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Pancreatic duodenal homeobox 1 (Pdx1) protein is a key transcription factor involved in the regulation of insulin gene
expression that is expressed at high levels in the b-cells of the pancreatic islets. We asked whether Pdx1 is a target of anti-
islet autoimmunity in type I diabetes (T1D). Pdx1 autoantibodies (PAAs) were detected in non-obese diabetic (NOD) mice
using ELISA, western blotting, and radioimmunoprecipitation of [35S]-labeled insulinoma cell line-derived Pdx1 protein.
PAAs were detected as early as at 5 weeks of age, and generally peaked before the onset of clinically overt diabetes in
diabetes-prone female NOD mice. Levels declined substantially after the onset of diabetes. PAAs were not detected in
the sera of NOD–scid, C57BL/6, or BALB/c mice. The titers of PAAs in NOD mouse sera were as high as 1/93 750 by ELISA.
The fine specificity of PAAs was determined by western blotting using a series of truncated recombinant Pdx1 proteins.
The immunodominant epitopes were located to the C-terminus of the Pdx1 (p200–283) in NOD mice. PAAs also were
detected in sera from human T1D patients, but the major epitopes were localized to amino acids 159–200 as well as the
same region (p200–283) recognized by PAAs from NOD mice. Using [3H]thymidine incorporation, the p83 fragment of
Pdx1 specifically stimulated proliferation of splenic T cells from recent-onset diabetic NOD mice. The presence of PAAs in
prediabetic NOD mice and human T1D patients, and Pdx1-specific T-cell proliferation in NOD mice provide a strong
rationale for further investigation of the pathogenic role of immune responses against Pdx1 in T1D.
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Type 1 diabetes (T1D) is an autoimmune disease character-
ized by the development of autoantibodies and destructive
T-cell infiltration of insulin-producing islet b-cells.1 Several
candidate autoantigens have been identified and autoanti-
body production may precede disease in family members of
T1D patients and other individuals at risk for developing
T1D.2–5 The non-obese diabetic (NOD) mouse is an im-
portant animal model of autoimmune diabetes.6,7 Disease
occurs spontaneously and shares many phenotypic and
genetic similarities with T1D in humans.6,7 Lymphocyte in-
filtration of the islets of Langerhans begins at 4 weeks of age,
progressing from peri-insulitis to severe insulitis by 10 weeks
of age.6,7 The onset of diabetes typically ensues at 12–14
weeks in female NOD mice. To date, there is no effective
immunotherapy to treat or prevent human T1D.5,8–10

We have previously shown that treatment of streptozotocin
(Stz)-induced murine diabetes with recombinant pancreatic

duodenal homeobox 1 (Pdx1) protein (rPdx1) reverses
diabetes by stimulating b-cell regeneration and liver cell
reprogramming into insulin-producing cells.11 It has been
reported that in NOD mice treated with Pdx1 delivered by an
adenovirus vector, the autoimmune attack on the pancreatic
islets can be downregulated.12 Recently, we found that
treatment of prediabetic female NOD mice with rPdx1 or
with a non-functional mutant Pdx1 protein prevented the
onset of diabetes (unpublished observation). In view of the
modulation of diabetes by this mutant protein, in this study
we tested the hypothesis that Pdx1 might be an autoantigen
relevant to pathogenesis of T1D in NOD mice. Our data
indicate that Pdx1 is a novel b-cell-specific autoantigen that
stimulates an antigen-specific T-cell response and is re-
cognized by autoantibodies present in serum samples from
both prediabetic and diabetic NOD mice and a subset of T1D
patients. High levels of Pdx1 autoantibodies (PAAs) were
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detected in young NOD mice and the peak of PAA often
occurred before the onset of diabetes.

MATERIALS AND METHODS
Serum Samples and Animals
Serum samples were collected from female NOD mice and
congenic nondiabetic NOD–scid, BALB/c, and C57BL/6 mice
(Jackson Laboratory, Bar Harbor, ME, USA). Mice were
housed in an SPF facility at the University of Florida. Serum
samples from female NOD mice were tested for PAAs at ages
ranging from 5 to 25 weeks. Blood glucose was determined
weekly starting at 10 weeks of age. Collection of serum
samples from human subjects was approved by the Institu-
tional Review Boards, and all animal experiments were ap-
proved by the Institutional Animal Care and Use Committee
of the University of Florida.

