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Abstract
Autoreactive CD4+ T cells are involved in the pathogenesis of many autoimmune diseases, but the
antigens that stimulate their responses have been difficult to identify and in most cases are not well
defined. In the nonobese diabetic (NOD) mouse model of type 1 diabetes (T1D), we have
identified a peptide WE14 from chromogranin A (ChgA) as the antigen for highly diabetogenic
CD4+ T cell clones. Truncation and extension analysis showed that WE14 binds to the NOD
mouse MHCII molecule, I-Ag7, in an atypical manner, occupying only the C-terminal half of the I-
Ag7 peptide-binding groove. This finding extends the list of T cell antigens in T1D and supports
the idea that autoreactive T cells respond to unusually presented self-peptides.

The self-antigen targets in many autoimmune diseases for both humans and mice have been
identified by the presence of serum autoantibodies. Examples are DNA and chromatin in
systemic lupus erythematosis (SLE), immunoglobulin in rheumatoid arthritis (RA), and
insulin in type I diabetes (T1D). Most autoimmune diseases also involve autoreactive CD4+

T cells that not only are required for autoantibody production, but also can be pathogenic as
in T1D. In some instances, such as insulin, epitopes for autoreactive CD4+ T cells have been
found in the same proteins targeted by autoantibodies. In general, however, identification of
the relevant T cell autoantigen epitopes has been much more difficult and the targets of
autoreactive T cells have remained largely undefined.

The pathogenic CD4+ T cells that arise in the non-obese diabetic (NOD) mouse model of
T1D provide a striking example. Over the years numerous laboratories have identified CD4+
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T cell clones in NOD mice that are reactive with pancreatic antigens in vitro and that also
cause or accelerate diabetes in various types of in vivo experiments. Some of these clones
have turned out to be specific for insulin epitopes, but the antigenic targets of other highly
pathogenic CD4+ T cell clones are unknown. The most extensively studied of these are the
BDC clones, which include BDC-2.5, that were isolated from the spleens and lymph nodes
of diabetic NOD mice1,2. The BDC clones are not responsive to insulin, but respond in vitro
to pancreatic islet cells or cell extracts from beta cell adenomas presented in the context of
the major histocompatibility complex (MHC) antigen I-Ag7 (refs.3,4). Polymorphisms
unique to this class II MHC allele are very strongly associated with disease5,6. The highly
pathogenic nature of these clones has been demonstrated by adoptive transfer studies into
young NOD mice in which they greatly accelerate development of T1D2,7. T cells from
BDC T cell receptor (TCR) transgenic mice are similarly aggressive in vivo8,9. In addition,
introduction of the genes encoding BDC-specific TCRs into T cell deficient NOD.scid mice
(retrogenic mice) rapidly induces T1D10. Previous studies suggested that the majority of
these clones react to a common pancreatic antigen3,4, but despite numerous efforts, this
antigen had never been identified.

Here we identify chromogranin A (ChgA) as the source of the antigen for BDC-2.5 and two
other clones, based on mass spectrometric analysis of biochemically purified antigenic
fractions from an islet beta cell tumor and on the demonstration that this antigen was
missing from the pancreatic islet cells from Chga−/− mice. Peptide antigen mimotopes for
these T cells, identified here, and in previous studies11,12, shared a common amino acid
motif in the predicted p5 to p9 portion of the peptides [WX(R/K)M(D/E)], which suggested
that the ChgA amino acid (aa) sequence 354–362 (EDKRWSRMD) was the probable
antigenic epitope. Surprisingly, peptides containing this sequence did not activate the T
cells, but the clones were activated by an overlapping peptide, WE14 (aa 359–372,
WSRMDQLAKELTAE), a natural cleavage product of ChgA13. This finding was quite
unexpected, because despite the presence of the antigen motif, the stimulating WE14 peptide
lacked the N-terminal amino acids that would occupy positions p1 to p4 of the I-Ag7

peptide-binding groove and are normally important for stable MHC class II binding. Binding
studies suggest that the nine C-terminal amino acids of WE14 make up for this loss by
interacting with I-Ag7 at a site outside of the normal binding groove.

RESULTS
Proteomic identification of chromogranin A (ChgA)

Our first approach to identification of candidate antigens for the BDC clones was through
biochemical separation and proteomic analysis of antigens in a partially purified protein
preparation from the secretory granules of a beta cell adenoma tumor14. We had shown
previously that the relevant antigen was present in these cells and that several of the BDC
clones reacted with the same granule fraction3,4. We further purified the antigen through the
combination of size exclusion (SEC) and ion exchange chromatography (IEX), tracking the
antigen via the response of the prototypic T cell clone, BDC-2.5 (Fig. 1a,b). The final highly
purified fractions also stimulated two other T cell clones, BDC-10.1 and BDC-5.10.3 (data
not shown). The relative degree of purification obtained with each step of separation is
provided in Table 1 and is illustrated by a representative silver-stained SDS-PAGE gel (Fig.
1c) that reveals the protein content of the combined antigen-containing SEC fractions (lane
2) and peak antigenic fractions from IEX (lanes 3–7).

