alternatively, 
PPI-specific CD8+ T cell responses could 
have waned over time in these individuals.

The high level of association between the 
PPI-specific CD8+ T cell response in HLA-
A2+ individuals and T1D in recently diag-
nosed patients suggests that measurement 
of this response may prove to be of addi-

tional utility as a biomarker. Biomarkers 
have the potential to identify individuals 
at increased risk of disease. The PPI-spe-
cific CD8+ T cell response is a candidate for 
such a marker, since the response to PPI 
must precede the destruction of β cells and 
would be expected to become more robust 
as the prediabetic phase continues.

Perhaps most telling is that this model 
of the diabetogenic response presents a 
clear window of opportunity for treating 
patients. Conventional wisdom tells us not 
to treat T1D patients with insulin when 
their own β cells are able to produce suf-
ficient insulin. The results presented here 
suggest just the opposite (7). Increased 
insulin production by the surviving β cells 
would accelerate disease pathogenesis and 
β cell destruction. Aggressive treatment 
with insulin for the purpose of inducing 
tolerance would be predicted to slow dis-
ease and perhaps block its progression.
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Coaxing the liver into preventing  
autoimmune disease in the brain
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The liver has several unique immunological properties that affect T cell acti-
vation and immune regulation. Recent studies have uncovered opportunities 
for the treatment of genetic disease by directing expression of the functional 
therapeutic protein to hepatocytes. In a new study in this issue of the JCI, 
Lüth and colleagues demonstrate that hepatic expression of a brain protein 
is protective against neuroinflammatory disease in a mouse model of human 
MS (see the related article beginning on page 3403). Suppression of autoim-
munity was dependent on transgene expression in the liver and was mediated 
by induction of antigen-specific CD4+CD25+Foxp3+ Tregs. These findings 
suggest that the introduction of antigens to the liver may have potential as a 
preventative or therapeutic intervention for autoimmune disease.
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protein.
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Immune responses are substantially influ-
enced by the context of the tissue in which 
they occur. For example, brain and liver 
have both been characterized as immune-
privileged sites. The liver is constantly 
exposed to food antigens and therefore 
must control inflammatory responses to 
exogenous antigens. Furthermore, injec-
tion of antigen into the portal vein can 
induce tolerance, and spontaneous accep-
tance of liver allograft accompanied by 
donor-specific T cell tolerance has been 
documented previously (1). The immune 
system in the brain parenchyma lacks 
dendritic cells and therefore the ability to 
prime T cells. However, T cell activation 
upon immunization at an ectopic site can 
cause lymphocyte infiltration and inflam-

matory responses targeting antigens in 
the brain (2). For example, immuniza-
tion against myelin basic protein (MBP) 
— a protein important in the process of 
nerve myelination — causes EAE in certain 
strains of mice, and these animals have 
been used as a model for human MS.

On the other hand, it is also known that 
antigen administration to specific organs 
can induce suppressive immune responses 
that ultimately promote tolerance. Oral 
and nasal tolerance are extensively studied 
scenarios in which antigen introduced to 
mucosal surfaces at optimal doses causes 
activation of Tregs such as Tr1 or Th3 cells 
(3–5). These subsets of CD4+ T cells can 
suppress immune responses by secretion of 
the cytokines IL-10 and TGF-β. Similarly, 
antigen administered to the anterior cham-
ber of the eye, another immune-privileged 
site, is transported to the spleen via a mac-
rophage-like F4/80+ cell (6). Antigen pre-
sentation by this cell type in the lymphoid 
tissue causes activation of CD4+ and CD8+ 
Tregs and NKT cells, resulting in immune 

suppression. These examples illustrate how 
the immune system has evolved to gener-
ate cellular mediators of tolerance, which 
are exposed to antigens in the context of 
one organ and are capable of subsequently 
transferring tolerance to a different organ.

Gene transfer to the liver  
induces immune tolerance
The question of how to establish immune 
tolerance is critical for gene- and cell-based 
therapies for genetic and autoimmune dis-
eases. Interestingly, a number of reports in 
recent years have shown that hepatic gene 
transfer can induce tolerance to a variety 
of therapeutic proteins (7–13). While there 
has been evidence of deletion and anergy of 
transgene product–specific T cells follow-
ing hepatocyte-derived gene expression, a 
finding key to our understanding of the 
mechanism of tolerance induction was 
the observation of CD4+ Treg activation 
(14–16). Using a T cell receptor transgenic 
model, the induction of antigen-specific 
CD4+CD25+Foxp3+ T cells by liver-directed 
gene transfer with an adeno-associated viral 
vector has been previously demonstrated 
(14). These induced T cells appeared phe-
notypically comparable to naturally occur-
ring Tregs, which are required to prevent 
autoimmune disease. In other experiments, 
Tregs induced by hepatic adeno-associated 
viral gene transfer were capable of sup-
pressing antibody formation and CD8+  
T cell responses against a coagulation Fac-
tor IX gene product and were found to be 
required for tolerance induction (14, 17). 