Preparation of Recombinant Pdx1, Mutant Pdx1, and
Truncated Proteins
Complementary DNA fragments of rat or human Pdx1 were
inserted into the expression vector pET28 (Invitrogen,
Carlsbad, CA, USA) and 6X histidine-tagged recombinant
Pdx1, mutant Pdx1 lacking the protein transduction domain
(Pdx1DPTD), and truncated Pdx1 proteins were produced,
purified, and characterized as previously described.11 In brief,
C-terminal Pdx1 truncations were generated by site-directed
mutagenesis using a QuikChange Kit (Stratagene) by in-
troducing a stop codon (TAG) mutation into rat Pdx1 cDNA
at the amino-acid position 120, 160, or 200. The mutant
cDNAs were verified by DNA sequence analysis. Three
truncated Pdx1 fragments (1–119, 1–159, and 1–199) were
expressed in the pET28 expression vector in Escherichia coli
BL21(DE3) cells and purified by Ni-NTA affinity chroma-
tography as described.11

Expression and Purification of GST-P83 and GST-P40
Rat Pdx1, amino acids 200–283 (p83), and Pdx1, amino acids
160–199 (p40), were expressed in E. coli as fusion proteins to
glutathione-S-transferase (GST). A fragment of the cDNA
encoding the amino acids 200–283 or 160–199 of Pdx1 was
amplified by PCR and ligated into the BamHI/XhoI sites of
pGEX-5x-1 expression vector (Promega) for generating
fusion proteins GST-p83 and GST-p40, respectively. A 6X
histidine tag was attached to the N-terminus of GST-p40 to
facilitate purification of this insoluble protein. The plasmids
were transformed into E. coli BL21 (DE3) cells and the fusion
proteins were produced as described.11 GST and GST-p83
fusion proteins were purified using a glutathione-Sepharose
affinity purification kit (Pierce, Rockford, IL, USA). Bound
protein was eluted with 10mM reduced glutathione in
50mM Tris–HCl (pH 8.0) and dialyzed against PBS. GST-
p40 was purified by Ni-NTA affinity chromatography under
denaturing conditions as described.11 Protein concentration
was determined and the purified proteins were snap-frozen
and stored in aliquots at �801C as described.11

SDS–PAGE and Western Blot
Pdx1 and its truncated forms were separated by 12% SDS–
polyacrylamide gel electrophoresis (PAGE) and transferred
onto nitrocellulose membranes (Bio-Rad). Blots were probed
with mouse or human sera sample or with rabbit anti-Pdx1
antibodies (1:1000) as described,11,13 with slight modifica-
tions. The membrane was blocked with 5% nonfat dry milk
(Bio-Rad) in Tris-buffered saline (TBS, pH 7.5; Bio-Rad),
and then incubated with sera from mice (1:1500 dilution) or
human T1D patients (1:200 dilution) overnight at 41C. After
washing five times with TBS containing 0.1% Tween-20, the
membrane was incubated with horseradish peroxidase
(HRP)-conjugated goat anti-mouse-IgG (1:4000, Abcam,
Cambridge, MA, USA) or anti-human IgG (1:2000, South
Biotech) for 30min at 221C. Binding was detected by che-
miluminescence (Amersham, Piscataway, NJ, USA).

ELISA for Autoantibodies against Pdx1
Autoantibodies against Pdx1 were quantified by ELISA. In
brief, a microtiter plate (Nunc MaxiSorp, Fisher) was coated
with 100 ml of rPdx1 (10 mg/ml) overnight at 41C. After
washing the plate three times with PBS, the plate was in-
cubated with 200 ml of 5% dry milk in PBS (blocking buffer)
for 1 h. Next, mouse sera were added in duplicate at a 1:30
dilution or after serial dilutions in the blocking buffer for 1 h.
The bound antibodies were incubated with HRP-conjugated
goat anti-mouse IgG antibodies (1:4000 in blocking buffer,
Abcam) or HRP-goat-anti-mouse IgG isotype-specific anti-
body kit (IgG1-, IgG2a-, IgG2b-, and IgG3-specific; Santa
Cruz Biotechnology, Santa Cruz, CA, USA) for 1 h at 221C.
After washing five times, the plate was incubated with 100 ml
of substrate solution (BD OptEIA, BD Biosciences Phar-
mingen, San Diego, CA, USA) and developed at 221C for
10min. The reaction was terminated by adding 50 ml of 4M
H2SO4, and absorbance was determined at 450 nm. A positive
result was defined as an OD450 nm X0.1 (the mean of BALB/c
sera or istotype controls þ 3 s.d.). Intra- and interassay
variation (CV%) was determined with the same lot of ELISA
plates and the same serum-positive and serum-negative
samples.

