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Abstract

Objective

IgG4-related disease (IgG4-RD) is a chronic systemic disease involved in many organs and

tissues. As only limited autoantigens have been found since the beginning of this century,

the aim of this study was to reveal new candidate autoantigens of IgG4-RD.

Methods

Multiple cell lines including HT-29, EA.hy926, HEK 293 and HepG2 were used to test the

binding ability of circulating autoantibodies from IgG4-RD sera. The amino-acid sequence

was then analyzed by matrix-assisted laser desorption/ionization time-of-flight tandem

(MALDI-TOF/TOF) mass spectrometry. After the cloning and expression of recombinant pu-

tative autoantigen in a bacterial expression system, the corresponding immuno assay was

set up and utilized to observe the prevalence of serum autoantibodies in a large set of con-

firmed clinical samples.

Results

One positive autoantigen was identified as prohibitin. ELISA analysis showed that a majority

of patients with IgG4-RD have antibodies against prohibitin. Anti-prohibitin antibodies were

present in the sera of patients with definite autoimmune pancreatitis (25/34; 73.5%), Miku-

licz’s disease (8/15; 53.3%), retroperitoneal fibrosis (6/11; 54.5%), other probable IgG4-RD

(26/29; 89.7%) and Sjögren’s syndrome (4/30; 13.3%) but not in apparently healthy donors

(1/70; 1.4%).

Conclusions

An association between prohibitin and patients with some IgG4-RD was observed, although

the results were quite heterogeneous among different individuals within autoimmune pan-

creatitis, Mikulicz’s disease and retroperitoneal fibrosis.
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Introduction
IgG4-RD has recently been recognized as a distinct clinical entity comprising a number of dis-
orders, such as type 1 autoimmune pancreatitis (AIP) [1,2], sclerosing cholangitis [3], Miku-
licz’s disease (MD) [4], tubulointerstitial nephritis [5] and retroperitoneal fibrosis (RPF) [6]
etc. It is a chronic systemic disease with multi-organ involvement and IgG4-positive plasma
cell infiltration [7]. The characteristics of IgG4-RD are high density of serum IgG4 and osmotic
IgG4-positive plasma cells, which can infiltrate pancreas [8], salivary [9], lacrimal glands [10],
lung [11], retroperitoneal space [6], kidneys [12], pituitary [13], eyes [14] and others [15]. Due
to lack of specific clinical features in the early stage, current clinical practice greatly relies on
the examination of histology, imaging and serology, which increases the difficulty of a clear di-
agnosis. Autoimmunity has been considered the most probable pathogenesis of IgG4-RD [16]
and several autoantigens have been suggested, including lactoferrin [17], carbonic anhydrase II
(CAII) [18], amylase-alpha 2A [19], pancreatic secretory trypsin inhibitor (PSTI) [20] and
plasminogen-binding protein peptide [21], with autoantibodies against these targets successful-
ly examined in patients with IgG4-RD in laboratories.

Furthermore, the molecular mechanism of IgG4-RD is not fully clarified yet, and it requires
the discovery of more associated molecules through additional research. It is hoped that some
of these molecules will be targeted in clinical applications, whereas others may be used to study
the disease pathogenesis and how IgG4-RD relates to other autoimmune diseases. The aim of
this study was to screen and identify new autoantigens which are closely related to the morbidi-
ty of IgG4-RD.

Materials and Methods

Samples
In this study, sera from 89 patients with IgG4-RD with an average age of 38 years (range 21 to
68, 36 female and 53 male) who conform to the criteria proposed by the Japan Pancreas Society
[22], sera from 30 patients with Sjögren’s syndrome (SjS) (35 years old: range 15 to 58, 21 fe-
male and 9 male) who were diagnosed according to the standard defined criteria [23], and sera
from 70 matching healthy donors (36 years old: range 15 to 60, 46 female and 24 male) were
enrolled as control. This study was approved by the ethical committee of the Peking Union
Medical College Hospital, and each patient involved in this study provided written informed
consent. Furthermore, written informed consent on behalf of the minors involved in the study
was obtained from their guardians. Blood specimens were procured and medical record infor-
mation including gender, age, height, weight and supplement use was collected. Sera were iso-
lated, aliquoted and stored at -80°C until used.

Cell lines
HT-29, EA.hy926, HEK 293 and HepG2 cell lines were all purchased from American Type Cul-
ture Collection (Rockville, MD). To cultivate the four cell lines above, DMEM (HyClone, UT)
with 10% fetal bovine serum (HyClone, UT) was used as the culture medium. Because IgG4-RD
can occur in various organs, which increases the complexity of the disease, HT-29 was selected
as the representative of glandular epithelial cells; EA.hy926 as the representative of vein endo-
thelial cells; and HEK 293 and HepG2 as the representatives of human organs involvement.

