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Abstract: We have previously identified pancreatic and duodenal homeobox 1 (Pdx1) autoantibodies (PAA) in sera
from both non-obese diabetic (NOD) mice and human type 1 diabetic (T1D) patients. A suitable non-radioactive,
sensitive and specific assay is needed for large-scale testing to determine the clinical utility of PAA. Here we reported
a liquid-phase luciferase immunoprecipitation system (LIPS) assay by generating a renilla luciferase (Rluc)-Pdx1
fusion protein as a sensitive non-radioactive antigen from mammalian cells combined with immunoprecipitation to
detect PAA in human sera. Sera from healthy donors and the University of Florida Pathology Laboratories, Endocrine
Autoantibody Laboratory were used to validate the LIPS assay for PAA. Antigenic specificity to Pdx1 was confirmed
by using a Rluc-only control compared to Rluc-Pdx1 fusion antigen and by competition assays using purified recom-
binant Pdx1 protein. We then used the LIPS assay to assess the prevalence of triple autoantibodies (GADA, IA-2A,
and IA-2A), and PAA in non-T1D control sera, recent onset (RO)-T1D sera (mean duration of T1D = 9.5 weeks), and
long standing (LS)-T1D sera. Compared to clinical radioimmunoprecipitation assays (RIPA), the LIPS assay showed
comparable sensitivity and specificity for detection of GADA and IA-2A. PAA were detectable in human serum sam-
ples and higher in triple-positive T1D autoantibodies (21% PAA positive in triple positive sera and 4% PAA positive
in triple negative sera). Interestingly, PAA were found to be highest in the non-T1D population, suggesting that PAA
might have a clinical utility in screening high-risk population susceptible for developing T1D. In conclusion, we have
developed a liquid-phase, non-radioactive, sensitive and specific LIPS assay to detect PAA in human sera, providing
a useful tool for evaluating the clinical relevance of PAA.
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Introduction and diagnosis of T1D and investigation of anti-
gen-specific T cells provides insights into the

Type 1 diabetes (T1D) is an autoimmune cell- immunopathogenesis of T1D, which in turn

mediated destruction of pancreatic beta cells
within the islets of Langerhans [2, 3]. Mounting
evidence indicates that in T1D, beta cell pro-
teins are perceived by patients’ immune cells
as autoantigens (AAgs) and thereby trigger an
autoimmune inflammatory reaction around and
within the islets called insulitis. AAgs can
invoke autoantibodies and specific reactive T
cells that are ultimately responsible for beta
cell death. Therefore, detection of autoantibod-
ies to beta cell AAgs facilitates the prediction

uncovers new targets for immunomodulatory
therapeutic approaches for the treatment of
T1D. Multiple beta cell-related or beta cell-spe-
cific AAgs including insulin [27], glutamic acid
decarboxylase (GAD) [4], insulinoma associated
protein 2 (IA-2) [6, 19], IA-2B [22], and zinc
transporter 8 protein (ZnT8) [31] and their cor-
responding autoantibodies have been identi-
fied and characterized in TAD and populations
at high risk for the disease. These autoantibod-
ies are useful for TAD diagnosis and the AAgs
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may be useful for specific immunotherapy [33].
Autoantibodies can serve as an early indicator
of susceptibility to T1D because they are pres-
ent in 70-80% of newly diagnosed patients as
opposed to their limited presence in the gener-
al population [3]. Insulin autoantibodies (IAA)
[27], islet cell autoantibodies (ICA) [7], GAD
autoantibodies (GADA) [4], and IA-2 autoanti-
bodies (IA-2A) [6] are useful markers for the
diagnosis and prediction of T1D onset, and the
latter may have a role for determining the tim-
ing of intervention [33].