[35S]-Labeling and Immunoprecipitation
Rat insulinoma INS-1 cells (clone 832/13, a gift of Christo-
pher B Newgard, Duke University) were metabolically labeled
overnight with [35S]methionine plus [35S]cysteine (GE
Healthcare, Piscataway, NJ, USA) as described.14 [35S]-labeled
INS-1 cell lysate containing rat Pdx1 protein (200 ml volume,
106 cell equivalents) were incubated with preformed com-
plexes of immunoglobulin/protein A/G-Sepharose for 2 h at
41C. Protein A/G-Sepharose was incubated with 10 ml of
mouse sera or Pdx1-treated mouse serum (prepared in our
lab) overnight. After centrifuging, 20 ml of 50% protein A/G-
Sepharose beads (Pharmacia) were added followed by
incubation at 221C for 60min. Immune complexes were
collected by centrifugation and washed three times. Proteins
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were freed by boiling in a sample buffer and analyzed on
12.5% SDS–polyacrylamide gels. The gels were stained
and then fluorographed, followed by the exposure to
X-ray film for 1 week as previously described.15 Similar
immunoprecipitation (IP) was performed using unlabeled
INS-1 cell lysates, and the Pdx1 protein from the cell lysates
immunoprecipitated by the tested mouse sera was probed by
western blotting using rabbit anti-Pdx1 polyclonal antibodies
(1:2000 dilution).11

T-Cell Proliferation Assay
New-onset diabetic female NOD mice were killed and sple-
nocytes were harvested. The splenocytes (106 cells/well in
triplicate) were incubated for 72 h at 371C in a humidified
atmosphere with 5% CO2 in the absence or presence of
various stimuli (see Results). Anti-CD3 antibody treatment
was used as a positive control. T-cell proliferation was
quantified by the incorporation of [3H]thymidine (Amer-
sham, 1 mCi/well) for the last 24 h of incubation. The
stimulation index (SI) was calculated as the ratio of the mean
c.p.m. of antigen- or mitogen-treated cells divided by the
mean c.p.m. of control cells cultured with medium alone.12

Statistical Analysis
Statistical analysis was carried out using the two-sample
Student’s t-test assuming unequal variances. A P-valueo0.05
was considered significant.

RESULTS
Discovery of Anti-PAAs in NOD Mouse Sera
As part of a follow-up study for our recently published work
showing that Pdx1 treatment reverses Stz-induced diabetes in
BALB/c mice,16 we investigated the effect of Pdx1 treatment
in NOD mice. To examine whether daily Pdx1 treatment of
NOD mice could stimulate the production of anti-Pdx1
antibodies, we first established and validated an ELISA for
detecting anti-Pdx1 antibodies using highly purified rat or
human rPdx1 as antigen and rabbit polyclonal antibodies to
Pdx111 as a positive control. We then tested serum samples
collected from pretreated, post-rPdx1-treated, and saline-
treated (control) female NOD mice for the presence of anti-
Pdx1 antibodies (Figure 1a). As expected, serum samples
collected from 23-week-old mice treated with Pdx1 protein
for 12 weeks showed strong immunoreactivity to Pdx1 an-
tigen, consistent with a humoral immune response to rPdx1.
Surprisingly, some serum samples from prediabetic (pre-
treatment) and control mice were also strongly positive. This
result raised the possibility that Pdx1 might be an islet cell
autoantigen in NOD mice, leading to the production
of PAAs.

To test this hypothesis, we examined serum samples from
several mouse strains including C57BL/6, BALB/c, and
nondiabetic congenic NOD–scid mice for the presence of
PAAs. Figure 1b shows that 54% of prediabetic female NOD
mice had PAAs detectable at the screening dilution of 1:30,

whereas no reactivity was seen in other mouse strains. These
results indicated that PAAs were produced selectively by
prediabetic NOD mice. Serial dilution of selected positive
NOD mouse sera at age 10 weeks showed that the titers of
these PAAs were as high as 1:93 750 (Figure 1c). Induced
anti-Pdx1 antibodies in immunized NOD mice and sponta-
neous antibodies in un-immunized PAA-positive (PAAþ )
NOD mice consisted of various isotypes (Figure 1d). IgG1
and IgG2b anti-Pdx1 antibodies predominated in the re-
sponse to immunization as well as in the spontaneous re-
sponse, whereas IgG3 PAAs were less abundant (Figure 1d).
The levels of anti-Pdx1 IgG2b antibodies were considerably
more variable in immunized mice than in the mice with
spontaneous PAAs. As NOD mice express the Igh1b allele,
they express IgG2c instead of IgG2a.17 Thus, anti-Pdx1
IgG2c1 antibody levels could not be accurately measured
using the current commercial kit.