Indirect immunofluorescence assays
Indirect immunofluorescence assays were performed as previously described [24]. HT-29, EA.
hy926, HEK 293 and HepG2 cell lines were plated on the slides. The cells were then cultured
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on the slides overnight, fixed with 4% paraformaldehyde and followed by incubation with Tri-
tonX-100. Sera from patients with IgG4-RD, SjS or healthy donors were diluted at 1: 20 in PBS,
and incubated with the slides for 2 hours at 37°C. After extensive washing, the slides were incu-
bated with fluorescein isothiocyanate (FITC)-conjugated goat-anti-human IgG (Bioss, Beijing,
China) which had been diluted 1: 150 in PBS for 30 min. The slides were then examined under
a fluorescence microscope (AMG, Bothell, WA). For the indirect immunofluorescence assay,
the total cell fluorescence ratio was obtained by Image J software (NIH, MD).

HT-29 cell-based ELISA
HT-29 cells were plated in 96-well plates and cultured at 37°C. Cells were fixed with 4% para-
formaldehyde and then washed with 5‰ PBST (Tween-20 in PBS, v/v). After fixation with
0.2% TritonX-100 for 10 min, cells were washed by using 5‰ PBST again, and allowed to dry.
Then sera were diluted at 1: 100 with PBS and incubated with the cells. After incubation, horse-
radish peroxidase-conjugated goat anti-human IgG at a dilution of 1: 10000 (ImmunoHunt,
Beijing, China) was added. The binding of antibody was quantified by the addition of tetra-
methylbenzidine (TMB, 1 mg/mL, Sigma). The chromogenic reaction was stopped with 2 M
H2SO4 and the plates were obtained spectrophotometrically at 450 nm on a microplate reader
(Tecan, Hombrechtikon, Switzerland).

Western blotting
The detailed procedure of Western blotting was performed as described elsewhere [25]. In
brief, to screen the autoantibodies in the sera, HT-29 cells were lysed in RIPA buffer (Beyotime,
Shanghai, China) with 1% protease inhibitor cocktail (Sigma-Aldrich, MO), combined with the
loading buffer and boiled for 10 min. After removing the insoluble fraction by centrifuge, the
eluted proteins were resolved by 12% SDS-PAGE and then transferred onto PVDF membrane
(Merck Millipore, MA). Next the membrane was cut into 2-cm wide stripes. After blocking
with PBS containing 5% nonfat milk for 1 hour at 37°C, the membrane was incubated with
sera at a dilution of 1: 500. Horseradish peroxidase-conjugated goat anti-human IgG was used
as the secondary antibody with a dilution of 1: 10,000 for 1 hour at 37°C. The positive bands
were detected with enhanced chemiluminescence kit (Applygen, Beijing, China).

Immunoprecipitation
Total extracts of HT-29 cells (500 μg) were incubated with 9 μL mixed sera (equal volumes
from three positive IgG4-RD patients in western blotting detection) overnight at 4°C on a rota-
tor. Subsequently, 50 μL of protein A-Sepharose beads (Sigma, MO) washed with PBS were
added and incubated for 4 hours at 4°C. The immunoprecipitates were washed three times in
200 μL PBS. Then, the immunoprecipitates were suspended in a sample loading buffer and an-
alyzed by 12% SDS-PAGE.

In-gel digestion and mass spectrometry analysis
In-gel digestion and MALDI-TOF/TOF MS analysis were performed as previously described
[24]. The gel band of interest was excised and detained by 25 mMNH4HCO3, containing 50%
acetonitrile and dried with vacuum centrifugation. Then, 25 mMNH4HCO3 including 10 mM
dithiotreitol (DTT) was added to cover the gel pieces and allowed to reduce for 2 hours at
37°C. After cooling to room temperature, the DTT solution was replaced by the same volume
25 mMNH4HCO3 containing 55 mM iodoacetamide to incubate for 45 min in the dark. After
the gel pieces were washed and completely dried in a speed-vac, they were swollen in a
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digestion buffer containing 50 mMNH4HCO3 and 12.5 ng/μL of trypsin in an ice-cold bath.
After 1 hour ice-cold bath, the supernatant was removed and replaced with 50 mMNH4HCO3

to keep the gel pieces wet during enzymatic cleavage. MALDI-TOF/TOFMS analysis of the
tryptic digestion solution was performed on 4700 Proteomics Analyzer mass spectrometer
(Applied, Biosystems). CHCA (α-cyano-4-hydroxycinnamic acid) matrix was prepared by dis-
solving 5 mg in 1 mL of 50:50 acetonitrile/water containing 0.1% tallow fatty acid. The mass
spectrometric data were analyzed using the Mascot bioinformatics database search engine (Ma-
trix Sciences, London, UK). Peptide sequences were interpreted from the MS/MS spectra by
searching the Homo sapiens subset of the Swissprot protein database. Search parameters in-
cluding carbamidomethylation of cysteines were set as a fixed modification, and then methio-
nine oxidation was set as a variable modification, respectively. The peptide mass tolerance was
set at ±100 ppm and the fragment mass tolerance at ±0.6 Da. Trypsin was specified as the pro-
teolytic enzyme, and one missed cleavage was allowed.