Pancreatic and duodenal homeobox 1 (Pdx1) is
a master-control transcription factor for pan-
creatic development and maintenance of beta
cell function that also plays important roles in
pancreatic beta cell survival and regeneration
[15]. Pdx1 protein contains a protein transduc-
tion domain (PTD), which is a specific argine-
and lysine-enriched amino acid sequence that
allows the protein to be transported across cel-
lular membranes by lipid raft-mediated mac-
ropinocytosis [24-26]. Utilizing this property, we
have demonstrated that in vivo treatment of
chemically induced diabetic mice with recombi-
nant Pdx1 protein (rPdx1) [21] reversed diabe-
tes by reprogramming liver cells into insulin-
producing cells and promoting pancreatic islet
beta cell regeneration [18]. Unexpectedly, we
discovered that Pdx1 is also a beta-cell specific
AAg recognized by Pdx1 autoantibodies (PAA)
found in sera of non-obese diabetic (NOD) mice
and patients with TAD [20]. We also have
reported T cell proliferative responses to Pdx1
in NOD mice. Interestingly, PAA levels in NOD
mice often peaked before the onset of diabetes
and then decreased to very low or undetectable
levels by the time of T1D onset [20].
Furthermore, our unpublished observation sug-
gest that treatment of pre-diabetic female NOD
mice with a biologically inactive rPdx1 (with
deletion of the PTD domain) prevented the
onset of T1D due to up-regulation of Th2 inhibi-
tory cytokines and down-regulation of Thl pro-
infammatory cytokines (manuscript in prepa-
ration).

Although we detected the presence of PAA in
human serum by western blotting, we were
unable to detect human PAA from the same
samples by ELISA, possibly due to an altered
conformation of the PAA epitope. In view of the
key role of Pdx1 in beta cell development, func-
tion, survival, and regeneration [15], we were

1203

interested in the clinical relevance of PAA in
human T1D and high-risk populations and
developed a sensitive, specific, non-radioac-
tive, high throughput assay for detection of PAA
[20].

Most clinical assays for the detection of T1D-
related autoantibodies utilize a liquid-phase
radioimmunoprecipitation assay (RIPA).
However, an alternative, non-radioactive, assay
known as the luminescence immunoprecipita-
tion system (LIPS) assay [8, 9], has been devel-
oped recently to detect GADA [10, 11], IA-2A
[11, 12], and IA-2BA [11] with equal or greater
sensitivity and specificity compared to RIPA
assays. Here, we report a LIPS assay for detect-
ing PAA in human sera using a renilla luciferase
(Rluc)-Pdx1 fusion protein produced in mam-
malian cells providing a liquid-phase, non-
radioactive, and high-throughput means of
detecting PAA in human sera. We then evaluat-
ed the prevalence of GADA, I1A-2A, IA-2BA, and
PAA in both recent onset and long standing dia-
betic populations.

Materials and methods
Plasmid construction

The human Rluc-Pdx1 fusion plasmid was con-
structed by cloning the Rluc gene (from the
pRen2 plasmid) upstream of the Pdx1 gene in
pCMV-XL5 (Open Biosystems) using Hindlll/
BamHI restriction sites for expression in mam-
malian cells. A stop codon was introduced at
the 3’ end of the Rluc gene by site-directed
mutagenesis to construct the Rluc-only expres-
sion control. Rluc fusion construct plasmids
(Rluc-GAD65 [10], Rluc-1A-2 [12], and Rluc-IA-
2B [11]) were generous gifts from Dr. Peter
Burbelo (NIH, Bethesda, MD). All plasmids were
purified using the Plasmid Maxi Kit (Qiagen).

Fusion protein lysate

Mammalian fusion protein lysates were pre-
pared by transfecting human embryonic kidney
(293) cells with each plasmid using
Lipofectamine 2000 Reagent (Invitrogen)
according to manufacturer’s protocol in 10cm?
culture dishes. Forty-eight hours following
transfection, lysates were harvested using 1ml
Passive Lysis Buffer (Promega) per dish and
supernatant (lysate) was collected following
centrifugation. 293 cells were cultured at 37°C
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Figure 1. Detection of GADA and IA-2A by LIPS. Sera (n = 54) that were tested for ICA, GADA, and IA-2A clinically by
RIPA or healthy normal donor control sera (n = 10) were used in panels A, B, and the transverse line is 3SD above
control mean. RLU (relative light units) are expressed as fold relative to control mean (left y-axis). Standard LIPS
assays (1ul serum) were performed with (A) Rluc-GADG5 fusion protein lysate or (B) Rluc-IA-2 fusion protein lysate

and are compared to clinical RIPA data (right y-axis).

in DMEM containing 10% fetal bovine serum
and 1% Penicillin/Streptomycin. 1ul of each
reagent can yield > 2 X 10% RLUs in Berthold
Lumat LB9507.