PAAs also are Detectable by Western Blot and IP
To further establish the existence of PAAs in NOD mice, se-
lected PAAþ or PAA-negative NOD sera, negative control
(BALB/c) serum, and positive control rabbit polyclonal im-
mune serum (rPdx1-IS) were used for western blotting using
purified rat Pdx1 as antigen (Figure 2a). ELISA-PAAþ NOD
mouse sera detected a single band at 46 kDa (lane 3), whereas
ELISA-negative serum samples from BALB/c (lane 1) or NOD
(lane 4) mice did not. In contrast, the immune serum (lane 2)
showed a major band at 46 kDa as well as several minor bands,
possibly due to antibodies against minor proteins con-
taminating the Pdx1 antigen preparation used for immu-
nization and/or degradation fragments of Pdx1. In addition,
autoantibody specificity was verified by immunoprecipitating
[35S]-labeled native Pdx1 from rat insulinoma INS-1 cell
extracts. A band at 46 kDa was immunoprecipitated by both
NOD mouse Pdx1-treated serum (m-Pdx1-IS) (lane 2) and
the ELISA-positive PAA serum (lane 3), whereas no clear band
was detected in PAA-negative or control sera (Figure 2b, left
panel). The identity of this immunoprecipitated protein band
was confirmed by western blotting using rabbit anti-Pdx1
polyclonal antibodies to probe the membrane (Figure 2b, right
panel). Thus, PAAs could be detected by western blotting and
IP in addition to ELISA.

PAAs Emerge before the Onset of Diabetes
To determine whether the PAAs can predict disease onset, the
relationship between PAAs and hyperglycemia was explored
(Figure 3). Five-week-old female NOD mice (n¼ 20) were
studied longitudinally and blood samples were taken
biweekly until the onset of diabetes. Blood glucose levels were
monitored weekly beginning at 10 weeks of age. PAAs were
first detected at 5–15 weeks of age, and their levels gradually
increased, peaked, and then declined over the next 8–12
weeks. PAAs often decreased to lower positive levels or
disappeared completely after the onset of diabetes and the
peak levels often preceded disease onset. In general, there was
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an inverse correlation over time between PAA levels and
blood glucose levels in individual mouse. However, some
mice maintained high levels of the PAAs after the onset of
diabetes. Figure 3 illustrates the relationship between levels of
PAAs and blood glucose in four mice. In three mice, PAAs
peaked before the onset of diabetes. In the fourth mouse
(m19L), low levels of PAAs were seen consistently without an
apparent peak; this mouse remained normoglycemic at 25
weeks. These results suggest that PAAs predict the onset of
T1D in NOD mice.

B-Cell Autoepitopes are Sensitive for Partial Trypsin
Treatment
As western blot analysis showed that ELISA-positive NOD
mouse sera recognized primarily the full-length Pdx1, we
examined whether these sera might recognize a common
epitope. We first partially digested the full-length rPdx1 by
incubating with trypsin. As shown in Figure 4, 10min
digestion of Pdx1 generated multiple fragments that were
stained by Coomassie blue (left panel). Interestingly, two

NOD mouse samples (m2L and m7R) recognized the slowest
migrating tryptic fragment of Pdx1 as well as full-length Pdx1.

In addition, we also screened 37 serum samples from pa-
tients (n¼ 25) with well-established T1D or anti-insulin
autoantibody (IAA)-positive individuals (n¼ 12) for the
presence of anti-Pdx1 antibodies by western blotting using
purified full-length rat Pdx1 protein. Six serum samples were
immunoreactive with Pdx1 protein: two samples (2/25) were
from patients with long-standing T1D and four samples
(4/12) from individuals with a positive test for IAA. To
localize the immunodominant epitopes, partially trypsin-
digested Pdx1 protein was used as antigen. As shown
in Figure 4a, human serum (H11) from a T1D patient
recognized only full-length Pdx1 (more details below),
whereas rabbit anti-Pdx1 polyclonal immune serum was
immunoreactive with nearly all of the fragments. Thus, the
major autoepitope(s) recognized by NOD and human T1D
sera are likely to be located near the C-terminus of Pdx1, as
19 out of 29 of the trypsin-cleavage sites (arginine or lysine)
are located within amino acids 160–283.
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Figure 1 Pdx1 autoantibodies in prediabetic NOD mice. (a) Detection of Pdx1 antibodies in NOD mice. Serum samples were collected from female NOD

mice at various ages ranging from 8 to 23 weeks or NOD mice treated with daily injection of rPdx1 for 12 weeks. PAAs were assayed using ELISA at a serum

dilution of 1:30. Positive value is defined 3 s.d. above the mean of the BALB/c control sera (Pre, pretreatment; Con, PBS-treated controls; Post-Rx, treated with

rPdx1). (b) Comparison of PAAs in various strains of mice. Serum samples from various mouse strains at different ages were collected and PAAs were

measured by ELISA and expressed as OD values at 450 nM using the 99th percentile of BALB/c control mice as the threshold definition of positivity. (c) PAAs

titration curve. Selected PAA-positive serum samples at the age of 10 weeks were serially diluted as indicated and OD values were determined by ELISA.