To identify the proteins present in the IEX fractions containing the antigenic activity, tryptic
digests from each fraction were analyzed by mass spectrometry. Resulting peptides were
sequenced and matched to proteins via a search of the Swissprot protein database using the
database search program SpectrumMill (Agilent Technologies). A total of 21 proteins were
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identified in fractions 19–23 using this technique and spectral intensities (Fig. 2a) indicate
relative abundance of individual proteins identified in each fraction. A comparison of
spectral intensities with corresponding antigenicity in each fraction resulted in a list of
potential antigen candidates including secretogranins 1 and 2, insulin-like growth factor II,
and ChgA; representative mass spectra and matching sequence are shown for 2 peptides
(Fig. 2b,c). Nearly identical results were obtained in 5 independent experiments, with the
exception of insulin-like growth factor, which was only identified in one experiment.
Overall, 6 ChgA peptides mapping to the more C-terminal portion of the protein (aa 233–
463) were confidently identified in highly antigenic fractions with 4 peptides being
reproducibly detected in 3 experiments (Fig. 2d). The predicted molecular weight of this
potentially truncated ChgA protein (aa 233–463) is approximately 26 kDa, which is
consistent with results from SEC. Based on these results and the close correlation of
antigenicity with the distribution of ChgA in the fractions, we decided to further investigate
ChgA as a candidate antigen.

Islets lacking ChgA do not stimulate the T cell clones
To determine whether ChgA was the source of antigen for the BDC-2.5 T cell clone, and the
similar BDC-10.1 and BDC-5.10.3 clones, we compared antigen abundance in pancreatic
islet cells from Chga−/− versus Chga+/+ mice15. While the Chga−/− mice are apparently
healthy and normal in most respects, they do exhibit some irregularities in terms of islet
numbers, size and insulin secretion16. Therefore, we included the PD-12.4.4 insulin reactive
clone17 as a control for any global deficiencies in the Chga−/− mice in islet beta cell or
granule formation. The T cell clones were cultured with I-Ag7 antigen-presenting cells
(APCs) and various numbers of islet cells from the Chga−/− versus Chga+/+ mice as a source
of antigen; the beta cell tumor antigen preparation was used as a positive control. We used
the production of interferon-γ (IFN-γ) as a measure of T cell activation. All four T cell
clones responded well to the control antigen (Fig. 3a). The PD-12.4.4 insulin reactive clone
responded equally well to islet cells from either Chga+/+ or Chga−/− mice, suggesting
equivalent insulin abundance in individual islet beta cells from either source (Fig. 3b,c). The
three BDC clones also responded well to Chga +/+ islet cells, but not at all to islet cells
obtained from Chga−/− mice (Fig. 3b,c). These results confirm ChgA as the source of the
antigen for these BDC T cell clones.

A new peptide mimotope for three diabetogenic T cell clones
In a parallel set of studies we identified a new peptide mimotope for the three BDC clones in
a library of peptides covalently bound to I-Ag7 and displayed on the surface of insect cells
via baculovirus, as previously described18,19. Based on studies of crystal structures of
peptides bound to I-Ag7 (refs. 20,21), the peptide amino acids in the baculovirus encoded
library (~107 independent clones) were minimally varied at the four major peptide–I-Ag7-
binding positions: p1 (Arg or Leu), p4 (Leu or Val), p6 (Leu or Val), and p9 (Gly or Glu).
The amino acids at p–1 (p minus 1), p2, p3, p5, p7 and p8 were fully randomized to all 20
amino acids. Insect cells were infected with the library at a multiplicity of infection of <1
such that most infected cells expressed a single member of the library. The few infected
cells expressing an I-Ag7-peptide combination capable of binding a fluorescent, soluble
multimeric version of BDC-2.5 TCR (see Methods) were isolated using flow cytometry
(Fig. 4a, panel 1). Positive cells were used to create a new enriched viral stock. This
experimental cycle was performed twice more, producing a highly enriched population of
viruses that expressed I-Ag7-peptide combinations, most of which bound the BDC-2.5 TCR
(Fig. 4a, panel 2). Cloned viruses from this enriched population were retested for BDC-2.5
TCR binding. The viral DNA was sequenced for all TCR-binding clones and encoded a
single peptide sequence, RLGLWVRME, which we refer to as pS3 (Fig. 4a, panel 3).
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T cell hybridomas bearing TCR from either the BCD-2.5, BDC-10.1 or BDC-5.10.3 T cell
clones were tested for their ability to recognize the covalent pS3–I-Ag7 complex using
CD80+ICAM-expressing insect cells as artificial APCs18,19 (Fig. 4b). The three hybridomas
were maximally activated by the pS3 mimotope, bolstering the idea that all three T cells
were reactive to the same self-antigen and that the pS3 sequence might resemble that of the
natural antigen.