Sera

54 serum samples from the University of
Florida Pathology Laboratories, Endocrine
Autoantibody Laboratory were used to validate
the LIPS assay, 29 of which tested triple-posi-
tive for ICA (by indirect immunofluorescence),
GADA, and IA-2A (by RIPA). The remaining 25
sera from this group tested triple negative for
ICA, GADA, and IA-2A (by RIPA). The ICA assay
has been validated previously and was the
basis for the Diabetes Prevention Trial-1 study
[1] and is used in the current T1D TrialNet stud-
ies [23]. The GADA and IA-2A RIPAs were manu-
factured by Kronus, Inc. (Star, Indiana) and vali-
dated previously. Sera from healthy human
donors (n = 10) with no known history of auto-
immune diseases were used to establish the
cut-off between positive and negative for
detecting GADA, IA-2A, and PAA when using the
LIPS assays for these 54 sera. We next obtained
100 non-T1D sera (Ctrl), 100 recent-onset (RO)-
T1D sera (mean T1D duration = 9.5 weeks), and
50 long-standing (LS)-T1D sera (patients were
on a renal transplant list) to measure the preva-
lence of GADA, IA-2A, IA-2BA, and PAA in these
populations by LIPS assay. The 100 Ctrl sera
had a mean age of 19.6 years (range = 2.7 -
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52.3 years) with a male to female ratio of 1.0
and the 100 RO-T1D sera had a mean age of
14.8 (range = 5.9 - 41 years) with a male to
female ratio of 0.8. In addition, four sera from
the LS-T1D group (that were previously identi-
fied as PAA positive) were used for determina-
tion of PAA antigenic specificity. All sera were
measured in a blinded fashion. Human sample
collection was approved by Institutional Review
Board of University of Florida.

LIPS assay

LIPS assays were performed similarly to the
previously published protocols [8, 9] with minor
modifications. Rluc-Pdx1 fusion protein cell
lysate (= 2 X 10" RLUs in Berthold Lumat
LB9507) was incubated with 10ul human
serum for PAA (or 1ul to 5ul serum for GADA,
IA-2A, and IA-2BA as described) in 96-well
round-bottom plates at a total volume of 100yl
in PBS overnight with agitation. Samples were
then transferred to 96-well filter plates contain-
ing 10ul Immobilized Protein A/G Plus Beads
(Pierce) of 50% concentration (beads/volume)
and incubated at 4°C for 2hrs with agitation. All
samples were washed 8 times with Buffer A as
previously described [8, 9]. 20ul PBS was
added to each well before reading in a LUMIstar
Omega plate reader (BMG Labtech).
Competition assays used purified recombinant
Pdx1 protein (rPdx1) [21] or bovine serum albu-
min (BSA) at indicated concentrations and were
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incubated with Rluc-Pdx1 fusion cell lysate
overnight. Due to limited sera volumes, all
assays were performed in singlet. We obtained
extra sera for negative controls and some
strong PAA positives that were used for compe-
tition assays to determine Pdx1 antigenic
specificity.