Titer is defined as the last dilution giving positive OD reading above control. (d) Isotypes of anti-Pdx1 antibodies. Total anti-Pdx1 antibody activity (IgG-T)

and anti-Pdx1 antibodies of the IgG1, IgG2b, and IgG3 isotypes in serum samples from NOD mice immunized with Pdx1 (immune sera, solid circles) and

selected PAA-positive autoimmune sera (triangle) from NOD mice were assayed by ELISA (1:30 dilution). An OD of 0.10 was used as the positive cutoff value

(X3 s.d. above the mean of the BALB/c control sera).
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B-Cell Autoepitopes are Located on the C-Terminal
Portion of Pdx1
To map the B-cell autoepitopes, we constructed, expressed,
and purified histidine-tagged C-terminal truncated Pdx1
proteins consisting of amino acids 1–119, 1–159, and 1–199
(Figure 4b, upper panel). These truncated proteins were
mixed with full-length rPdx1 for western blotting using three
NOD-PAAþ mouse serum samples (Figure 4c, left panel)

and six human PAAþ serum samples (Figure 4c, right panel,
described below). NOD mouse sera recognized primarily full-
length rPdx1 protein (a), with weaker binding (7R) to the
truncated Pdx1 protein (b, 1–199), but not the two shorter
truncated Pdx1 proteins c (1–159) and d (1–119). In con-
trast, the rabbit polyclonal anti-Pdx1 immune serum (rPdx1
IS) recognized all four proteins. Serum from a negative NOD
mouse did not react with any of the proteins (data not
shown), suggesting that the PAAs in mouse sera reacted with
a major epitope (I) located within the C-terminal 84 amino
acid residues and a minor epitope (II) located within Pdx1
(160–199).

To exclude reactivity with the His-Tag or the possibility
that amino acids 1–199 participate in forming a dis-
continuous epitope, we inserted a cDNA fragment encoding
the C-terminal 84 amino acids (200–283) into the pGRx5.1
GST expression system. Using this protein without cleavage
from GST, we carried out western blots, showing that auto-
immune NOD sera bind strongly to the GST-Pdx1/200–283
or p83 protein but not to GST (Figure 4d, upper panel),
indicating that the major autoepitope indeed is located on
the C-terminal portion of Pdx1 (amino acids 200–283).

Identification of Epitope(s) for Human PAAs
To determine whether PAAs from human sera recognize the
same epitope bound by NOD mouse PAAs, a mixture of
Pdx1 and its truncated forms was used for western blotting
using PAAþ human sera of T1D patients and IAA-positive
individuals. Figure 4c (top right panel) shows two patterns
among the six serum samples tested. Similar to mouse
autoimmune sera, the human sera in lanes 1, 2, and 3
recognized only full-length Pdx1, indicating that they bind to
an epitope or epitopes within the C-terminal 84 amino acids.
Interestingly, human sera in lanes 4, 5, and 6 reacted equally
with the top two bands, consistent with the existence of
another epitope (II) located within amino acids 160–199.
Figure 4c (lower panel) illustrates the two putative Pdx1
autoepitopes recognized by human sera. To confirm the lo-
cations of these epitopes, we inserted cDNA encoding Pdx1
amino acids 160–199 (as p40) into the pGRx5.1 GST
expression system. Using this fusion protein, we carried out
western blots, showing that human sera (Figure 4c, lanes 4, 5,
and 6) bind strongly to the GST-p40 protein and full-length
Pdx1, but not to GST-p83 or GST alone, indicating that
autoepitope II indeed is located within amino acids 160–199
of Pdx1 (Figure 4d, lower panel).

Pdx1-Stimulated In Vitro T-Cell Proliferation
To determine whether Pdx1 can stimulate antigen-specific
T-cell proliferation, freshly isolated splenocytes from new-
onset diabetic NOD mice were stimulated with various forms
of Pdx1 protein including full-length Pdx1 and different
truncated forms. Anti-CD3 antibodies were used as a positive
control for T-cell proliferation, and as a negative control
we used either untreated or GST-treated (unrelated protein)