Two prior studies had used the technique of positional scanning peptide libraries to identify
antigen mimotopes for one or more of these three BDC T cell clones11,12 (Fig. 4c). A
striking feature of these mimotopes and pS3 was a common WX(R/K)M(D/E) motif in
amino acids p5-p9 of the peptides. Previous searches of databases with these other
mimotope sequences had failed to turn up the natural source of the antigen11,12. However,
an examination of the ChgA sequence identified this motif in the C-terminal portion of
protein and suggested that the probable core peptide epitope (p–1 to p9) in ChgA was
aa353–362 (WEDKRWSRMD). We incorporated a DNA sequence encoding this peptide
into the baculovirus I-Ag7 construct and the resulting virus was used to infect CD80+ICAM-
expressing insect cells. Cells infected with pHEL–I-Ag7 and pS3–I-Ag7 served as negative
and positive controls, respectively. These cells were tested for activation of the BDC-2.5 and
BDC-10.1 T cell clones by measuring production of IFN-γ (Fig. 4d). As expected, the
pHEL–I-Ag7 expressing cells did not activate either clone and the pS3–I-Ag7 cells strongly
activated both clones. Unexpectedly, the pChgA–I-Ag7 cells failed to stimulate either T cell
clone.

Since this was the only sequence in ChgA with any homology to the antigen mimotopes, we
examined the mimotope sequences more closely (Fig. 4c). Although the N-terminal
sequences of the mimotopes (p–1 or p1 to p4) vary considerably, they all have a small non-
charged amino acid at p3 (Gly, Ala, or Pro). On the other hand, the ChgA peptide had a
large, positively charged amino acid (Lys) at this position. We postulated that this Lys could
be sterically blocking epitope recognition by T cells. This idea was strengthened by a
mutational study of this position in the pS3 mimotope in which we tested variants of pS3
with the Gly at p3 mutated to many other amino acids (Fig. 4e). Single substitutions with
amino acids with small side chains (Ala, Ser, or Thr) preserved the ability of the mimotope
to stimulate all three BDC T cell hybridomas. However, changing this amino acid to Lys,
the p3 amino acid of the ChgA peptide, or to several other amino acids with large side
chains, eliminated the activation of all three BDC T cell clones.

Identification of a natural antigenic epitope from ChgA
Our results suggested that the N-terminal part of the ChgA peptide interferes with T cell
recognition, leading us to consider a naturally processed ChgA-derived peptide, WE14
(WSRMDQLAKELTAE)13. This peptide lacks the first 5 amino acids (p–1 to p4) of the
previously tested ChgA peptide (Fig. 4d), but retains the common mimotope motif, with
additional amino acids present at the C-terminus (Fig. 5a). This peptide was predicted to
bind poorly to I-Ag7 because placement of the WSRMD pentapeptide in the p5 to p9
position would only partially fill the peptide binding groove, eliminating many of the
usually conserved interactions between MHC class II molecules and peptide involving p–1
to p4.

We tested a soluble synthetic version of WE14 for its ability to activate the three BDC T cell
clones, comparing it to the pS3 mimotope and the control beta cell tumor antigen
preparation (Fig. 5b). The pS3 mimotope potently stimulated all three BDC clones
maximally at all concentrations tested. All three clones also responded to the beta cell
antigen preparation. WE14 peptide also stimulated all three BDC clones, confirming that
elimination of the ChgA amino acids predicted to occupy p1 to p4 in the I-Ag7 binding
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groove was necessary for T cell recognition. As a negative control, we tested the insulin-
reactive T cell clone, PD-12.4.4 and its insulin-derived peptide epitope, B:9-23 (ref. 17). As
expected, PD-12.4.4 responded to the insulin peptide and beta cell antigen preparation, but
not to pS3 or either ChgA peptide. The synthetic WE14 peptide was also considerably less
potent than the beta cell antigen preparation, suggesting that the natural version of this
peptide may be subject in vivo to some alternate form of processing or to post-translational
modification.

To confirm the unique binding register of the WE14 peptide, we performed experiments
with a series of peptides that were N-terminal extensions and/or C-terminal deletions of
WE14 (Fig. 6). Peptides were evaluated for their ability to stimulate the BDC-2.5 T cell
clone (Fig. 6a) or to bind to I-Ag7 as judged by the inhibition of the binding of a biotinylated
control peptide, pHEL (Fig. 6b). The pS3 mimotope was used as the positive control peptide
and an irrelevant peptide from moth cytochrome c, pMCC, was used as a negative control.
The data from these experiments (Fig. 6a, 6b) were used to calculate the stimulatory or
binding capacity of the test peptides relative to WE14 (Fig. 6c).