Results
Establishment of LIPS assay

Because PAA are a recent discovery, there is no
standard assay for detecting these autoanti-
bodies in the clinical setting. To validate the
LIPS assay, we first compared our detection of
GADA (Figure 1A) and IA-2A (Figure 1B) in
patient samples by LIPS assay to the results
determined by established clinical RIPA. Sera
from patients (n = 54) and control subjects (n =
10) were screened for GADA or IA-2A by LIPS
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Figure 2. Detection and antigenic specificity of PAA
in human sera. A. Sera (n = 54) that were tested for
ICA, GADA, and IA-2A clinically by RIPA or healthy nor-
mal donor control sera (n = 10) were used to detect
PAA using a standard LIPS assay (10ul serum) with
Rluc-Pdx1 fusion protein lysate. RLU are expressed
as fold relative to control mean. AAb = autoantibody.
B. Sera (10ul) that were negative- (Ctrl), medium- (A
& B), or high-signal positive (C) for PAA (from T1D
patients awaiting renal transplants) were used in a
standard LIPS assay using either Rluc-Pdx1 antigen
or Rluc-only antigen for detection. C. A standard LIPS
assay was performed to detect PAA from our highest
signal positive serum (10ul) incubated with indicated
concentrations of rPdx1 or BSA.

assay and a positive cutoff was arbitrarily set at
3 standard deviations (SD) above the mean of
the 10 control subjects. For GADA, LIPS identi-
fied 28 out of 29 (97%) RIPA-positive sera and
6 additional LIPS positive sera that were RIPA-
negative (24%). For 1A-2A, LIPS identified all 29
(100%) RIPA-positive sera and one additional
LIPS positive serum that was RIPA-negative
(4%). However, the degree of positivity for indi-
vidual samples varied greatly between RIPA
and LIPS assay. For example, a particular sam-
ple may yield a high positive value by RIPA but a
low to moderate value by LIPS assay, or vice
versa, suggesting that the two assays may rec-
ognize different epitopes or have different affin-
ity. Compared to the results of clinical RIPA, the
LIPS assay gives 97% sensitivity and 76% spec-
ificity for GADA detection and 100% sensitivity
and 96% specificity for IA-2A detection.
However, since the accuracy of the reference
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Figure 3. Detection of autoantibodies in T1D patient sera. Non-T1D control (ctrl) sera (n = 100), RO-T1D sera (n =
100, mean duration of T1D = 9.5 weeks), and LS-T1D sera (n = 50) were used for all panels and the transverse
lines represent means. Standard LIPS assays (using 5ul serum) were performed with (A) Rluc-GAD65 fusion protein
lysate, (B) Rluc-IA-2 fusion protein lysate, or (C) Rluc-IA-2[3 fusion protein lysate. D. Standard LIPS assays (using 10ul
serum) were performed with Rluc-Pdx1 fusion protein lysate. The healthy normal donor control sera (n = 10) were
also added to this panel for additional analysis. RLU are expressed as fold relative to control mean.

assay (RIPA) is unknown, the low specificity
could alternatively indicate that the LIPS assay
is actually more sensitive than RIPA. Taken
together, these results suggest that the LIPS
assay has sensitivity comparable to RIPA for
detecting GADA and I1A-2A.

Next, we tested the same serum samples (54
patients and 10 healthy controls) for PAA by
LIPS assay (Figure 2A). We arbitrarily set the
positive cutoff at 3 SD above the mean of 10
healthy control sera and defined any sample
above this cutoff as positive for PAA. Using this
cutoff, 7 out of 54 sera were positive for PAA
(13%). Among the PAA positive samples, 6 out
of 29 triple-positive serum samples were PAA
positive (21%) and 1 out of 25 triple-negative
serum samples was PAA positive (4%).
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Validation of LIPS for PAA

To validate the LIPS assay for PAA, we selected
serum samples from three LS-TAD patients
awaiting renal transplantation that previously
tested negative, medium, or high positive for
PAA by LIPS assay. To exclude the possibility of
antibody binding to Rluc, immunoreactivity with
both Rluc-Pdx1 antigen and with Rluc antigen
alone was tested, demonstrating that the PAA-
positive sera were only detected using Rluc-
Pdx1 containing lysate (Figure 2B). We next
confirmed Pdx1 antigenic specificity using a
competition assay with purified rPdx1 (Figure
2C). First, we used rabbit anti-mouse Pdx1
immune serum to confirm that anti-Pdx1 anti-
bodies can be selectively removed by an
increasing rPDX1 protein concentration, indi-
cating that LIPS assay for Pdx1 antibodies is

Int J Clin Exp Pathol 2013;6(6):1202-1210
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specific to Pdx1 protein (data not shown). We
then selected the highest-PAA positive sample
and carried out the LIPS assay in the absence
or presence of various concentrations of rPdx1
or BSA as a control. The PAA signal was reduced
by incubation with increasing concentrations of
rPdx1 but not with BSA, confirming that the PAA
signal is specific for Pdx1 protein. BSA non-spe-
cifically reduced the signal but was unable to
block detection of PAA even at high concentra-
tions (0.125mg/ml).