Figure 2 Confirmation of PAAs by (a) western blot and

(b) immunoprecipitation. (a) Western blotting. Purified recombinant rat

Pdx1 protein (1mg/lane) was separated on a 10% SDS–PAGE and stained

with Coomassie blue or transferred to PVDF membrane. The membrane

was probed with BALB/c or NOD mouse serum either positive (PAAþ ) or

negative (PAA�) by ELISA, or with rabbit polyclonal anti-Pdx1 immune

serum (rPdx1-IS) as a positive control. (b) Immunoprecipitation and western

blotting. Rat insulinoma cells (INS-1) were labeled with [35S]methionine

overnight and cell lysate (0.5mg) was incubated for 1 h at 41C with

preformed immune complexes by incubating 10 ml mouse serum with 50 ml
protein A/G-Sepharose overnight at 41C. [35S]-labeled proteins were

separated by SDS–PAGE, fluorographed, and the dried gel was exposed to

X-ray film at �801C for 7 days. In parallel, unlabeled INS-1 cell lysate was

subjected to immunoprecipitation with the same mouse sera. The immune

complexes were separated by SDS–PAGE, transferred to PVDF membrane,

and probed with rabbit anti-Pdx1 polyclonal antibodies (1:2000). Lanes 1,

BALB/c; 2, Pdx1-treated NOD mouse immune serum (m-Pdx1-IS); 3,

PAA(þ ); and 4, PAA(�) NOD serum samples. Arrow indicates position of

Pdx1 protein.
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T cells. Figure 5a shows that full-length as well as truncated
forms of Pdx1 can stimulate T-lymphocyte proliferation.
However, the C-terminus of Pdx1 (200–283, or p83) had the
most potent T-cell stimulatory effect (almost sevenfold in-
crease over control GST, Po0.001 by Student’s t-test), sug-
gesting that the major T-cell epitope(s) are located in close
proximity to the major B-cell autoepitope. Interestingly, a
significant T-cell stimulatory effect also was observed in the
wells containing p200 (four times over control, Po0.001 by
Student’s t-test), supporting the possible presence of minor
autoepitopes within the region of p160–200.

DISCUSSION
Autoantibodies to islet cell antigens and autoantigen-reactive
T-cells are hallmarks of T1D.1,18,19 We report here that Pdx1
is a novel pancreatic b-cell-specific autoantigen recognized by
both B- and T-cells in NOD mice. Through unknown me-
chanisms Pdx1 protein from the pancreatic islet b-cells may
stimulate the generation of the Pdx1-epitope-specific auto-
antibodies that can be detected by ELISA, western blotting,
and IP assays. Although PAAs are found in both prediabetic
and diabetic NOD mouse sera, the levels generally peak be-
fore the onset of diabetes. PAAs were only found in NOD
mice, and were not present in congenic NOD–scid mice or
non-autoimmune strains such as C57BL/6 and BALB/c. The
frequency of PAAs in 5- to 25-week-old prediabetic mice was
over 50%. Using ELISA, PAAs were detectable in 5-week-old
NOD mice, indicating that these antibodies are an early
disease marker. Although variable, the onset of PAA pro-
duction was generally before the onset of diabetes. Interest-
ingly, autoantibody levels declined substantially or even
disappeared with the onset of diabetes. The peak titers are

relatively high, up to 1/20 000 or more by ELISA, suggesting
that PAAs may be useful for predicting the onset of diabetes
in NOD mice.

Currently, IAAs are the most specific predictor of the onset
of diabetes.20–23 However, these autoantibodies generally are
found at very low levels. In contrast, the titers of PAAs were
considerably higher than those reported previously for IAA,20

suggesting that for diabetes susceptibility screening, assays for
PAAs may afford an improved signal/noise ratio over assays
for IAA at least in mice. Consistent with the onset of IAA,20

we detected PAAs at five weeks of age. The prevalence of
PAAs in prediabetic NOD mice was comparable with that of
IAAs.23 In a collaborative international workshop study, IAAs
were detected by ELISA in NOD mice at frequencies of 0% at
4 weeks, 14% at 8 weeks, 19% at 12 weeks, and 42% at the
onset of diabetes.23 Using a more sensitive radiobinding as-
say, IAAs were detected at the onset of diabetes in 15–75% of
NOD mice.23 In this study, PAAs were detected at the onset
of disease in 52% of NOD mice, a figure that may improve
further if larger numbers of mice are studied and a more
sensitive and optimized assay is used. It will be of interest in
the future to determine whether the mice exhibiting PAAs
and IAAs are the same or overlapping sets and whether
measuring both specificities enhances the predictive value of
autoantibody testing in NOD mice and for T1D patients.

Analysis of the fine specificities of murine PAAs showed
the presence of an immunodominant epitope or epitopes on
the C-terminal 83 amino acids of the Pdx1 protein. The NOD
mouse sera react strongly with GST-p83 (Pdx1 amino acids
200–283), indicating that sequences outside this region are
not required for epitope folding. Pdx1, a highly conserved
protein of 283 amino acids, contains a transactivation
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domain at the N-terminus (amino acids 1–79), a home-
odomain in the central region (amino acids 146–206), and an
evolutionarily conserved, C-terminal domain of unknown
function.24 The latter region, which contains the major au-
toepitope(s) recognized by NOD mouse sera, notably con-
tains 19 trypsin-sensitive (arginine or lysine) sites between
amino acids 160 and 283, and cleavage at these sites abolishes
immunoreactivity of the C-terminal domain (Figure 4a). Ten
of these sites are located on amino acids 160–199 within the
homeodomain of Pdx1 containing an antennapedia-like
protein transduction domain, DNA-binding domain (amino

acids 191–196), and nuclear localization signal (amino acids
197–203).16,25 However, this region is dispensable for im-
munogenicity, suggesting that some or all of the remaining
nine trypsin-sensitive arginine or lysine residues located on
amino acids 200–280 are important in forming the im-
munodominant epitope.