Sequential truncation of WE14 (WL11, WA8, WD5) from the C-terminus resulted in
decreasing stimulatory activity (Fig. 6a,c). The shortest peptide (WD5), that contained only
the WX(R/K)M(E/D) motif, lacked any stimulatory activity. The detrimental effect of these
truncations was even more pronounced in the I-Ag7 binding assay (Fig. 6b,c). WE14 bound
to I-Ag7, although not nearly as well as the pS3 mimotope. However, the truncation of as
few as 3 C-terminal amino acids from WE14 (WL11) reduced binding to a level
indistinguishable from the negative control peptide. These data indicate that the C-terminal 9
amino acids of WE14 were required for optimal binding and stimulation by the peptide.

Extension of the WE14 or WD5 peptide at the N-terminus was also informative. Extending
WE14 by 4 amino acids (EE18) had no effect on I-Ag7 binding (Fig. 6b,c), but eliminated
the BDC-2.5 response (Fig. 6a,c), consistent with the idea that additional N-terminal amino
acids are incompatible with T cell recognition. Likewise, extending the WD5 peptide by the
same 4 amino acids (ED9) also produced a peptide that failed to stimulate BDC-2.5 (Fig.
6a,c). Similar results were seen with extensions of WD5 by 1 (RD6), 2 (KD7) or 3 (DD8)
amino acids (data not shown). Surprisingly however, the ED9 peptide, despite its length, did
not bind to I-Ag7 (Fig. 6b,c). This result, and because EE18 binds to I-Ag7 no better than
WE14 itself, suggests that these 4 amino acids were unable to fill the p1-p4 portion of I-Ag7

binding groove properly, most likely because of a problem with the p4 Arg present at that
anchor position. The simplest interpretation of our results is that WE14 employs an unusual
means of binding to I-Ag7 via interaction of its C-terminal 9 amino acids with a site outside
of the normal I-Ag7 binding groove.

DISCUSSION
The BDC CD4+ T cell clones are highly active in the acceleration or induction of diabetes in
vivo. However, their usefulness has been somewhat limited because their antigenic target
was not known. We show here that the source of the antigen for a major cohort of these
clones is ChgA, a protein found in the secretory granules of pancreatic beta cells and other
neuroendocrine tissues22,23. We also show that WE14, a natural 14 amino acid cleavage
product of ChgA13, when presented by I-Ag7 APCs, activated the ChgA-specific T cell
clones in vitro.

In previous studies11,12 and in our work reported here, various types of peptide libraries
were screened to identify peptide mimotopes for one or more of the BDC T cell clones.
These libraries were all constructed to contain peptides that would bind well to I-Ag7 by
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placing suitable anchor residues at the usual p1, p4, p6 and p9 positions of the peptide.
Amino acids at other peptide positions were randomized. All of these studies identified
mimotopes with similar sequences from p5 to p9 - WX(R/K)M(E/D), but the sequences
varied greatly from p1 to p4.

The identification of WE14 as the active peptide in ChgA was therefore surprising, since
placement of its common motif (WSRMD) in the same positions in the I-Ag7-binding
groove as predicted by the mimotopes would leave unoccupied any position prior to p5. In
such a case, the peptide would be predicted to bind very poorly, if at all, to I-Ag7, not only
because of the lack of the major p1 and p4 anchor amino acids, but also because a number of
normally highly conserved H-bonds to the peptide backbone would be missing.
Nevertheless, our data show that the WE14 peptide bound I-Ag7and potently stimulated all
three of the BDC clones. The key to its activity lies in the C-terminal 9 amino acids of the
peptide, which were found to be critical for binding to I-Ag7. Truncation of even 3 C-
terminal amino acids severely reduced I-Ag7 binding and diminished the T cell response.
These data strongly suggest that the C-terminus of WE14 interacts with I-Ag7 at a site
outside of the normal peptide binding groove, compensating for the lack of the p1-p4 portion
of the peptide. While there are other examples of peptide amino acids flanking the binding
groove contributing to MHC class II binding and T cell recognition24-26, the requirement for
such a long stretch of flanking amino acids is unprecedented. Furthermore, adding amino
acids from the ChgA sequence to the N- terminus of the WE14 peptide inhibited, rather than
enhanced, peptide presentation and was not able to restore I-Ag7 binding or T cell activation
to the WD5 peptide, which contained the core WE14 WSRMD recognition motif.