Expression and purification of target antigen
The total RNA was isolated from HT-29 using TRIzol reagent (Invitrogen, CA). RT-PCR was
performed according to the manufacturer’s instructions (Fermentas, MD). Human PHB pro-
tein was over-expressed in the E.coli BL21, followed by purification with Ni-NTA resin (Qia-
gen, Hilden, Germany). Protein concentrations were determined by BCA kit (Boisynthesis
Biotechnology, Beijing, China). Purified recombinant protein was stored at -80°C.

Human recombinant PHB based-ELISA
ELISAs were performed as described previously [25]. Briefly, 0.1 μg/mL of recombinant protein
was used to coat 96-well microtiter plates overnight at 4°C. After blocking with goat serum, sera
from patients or controls were diluted at 1: 100 and added to the antigen-coated wells and incu-
bated for 2 hours. Bound antibodies were incubated with horseradish peroxidase-conjugated
mouse anti-human IgG4 (Abcam, MA) which had been diluted at 1:4,000 and reacted with
TMB as substrate. Finally the reaction was stopped by adding 2 MH2SO4. The absorbance at
450 nm was measured with a microplate reader (Tecan, Hombrechtikon, Switzerland).

Statistical analysis
To determine whether the frequency of autoantibodies in each cohort of patients’ sera was sig-
nificantly higher than that in sera from healthy donor, the statistical analysis was evaluated by
SPSS software (Version 17, Chicago, IL), with results considered to be statistically significant if
P< 0.05. The critical point for positive definition was the number with a higher value than that
of the healthy donors (Mean + 3 SD).

Results

HT-29 was selected as target for the antigen screening
The autoantibody profile of IgG4-RD in HT-29, EA.hy926, HEK 293 and HepG2 cell lines was
tested (Fig 1A–1D). The existences of autoantigens in the HT-29 cells were demonstrated by
the presence of abundant fluorescence. Concurrently, by using different control sera to incu-
bate with HT-29 cells, it was shown that the sera from SjS and HC have a relatively weaker or
non-specific interaction (Fig 1E–1F).
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Fig 1. Immunofluorescence analysis. (A-D) Immunofluorescence was performed on HT-29 by confocal
laser microscopy, then compared with other cells including EA.hy926, HEK 293 and HepG2. Total cell
fluorescence was analyzed by Image J software and significant differences were found between HT-29 and
three other cell lines (p<0.0001), indicating positive reactions in HT-29 cells with IgG4-RD sera. (E-F) Control
samples including SjS and HC were then tested on HT-29 cells, and the sera of patients with SjS were found
to have a weaker specific reaction and no positive signal on HC.

doi:10.1371/journal.pone.0125331.g001
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Antibody titer
Total fluorescent differences among four different cells lines were quantified by Image J soft-
ware and significant differences were observed (Fig 2A). ELISA of HT-29 with the sera from 20
IgG4-RD patients (the first batch of samples in the lab) was performed. The sera from 5
IgG4-RD patients which presented relatively higher optical density in ELISA were selected to
perform the subsequent Western blotting experiment (Fig 2B).

PHB was identified as a target protein in IgG4-RD patients
Through Western blotting analysis, a specific positive band near 30 kDa of molecular weight
was observed from the reaction between 3 IgG4-RD sera and HT-29 cells (Fig 2C). However,
no positive reaction was observed with healthy controls.

Fig 2. Identification of target antigen. (A) The value of cell fluorescence was analyzed by Image J software.
*** indicates P<0.0001. (B) Five of 20 patients with IgG4-RD presenting relatively higher optical density
values on ELISA for HT-29 cell were selected for Western blotting. (C) Western blotting of HT-29 cell extracts
with the sera from 5 IgG4-RD patients showed a positive band with a molecular weight of approximately 30
kDa in 3 patients but not in healthy controls. (D) Immunoprecipitation was performed by incubating the
extracts of HT-29 with IgG4-RD patient sera and an approximately 30 kDa protein band reacted with
antibodies from IgG4-RD patients.

doi:10.1371/journal.pone.0125331.g002

Prohibitin and IgG4-RD

PLOSONE | DOI:10.1371/journal.pone.0125331 May 1, 2015 6 / 11



Immunoprecipitation was further carried out by incubating the extract of HT-29 cells with
mixed sera, which resulted in an approximately 30 kDa protein band (Fig 2D). This protein
was found to share approximately 40% sequence similarity with human PHB (NCBI accession
number, gi|4505773; Mascot score, 692), and 8 unique peptides of PHB were matched.