In contrast to NOD mice, T1D patients’ sera recognize two
epitopes, one of which (Epitope I) appears similar if not
identical to the immunodominant epitope in NOD mice. The
second autoepitope, located within the homeodomain of
Pdx1 (p160–199), is recognized by a subset of human auto-

Figure 4 Identification of immunodominant B-cell autoepitopes of Pdx1. (a) Partial digestion of Pdx1 and western blotting. Pdx1 protein was partially

digested with trypsin at pH 7.6 251C for 10 min, and the digested products were separated and stained with Coomassie blue (left panel) or transferred to the

membrane for blotting with two PAA(þ ) mouse sera (m2L and m7R, lanes 1 and 2), human PAAþ serum (H11, lane 3), or rabbit polyclonal anti-Pdx1

immune serum (lane 4). (b) Expression and purification of truncated Pdx1 proteins. Full-length or truncated Pdx1 proteins with an N-terminal histidine tag

were prepared as described in Methods, separated by SDS–PAGE, and stained with Coomassie blue dye (upper panel). Lanes 1, full-length; 2, Pdx1 (1–199);

3, Pdx1 (1–159); and 4, Pdx1 (1–119). Lower panel shows three purified proteins GST-Pdx1 (200–283) ‘p83,’ GST-Pdx1 (160–200) ‘p40,’ and GST that were

separated by SDS–PAGE and stained with Coomassie blue. Lanes 5, p83; 6, p40; and 7, GST. (c) Identification of two dominant epitope regions using a

mixture of Pdx1 proteins. Four purified proteins, Pdx1 (a) and its truncated forms (b, c, and d), were mixed at equal concentrations and used for western

blotting to detect autoantibodies. Each lane was loaded with 5 mg of mixed proteins, resolved by SDS–PAGE, transferred to PVDF membrane, and probed

using three mouse PAA(þ ) sera (6L, 7R, and 4L) at a dilution of 1:1500, or six human PAA(þ ) sera (lanes 1–6) at a dilution of 1:200. Rabbit polyclonal anti-

Pdx1 immune serum (rPdx1 IS) was used as a positive control at a dilution of 1:2000. Arrows indicate full-length Pdx1 (a) and truncated proteins (b, c, and d).

Lower panel shows the structure of Pdx1 and its truncated forms and potential autoepitope regions I and II for mouse and human PAAs. (d) Confirmation of

immunodominant autoepitopes. Upper left panel shows Coomassie blue staining of GST (lane 1), p83 (lane 2), and Pdx1 (lane 3). Right two panels are

immunoblots using the same amount of proteins and blotted with two NOD mouse PAA(þ ) sera. Arrows indicate the positions of Pdx1 and p83. Lower left

panel is a diagram of the four proteins (1, GST; 2, GST-p40; 3, GST-p83; and 4, Pdx1) used in this study. The lower right panel depicts an immunoblot using

human h11 PAA(þ ) serum. Arrows indicate positions of corresponding proteins as indicated.
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immune sera (Figure 4c) but also weakly by some murine
sera (see Figure 4c, mouse #7R). This region contains 10
lysine/arginine residues, but the importance of these charged
sites for antigenicity remains to be determined. Trypsin-
sensitive lysine/arginine residues are also critical for the an-
tigenicity of epitopes recognized by anti-histone antibodies,26

and basic amino acids are believed to be important for
autoantibody recognition of the U1-70K component of U1
small nuclear ribonucleoproteins.27 In this regard, it is
interesting to note that NOD mice also produce auto-
antibodies against U1 small nuclear ribonucleoproteins.28

The relationship, if any, between these autoantibodies and
anti-PAAs remains to be determined. However, it has been
proposed that long runs of charged amino acids may render
certain self-antigens immunogenic.29 In addition, auto-
antibodies frequently recognize epitopes located on the
N- and C-termini of proteins,30 as was the case here.