We interpret these results to suggest that generation of a functional antigen from ChgA
requires removal or alteration of these amino acids to avoid interference with TCR binding
to the peptide–I-Ag7 complex. This idea can explain why so many different sequences
unrelated to ChgA have been found for the N-terminal part of the antigen mimotopes and
why some sequences are recognized by some of the T cell clones, but not others. Depending
on the particular TCR, various peptide sequences, but not that of ChgA itself, can fulfill the
function of avoiding conflict with the TCR in this region. In addition, since these peptides
were all constructed or selected for optimal p1 and p4 amino acids to promote strong I-Ag7

binding, they do not require a C-terminal extension like that of WE14, thus providing an
explanation for why the various library strategies did not produce mimotopes that suggested
WE14 as the source of the antigen.

T cell peptide epitopes that do not fill the MHC class II groove are not unprecedented in
autoimmunity. In the mouse model of EAE, the N-terminal peptide of myelin basic protein
is a major T cell epitope, but structural studies have concluded that the natural form of this
peptide that is recognized by T cells does not fill the beginning of the I-Au binding
groove27,28. In these studies, an active variant of the peptide that filled the rest of the groove
with small amino acids was used. In the structure of a TCR bound to this complex, relatively
little contact was made to these extra amino acids.

The pS3 peptide mimotope is at least 1000 fold more potent than the synthetic WE14
peptide in activating the BDC clones. WE14 also is considerably less potent than the antigen
preparation from the beta cell adenoma tumor, despite the fact that ChgA is only one protein
species among many. This result may indicate that the naturally processed antigen may
differ from the synthetic WE14 peptide in some way, for example due to some form of post-
translational modification that improves either peptide binding to I-Ag7 or TCR binding to
the complex. Our mass spectrometric data leave these possibilities open. For example,
whereas previous studies have shown the presence of WE14 in the pancreas29, we did not
identify this peptide directly in the purified antigenic fractions from beta tumor cells. Rather
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we found evidence for the presence of the C-terminal portion of ChgA that would contain
this peptide, suggesting further processing or modification in antigen-presenting cells may
be required to generate the active epitope.

The idea of post-translational modification of antigens has received considerable attention in
T cell mediated inflammatory disease studies. For example, in rheumatoid arthritis,
citrullination of arginines by peptidylarginine deiminases has been discussed as a possible
mechanism for improving binding of self-peptides to DR4 by creating an improved p4
anchor residue30. Also, in celiac disease, tissue transglutaminase conversion of glutamine to
glutamic acid in particular gluten peptides is important in creating new T cell epitopes, again
by improving peptide binding to the relevant HLA-DQ alleles through changing anchor
residues31,32. Both of these enzymes are induced locally by inflammation33,34, suggesting a
mechanism by which enhanced antigen presentation can be induced locally in target tissues,
but not in the thymus, allowing potentially pathogenic T cells to escape thymic deletion. The
WE14 peptide has potential amino acids for both of these post-translational modifications,
as well as others, such as lysine hydroxylation.

ChgA is widely expressed in neuroendocrine tissue and the WE14 cleavage product has
been described not only in pancreatic islet beta cells, but also in other gastro-entero-
pancreatic tissues such as the adrenal gland22. It is unclear why autoimmune attack of these
other tissues is not seen in NOD mice. One possibility is that the potency of ChgA as an
antigen in the pancreas might be dependent on a pancreas-specific post-translational
modification of the relevant peptide, as described above. Alternatively, the selective
destruction of beta cells in pancreatic islets has been attributed to their high sensitivity to
inflammatory damage compared to other islet cells35. Perhaps other neuroendocrine cells are
also more resistant to or protected from this type of immune damage.

The question arises as to why T cells specific for ChgA exist, given that the widespread
expression of this protein might be expected to result in efficient deletion of ChgA-specific
T cells during thymic development. In addition to tissue- or inflammation-specific
processing or post-translational modifications, another possibility may be poor thymic
expression. In a study of regulation of mRNA expression by the autoimmune regulator
AIRE in thymus medullary epithelium, Chga mRNA was not detected with or without
AIRE36, so there may not be sufficient ChgA in the thymus to mediate deletion.

While caution is always advisable in extending findings in mouse models of autoimmunity
to human disease, the available data suggest that the target autoantigens are sometimes the
same. For example, considerable overlap between mouse and human autoantigens is thought
to be involved in several autoimmune diseases, including multiple sclerosis (myelin basic
protein), rheumatoid arthritis (collagen) and lupus erythematosis (DNA and chromatin), as
well as T1D (insulin). ChgA is highly expressed in human pancreatic cells and the human
form of WE14 peptide has a sequence that is nearly identical to that of mouse37.
Furthermore, the similarity in binding and presentation of peptides between I-Ag7 and the
human DQ alleles associated with T1D38 suggests that WE14 may be presented by MHC
class II molecules in T1D susceptible humans. This idea is worth pursuing.