Prevalence of PAA in T1D populations

To determine the prevalence of PAA in the gen-
eral and T1D populations, we first obtained
serum samples from RO-T1D patients (n = 100)
along with age-matched controls (n = 100) from
the UF serum bank, and serum from LS-T1D
patients (n = 50) waiting for renal transplant
from the pathology-immunology laboratory. We
used the LIPS assay to assess the prevalence
of GADA (Figure 3A), IA-2A (Figure 3B), IA-23A
(Figure 3C), and PAA (Figure 3D) in these
groups. Using 3 SD above mean to identify pos-
itive sera, the RO-T1D group had 32/100 (32%)
positive for GADA, 69/100 (69%) positive for
IA-2A, and 59/100 (59%) positive for 1A-2BA.
Using the same method for cutoff, the LS-TAD
group had 2/50 (4%) positive for GADA, 4/50
(8%) positive for IA-2A, and 3/50 (6%) positive
for IA-2BA. These results indicate that not every
RO-T1D patient is positive for all three autoanti-
bodies and a loss of GADA, IA-2A, and IA-2BA
occurs after clinical onset of T1D. Using the cut
off of 3 SD above mean of non-T1D controls for
identification of PAA positive sera would indi-
cate that there are no PAA positive sera in any
RO-T1D or LS-T1D individuals. However, since
the clinical history of this population is unknown
and since they could have other diseases that
lead to development of PAA, we also used the
cut-off set by the previous normal 10 healthy
control sera to reexamine our data. It is inter-
esting to note that the non-T1D group has the
highest prevalence of PAA positive sera among
these three groups of serum samples using this
method of analysis.

Discussion

We have successfully established a liquid-
phase, non-radioactive LIPS assay for GADA
and IA-2A using 54 clinical samples with known
results by RIPA and showed that the LIPS
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assays for GADA and IA-2A have comparable
sensitivity and specificity for detection of T1D-
realted autoantibodies in human sera. We also
developed a LIPS assay to detect PAA in human
sera and confirmed the presence of PAA in 7
out of 54 clinical serum samples, with higher
prevalence in autoantibody triple-positive sam-
ples than triple-negative ones. Using the estab-
lished LIPS assay, we screened 100 RO-T1D
serum samples with 100 age-matched control
samples as well as 50 LS-T1D serum samples.
Consistent with the results reported in litera-
ture, we found that even in RO-T1D samples,
many samples do not contain any detectable
T1D-related autoantibodies (GADA, IA-2A, and
IA-23A) and a large portion of these sera have
either one or two, but not all three antiantibod-
ies that we tested.

In order to develop the PAA LIPS assay, we also
performed LIPS assays to detect GADA and
IA-2A. If RIPA is held as the gold standard, one
would conclude that LIPS assay has nearly
identical sensitivity but a reduced specificity for
detection of these autoantibodies. This would
suggest that we identified several false positive
sera for GADA or IA-2A. However, another inter-
pretation of the data is that our assay is more
sensitive than RIPA and that these “false posi-
tive” samples are actually true positive samples
that are undetectable by RIPA due to the pos-
sibility of recognition of different epitopes in
the designed assays. Because of the advan-
tages of the LIPS assay, (not involving the use
of radioisotopes, sensitive, specific, and more
convenient) it may be valuable in the clinical
setting for detecting Pdx1 autoantibodies as
well as other T1D-related autoantibodies.