In addition to the strong humoral autoimmune response,
we found that Pdx1 also is a target of cellular immunity. In
T1D and other disorders, autoreactive B-cell and T-cell epi-
topes frequently overlap21,31 Indeed, full-length Pdx1, its
C-terminal 83 amino acids (p83), as well as homeodomain-
containing truncated Pdx1 protein (p200) stimulated pro-
liferation of splenic T cells from NOD mice (Figure 5),
suggesting that T- and B-cell epitopes may lie in close
proximity within this region. Interestingly, the proliferative
response to full-length Pdx1 was less than that to the p83 or
p200 fragments (Figure 5). This might be due to differences
in the relative efficiency of antigen processing/presentation by
antigen-presenting cells, for example, because of differences
in protein folding and protease cleavage in endosomes.
Further mapping of the locations of the T- and B-cell epi-
topes is in progress.

We previously showed that treatment of Stz-induced dia-
betic mice with full-length rPdx1 reverses diabetes by sti-
mulating pancreatic islet b-cell regeneration and
reprogramming liver cells into insulin-producing cells.11 Our
recent studies indicate that daily treatment of prediabetic
female NOD mice with rPdx1 prevents the onset of diabetes
in 85% of mice at 40 weeks, whereas 95% of controls became
diabetic by 25 weeks (manuscript in preparation). Interest-
ingly, when an inactive form of Pdx1 lacking the protein
translocation domain11,16,25 was administered to NOD mice,
it also protected against the development of diabetes
(manuscript in preparation). Western blotting verified that
the mutant Pdx1DPTD protein retained immunoreactivity
with PAAs (data not shown) and protein (p83) lacking the
PTD also was capable of stimulating T-cell proliferation in
vitro. These findings from in vivo animal studies are con-
sistent with the notion of Pdx1 being an autoantigen that
may be related to the pathogenesis of T1D in NOD mice.
Consistent with that notion, the onset of diabetes in NOD–
scid mice was delayed after passive transfer of splenocytes
from Pdx1-treated NOD mice in comparison with spleno-
cytes from PBS-treated controls (unpublished data), sug-
gesting that rPdx1 may exert an immunomodulatory effect
by suppressing autoreactive diabetogenic T cells, as pre-
viously shown by Ferber’s group.12 The immunological me-
chanism for the phenomenon of Pdx1 treatment preventing
diabetes is now under active investigation.

The presence of PAAs in sera from patients with T1D
suggests that our observations in the NOD mouse model
have relevance to human T1D. Among the six PAAþ T1D or
IAA-positive patient serum samples identified in preliminary
screening studies, we discovered two distinct patterns by
western blotting, suggesting the autoepitopes to human PAAs
can be located either exclusively within the C-terminus or in
both the C-terminus and the homeodomain of Pdx1. It will
be of interest to examine both the role of immune responses
to Pdx1 in the pathogenesis of human T1D and the clinical
value of testing for these autoantibodies in children at risk for
developing autoimmune diabetes.

T1D is caused by autoimmune islet b-cell destruction and
islet b-cell antigens are the targets of this autoimmune dis-
order. Self-antigens specific to islet b-cells stimulate the
production of autoantibodies and the generation of antigen-
specific autoreactive T cells. These autoantigens include
insulin, glutamic acid decarboxylase (GAD65), insulinoma-
associated-2 antigen (IA-2), Slc30A8,32 Pdx1, and others8.33

Although immunotherapy can prevent T1D in the NOD
mouse model, we have yet to find a safe and effective way to
prevent or ameliorate T1D in humans.34,35 A recent rando-
mized trial of GAD vaccination in new-onset of T1D patients
shows very limited improvement in preserving the pancreatic
b-cell function,10 raising the possibility that it may be ne-
cessary to tolerize against multiple autoantigens in order to
suppress immune attack.34,36 In addition to these previous
reports regarding other b-cell-specific autoantigens, the

Figure 5 Antigen-specific T-cell proliferation to Pdx1 and its truncated

forms. Splenocytes (106 cells/well) isolated from a NOD mouse with new-

onset diabetes were incubated in a 96-well plate. Pdx1 and various

truncated proteins were added into the wells at a final concentration of

1 mg/ml for 48 h, following by adding [3H]thymidine for an additional 24 h.

Cells were captured on filter paper, washed five times, and [3H]thymidine

incorporation was determined by scintillation counting. Background count

is without [3H]thymidine. **Po0.01 and ***Po0.001 (Student’s t-test). SI,

stimulation index.
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present data suggest that combined antigen-specific im-
munotherapy and b-cell regeneration therapy may be a fea-
sible therapeutic approach in T1D.21,37 From our current
knowledge of Pdx1 and its critical roles in pancreatic devel-
opment and maintenance of b-cell function,38,39 the pro-
motion of b-cell regeneration,11 prevention of b-cell
apoptosis,40 and reprogramming of non-pancreatic cells to
become insulin-producing cells,41–43 Pdx1 might be a useful
therapeutic agent for treating T1D.
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