METHODS
Mice

NOD and NOD RIPTag mice were bred and maintained in the Biological Resource Center
at National Jewish Health, Denver CO. Chga−/− mice (Chga+/– background strain 129/SvJ
backcrossed to C57BL/6J) were generated in the animal facilities at the University of
California, San Diego15. All experimental procedures were in accordance with Institutional
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Animal Care and Use Committee guidelines and approved by the NJH Animal Care and Use
Committee.

Antigen purification and mass spectrometric analysis
Enrichment of membrane proteins from beta cells isolated from NOD RIPTAg adenomas
has been previously described4. Membrane protein preparations were solublized for 1 h at 4
°C in detergent-containing buffer (20 mM Tris pH 8.0, 1% Octyl-β-Glucoside) followed by
centrifugation at 18,400 × g, (10 min, 4°C) to remove insoluble debris. Protein content was
determined using a Micro BCA kit (Pierce). Size Exclusion (SE) chromatography was
carried out on a Superdex™ 200 16/60 column (Amersham Biosciences) at 21°C (flow rate
1 ml/min, fraction size 1.25 ml, injection volume 2.0 ml) using SE buffer (20 mM Tris pH
8.0, 150 mM NaCl, 0.4 mM Tween 20). Peak antigenic fractions were dialyzed overnight
(16 h, 20 mM Tris pH 6.5, 4°C) using Tube-O-DIALYZER™ (1K, GBiosciences) and then
separated on a HiTrap™ Q HP column (GE Healthcare) at 21°C (flow rate 1 ml/min,
fraction size 1.0 ml, injection volume 2.0 ml) applying a 20 min linear NaCl gradient after
10 min (Buffer A: 20 mM Tris pH 6.5, Buffer B: 20 mM Tris pH 6.5, 1 M NaCl). Fractions
were concentrated and desalted on CBED spin columns (Norgen Biotek Corporation) using
the protocol for acidic proteins described by the manufacturer. Tricine Tris gel
electrophoresis was carried out on a 16.5% precast criterion gel (Bio-RAD) applying an
initial 65 mA current for 10 min followed by a 35 mA current for 6 h. The gel was stained
using SilverSNAP® stain (Thermo Scientific).

A standard protein identification strategy was performed using mass spectrometry39. Briefly,
proteins were digested with trypsin and extracted peptides were chromatographically
resolved on-line using a C18 column and 1200 series high performance liquid
chromatography (HPLC, Agilent Technologies) and analyzed using a 6340 LCMS ion trap
mass spectrometer in the National Jewish Health Facility. Raw data was extracted and
searched against the SwissProt or NCBI databases using the Spectrum Mill search engine
(Rev A.03.03.038 SR1, Agilent Technologies). Data was evaluated and protein
identifications were considered significant if the following confidence thresholds were met:
minimum of 2 peptides per protein, protein score > 20, individual peptide scores of at least
10, and Scored Percent Intensity (SPI) of at least 70%. A reverse (random) database search
was simultaneously performed and manual inspection of spectra was used to validate the
match of the spectrum to the predicted peptide fragmentation pattern.

Assays for antigen
Antigenicity of islet cells, cellular and biochemical fractions, peptides, or insect cells
expressing I-Ag7-peptide constructs, was assessed through responses of T cell clones or
hybridomas made by fusing T cell clones to the TCR- version40 of T cell lymphoma,
BW5147. T cell clone cultures typically contained 2 × 104 responder T cells, 2.5 × 104 NOD
peritoneal exudate cells (PEC) as APCs, and antigen (SEC/IEX fractions, peptides, islet
cells); all assays were performed with β-Mem as a positive control. IFN-γ was determined
by specific ELISA (BD Biosciences). For cultures with T cell hybridomas, antigen–MHC
activation was assessed by IL-2 production measured by a bioassay using the HT-2 T cell
line41. Synthetic peptides were either produced in the Molecular Resource Center at
National Jewish Health or obtained from CHI Scientific.

Expression of I-Ag7 and the BDC-2.5 TCR in baculovirus
Membrane-anchored and soluble I-Ag7 stabilized with an acid-base leucine zipper were
expressed with a covalently attached peptide in baculovirus infected insect cells as
previously described19,42-44. The soluble I-Ag7 was purified from culture supernatants by
immunoaffinity and size exclusion chromatography. A soluble version of the BDC-2.5 was

Stadinski et al. Page 8

Nat Immunol. Author manuscript; available in PMC 2011 September 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



also produced with baculovirus as previously described19,42-44 and was isolated from culture
supernatants by immunoaffinity (using anti-Cβ) and size exclusion chromatography.