Our data did not show a significantly higher
prevalence of PAA in sera from patients who
were triple-positive for ICA, GADA, and IA-2A
than in those who were negative for all three
autoantibodies (p = 0.10 by Fisher’s exact test).
However, there was a trend toward an associa-
tion and the numbers of patients evaluated
here were relatively low, suggesting that larger
studies might reveal an association either with
patients who are triple-positive or perhaps with
single- or double-positive patients. There also
could be an association with other T1D-related
autoantibodies such as ZnT8 islet autoantibod-
ies (ZnT8A) [31] or IAA [27]. In addition, TAD
patients who are negative for all other known
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T1D-related autoantibodies might be more like-
ly to have PAA.

We observed a much higher prevalence of
GADA, IA-2A, and IA-2BA in RO-T1D sera com-
pared to LS-T1D sera. This suggests a decline
of these particular autoantibodies at clinical
onset and over the course of disease develop-
ment with progressive loss of pancreatic beta
cells, in agreement with previous reports [16,
30, 32, 34]. Regarding PAA, we have identified
no high signal positives from either the RO-T1D
or LS-T1D groups. The small but higher preva-
lence in the non-T1D groups suggests that PAA
could be an early autoantibody related to T1D
and that these non-T1D PAA positive patients
may be prediabetic patients. Since we have no
clinical data for these individuals beyond age
and sex, we cannot determine if they are predi-
abetic or possibly have other diseases which
may elicit a PAA response. It is interesting to
note that we obtained two pancreatic cancer
patient serum samples, and using the LIPS
assay, we detected one as a high (12-fold above
control mean) signal PAA positive (unpublished
observation). This indicates that PAA may be
associated with diseases other that T1D and
this may explain the higher prevalence of PAAin
our non-T1D serum group. We speculate that
the resulting lesion from pancreatic cancer
could cause leaking of Pdx1 protein and subse-
quent presentation of Pdx1 to the immune sys-
tem, perhaps by over production of Pdx1 from
pancreatic cancer cells [17, 28, 29], leading to
high titer PAA production by B-cells. If PAA is
directly associated with pancreatic cancer,
detection of PAA could be useful for screening
and diagnosing pancreatic cancer which
remains one of the most deadly cancers with a
poor prognosis and 5 year survival rate less
than 5% due to the delayed diagnosis [14].
Obviously, future studies are required to deter-
mine if there is an association between devel-
oping PAA and ongoing pancreatic injuries and
regeneration resulting from acute and chronic
pancreatitis as well as pancreatic or other gas-
trointestinal cancers.

Insulin is considered to be an early AAg in TAD
and it has been proposed to be the primary AAg
related to TAD [5, 13, 35]. This is based on the
early detection of IAA in people later developing
T1D and by the fact that insulin is uniquely
expressed and secreted by the beta cell where-
as other AAgs are not unique to the beta cell
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(e.g., GAD or IA-2). Like insulin, Pdx1 could be
an early AAg with respect to T1D development
and some evidence suggests that Pdx1 could
be a primary AAg related to T1D. In our previous
report [20], we detected PAA in NOD mice by
ELISA, western blotting, and RIPA. We also fol-
lowed the PAA titer of several female NOD mice
during the development of diabetes and found
that PAA titers tended to peak prior to the onset
of hyperglycemia and then dropped to unde-
tectable levels after TAD onset. This may be
due to a lack of Pdx1 antigen stimulation follow-
ing destruction of the beta cells. To determine
whether this is the case for humans will require
longitudinal evaluation of PAA in human T1D
patients prior to and during disease develop-
ment. Serum from high-risk individuals or first-
degree relatives of T1D patients might be mea-
sured for PAA at various time points during
disease development, from pre-diabetic to
clinical manifestation of diabetes.

Several questions remain unanswered regard-
ing PAA. In particular, large scale systematic,
longitudinal studies will be required to deter-
mine the prevalence and clinical significance of
PAA in the normal population, T1D patients at
various stages of disease, high-risk or predia-
betic populations, and in other diseases, as
well as to identify whether the detection of PAA
is useful for prediction, diagnosis, and/or moni-
toring of T1D patients or patients with other
diseases.
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