Production and screening of a baculovirus encoded I-Ag7-peptide library
Details for creating baculovirus encoded peptide-MHC class II libraries and screening these
libraries have been previously described18,19. In the case of I-Ag7 the peptide library was
randomized at positions at p1, p2, p3, p5, p7 and p9 using the codons NN[G/C]. Variations
allowed at the four anchor positions were: p1:Arg/Ile (A[G/T]A), p4 and p6:Leu/Val ([T/
G]TG), p9:Gly/Glu (G[G/A]A). The PCR DNA fragment encoding the library was cloned
directly into baculovirus DNA already encoding the I-Ag7 genes, attached via a linker to the
N-terminus of the β chain. The ligated DNA was transfected into insect cells to produce a
high titer baculovirus stock (~107 independent clones). Insect cells infected with the library
at a multiplicity of infection of <1 were analyzed by flow cytometry for cells that expressed
I-Ag7 (OX-6 Mab, BD-Pharmingen) and also bound a multivalent TCR reagent consisting of
the soluble BDC-2.5 TCR captured by a biotinylated monoclonal anti-Cα, ADO-304, bound
to Alexafluor-647 labeled streptavidin (Molecular Probes). Cells binding both reagents were
sorted and incubated with more SF9 insect cells to expand the enriched virus. The infection,
analysis and sorting enrichment were performed twice more. The virus was then cloned and
insect cells infected with individual virus clones were tested as before for I-Ag7 expression
and BDC-2.5 TCR binding. The peptide sequence encoded in the positive clones was
determined.

Assay of peptide binding to I-Ag7

Soluble I-Ag7 with covalently attached pHEL was treated with thrombin to cleave the linker
attaching the peptide to the I-Ag7 β chain 42. Samples (0.5 μg) were incubated with a soluble
biotinylated version of pHEL, Biotin-GGGMKRHGLDNYRGYSL, (11 μM), either alone or
in the presence of various concentrations of potential competitors peptides in 15 μl of pH 5.6
buffer overnight at 21°C. The sample was diluted to 100 μl of PBS in a well of a 96-well
ELISA plate coated with an I-Ag7 monoclonal antibody, OX6 (BD Pharmaceuticals). The
captured I-Ag7 was washed several times with PBS and the bound bio-pHEL detected with
akaline phosphatase coupled Extravadin (Sigma) and o-nitrophenol phosphate.
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Figure 1.
Purification of the antigen for the T cell clone BDC-2.5. (a) Size exclusion chromatography
(SEC) of 13.8 mg β-cell membrane lysate and (b), anion exchange (IEX) chromatography of
pooled antigenic SE fractions 60-62. The protein content for each chromatographic
fractionation was monitored by its absorption at 280 nm (blue lines). The fractions obtained
were tested for the presence of antigen with the T cell clone BDC-2.5 (red lines). One
antigen unit (A.U.) induces the production of 10 ng/ml IFN-γ under standard antigen assay
conditions. (c) Tricine-Tris gel electrophoresis of 4 A.U. β-cell membrane lysate (β-Mem)
and 4 A.U. pooled antigenic SEC fractions 60-62. Remaining lanes contain 4 A.U. of the
peak antigenic IEX fraction 21 and identical sample sizes (<4 A.U.) of the adjacent IEX
fractions 19, 20, 22 and 23. Data from chromatograms and gel electrophoresis are
representative of at least 3 independent experiments. The purification table (Table 1)
correlates to the data obtained from the chromatograms and SDS-PAGE in this figure.
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Figure 2.
Mass spectrometric analysis of IEX fractions. Proteins in highly purified antigenic IEX
fraction 21 and adjacent fractions (Fig. 1b) that displayed lower antigenic activity (fractions
19, 20, 22 and 23) were digested with trypsin and after separation by HPLC, were analyzed
using an ion trap mass spectrometer. Resulting spectra were searched against a protein
sequence database. (a) Proteins identified in each fraction following database searching. The
summarized numeric spectral intensity of the individual peptides identified is an indicator
for the relative abundance of a specific protein in a fraction. Darker colors indicate higher
intensity. MS/MS Search scores (far left column) greater than 20 are considered significant.
(b,c) Ion trap mass spectra matching to two ChgA peptides: AEDQELESLSAIEAELEK (b)
and SDFEEKKEEEGSAN (c) are shown (data are representative of 5 independent runs).
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Peptide amino acid sequence is shown at the top; vertical lines in the sequence correspond to
b-ion series (progressing from the N-terminus to the C-terminus) and the complementary y-
ion series (progressing from the C-terminus to the N-terminus). (d) Complete ChgA amino
acid sequence is shown and the four peptides that were detected and matched to ChgA are
underlined.
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Figure 3.
Absence of the T cell antigen in islets from Chga−/− mice. Examples of the IFN-γ response
(ng/ml) of the BDC-2.5, BDC-10.1, BDC-5.10.3 and (insulin-reactive) PD-12.4.4 T cell
clones to (a) various concentrations of beta cell tumor membrane proteins or (b) various
numbers of islet cells obtained from Chga−/− mice (red) or control Chga+/+ mice (blue). (c)
Summary of all experiments performed as in (b). The average concentration of antigen in
the islet cells from Chga−/− (red bars) or Chga+/+ (blue bars) mice is expressed as antigen
units per 103 islet cells, with one unit of antigen defined as the amount required to induce
the production of 10 ng/ml of IFN-γ. The data for BDC-2.5 and PD-12.4.4 are from 4
experiments (1-4 replicates per experiment), for BDC-10.1 from two experiments (1-2
replicates per experiment), and for BDC-5.10.3 from one experiment with a single sample.
Error bars (SEM) are shown for the BDC-2.5 and PD-12.4.4 data.
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Figure 4.
Mimotope peptide antigens for the BDC T cells suggest the region of ChgA encoding the
epitope for the BDC T cells. (a) A fluorescent, oligomerized, soluble BDC-2.5 TCR was
used to enrich from a baculovirus library a virus encoding an I-Ag7-mimotope (pS3) that
forms a strong ligand for the BDC-2.5 TCR (see Methods for details). The data are from a
single flow cytometry experiment performed after the sorting and cloning of the library were
completed. SF9 cells were infected with either the unsorted library (left panel), 3 times
sorted library (middle panel) or pS3 clonal virus (right panel) and analyzed for I-Ag7

expression vs. binding of the TCR reagent. (b) BDC T cell hybridomas were stimulated in
culture either with immobilized H597 anti-TCR Cβ Mab or with CD80+ICAM-expressing
SF9 cells infected with virus encoding I-Ag7 with a HEL peptide or I-Ag7 with pS3. IL-2
production was assayed after 24 h. Results are representative of three experiments, each
assayed in duplicate. (c) The sequence and activity of the pS3 mimotope were compared to
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those previously identified using other library techniques11,12. The reported potency of the
mimotopes in stimulating the 3 BDC T cell clones is represented qualitatively: ++, very
strong stimulation; +, modest stimulation; −, little or no stimulation, and is based upon the
results shown in panel b for pS3 and as previously reported11,12 for the other mimotopes.
Motif positions p5, p7, p8 are highlighted in red. (d) Baculovirus encoding membrane-
anchored I-Ag7 covalently bound to each of three peptides (pHEL, pS3, and the ChgA-
derived peptide, WEDKRWSRMD) were prepared. CD80+ICAM-expressing SF9 cells
were infected with the viruses and tested for stimulation of IFN-γ production by the
BDC-2.5 and BDC-10.1 T cell clones. Results are from a single experiment performed in
duplicate. (e) Mutation of pS3 p3 glycine to other amino acids. The effect of the mutations
on early activation of the three BDC hybridomas was assessed by CD69 surface expression
by flow cytometry. The results are shown as the percent of cells expressing CD69 relative to
those activated with the unmutated pS3 peptide. The sequences of the pS3 and ChgA peptide
are shown, highlighting the amino acids at the p3 position in red. The results are from a
single experiment.
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Figure 5.
The ChgA derived peptide, WE14, activates all three BDC T cells. (a) A portion of the
chromogranin A (ChgA) amino acid sequence with the WE14 peptide indicated. Putative
positions in the I-Ag7 peptide-binding groove (positions 1–9) are shown and the motif
common to the antigen peptide mimotopes is highlighted in red. (b) IFN-γ response (ng/ml)
of the BDC-2.5, BDC-10.1, BDC-5.10.3 and PD-12.4.4 T cell clones stimulated by various
peptide concentrations of pS3 (green), WE14 (red), INS2 B9-23 (SHLVEALYLVCGERG)
(purple) and beta cell tumor membrane preparation (β-Mem) (blue). Peptide antigen was
titrated in each assay and the data is representative of at least two separate experiments with
single measurements at each peptide concentration.
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Figure 6.
Precise processing of the WE14 peptide required for optimal presentation by I-Ag7. (a) IFN-
γ response of the BCD-2.5 T cell clone to varying concentrations (5–500 μM) of ChgA-
derived peptides. Data are representative of two separate experiments containing single
measurements at each peptide concentration. (b) ChgA derivative peptides were tested for
their ability to compete with a biotinylated HEL peptide (bio-pHel) for binding to soluble I-
Ag7. The pS3 mimotope was used as a positive control peptide and an I-Ek binding peptide
from moth cytochrome c (pMCC) was used as negative control peptide. The data (the
average of two experiments with very similar results) are presented as the amount of
biotinylated HEL peptide bound to I-Ag7 (expressed as the percent of that bound in the
absence of an inhibitor peptide) vs. the concentration of inhibitor peptide. (c) A multiple
regression program (MKASSAY, available on request) was used to analyze the stimulation
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and inhibition curves in (a) and (b), treating them as a series of parallel polynomial curves.
The results are presented as the stimulatory or inhibitory activity of the peptides relative to
WE14.
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