Expression and purification of recombinant human PHB
The recombinant expression plasmid pET-28a (+)-PHB was transformed into E.coli BL21
(DE). After 6 hours of induction by isopropyl-b-D-thiogalactopyranoside, the cells were lysed
by ultrasonic and the extracts were analyzed by SDS-PAGE. High levels of expression of re-
combinant PHB protein were observed (Fig 3A).

Western blotting and immunoprecipitation
To further demonstrate the immunoreactivity of PHB protein against the patients’ sera, puri-
fied PHB was analyzed with western blotting using mixed sera. It was shown that the sera from
patients with IgG4-RD but not from healthy donors could recognize the recombinant PHB
protein. (Fig 3B).

Fig 3. Verification of prohibitin. (A) The cloning, expression and purification of recombinant PHB protein. M, protein markers; lane 1, cell extracts of pET-
28a (+)-PHB/BL21 after IPTG induction for 6 hour at 37°C; lane 2, cell extracts of pET-28a (+)-PHB/BL21 before IPTG induction; lane 3, cell extracts of pET-
28a (+)-BL21 after IPTG induction. lane 4, cell extracts of BL21 after IPTG induction. (B) Western blot using purified PHB protein showed that only the sera
from patients with IgG4-RD (lane 1) rather than HC (lane 2) contain antibodies against a 30 kDa cellular protein. (C) The expressed protein was purified and
further identified by MS, which revealed its identity as PHB. (D) PHB protein was also identified in immunoprecipitates; lane 1, supernatant of
immunoprecipitation; lane 2, immunoprecipitates; lane 3, control sample (the purified rhPHB). (E) The protein band on lane 2 was excised and identified by
MALDI-TOF/TOFMS, which again revealed its identity as PHB.

doi:10.1371/journal.pone.0125331.g003
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After the purification of recombinant PHB protein with Ni-NTA resin, the eluted fractions
were separated on SDS-PAGE and further confirmed by mass spectrometry (Fig 3C). Moreover,
immunoprecipitation was further employed to confirm whether the PHB protein was a real
IgG4-RD autoantigen. It was shown that the band of PHB protein was clearly present in the im-
munoprecipitates, further indicating that the PHB protein was a target of IgG4-RD (Fig 3D).
The protein bands were excised and also identified by mass spectrometry (Fig 3E).

Fig 4. Anti-PHB autoantibodies induced in IgG4-RD patients. (A) The prevalence of autoantibodies
against human PHB in sera from patients was observed. ELISA was used to detect the reactivity of serum
IgG4 against recombinant human PHB protein. The anti-PHB antibodies were detected in 65 of 89 RA
patients (73%), 4 of 30 SjS patients (13.3%) and 1 of 70 healthy donors (1.4%). The reactivity of anti-PHB
antibodies was significantly higher than HC (***P<0.0001). (B) The patients with IgG4-RD were then divided
into the following confirmed subtypes: AIP, definite autoimmune pancreatitis (25/34, 73.5%); MD, Mikulicz’s
disease (8/15, 53.3%); RPF, retroperitoneal fibrosis (6/11, 54.5%); MIX, affect multiply organs (26/29,
89.7%).

doi:10.1371/journal.pone.0125331.g004
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The prevalence of anti-PHB antibodies in IgG4-RD patients
The prevalence of autoantibodies against human PHB was examined in various patients by
ELISA. A total of 189 samples were tested in this study. Of the 89 sera with IgG4-RD analyzed,
65 (73%) were found to be reactive with PHB, but only 1 (1.4%) of the 70 healthy donors was
positive (Fig 4A). Anti-PHB antibodies were present in the sera of patients with a different sub-
type of IgG4-RD (Fig 4B) including definite AIP (25/34; 73.5%), MD (8/15; 53.3%), RPF (6/11;
54.5%), and other probable IgG4-RD (26/29; 89.7%).

Discussion and Conclusions
One advantage of this study is that the indirect immunofluorescence analysis for multiple
cell lines was performed at the beginning to screen out enrichment of candidate autoantigen
targets. Actually, dozens of cell lines of different origin were used in the pre-screening pro-
cess (data not shown). The fluorescence signal intensity indicated the binding ability of auto-
antigens with the sera from IgG4-RD, in which the promising cell lines with clear positive
signals were selected and used for the next screening circle for putative target autoantigens.
After the in-gel digestion and mass spectrometry analysis, the potential autoantigen was re-
vealed to be PHB.

PHB is involved in the developing process of many diseases [26] and may act as a tumor
suppressor that can activate anti-proliferative activity by inhibiting cell cycle and the synthesis
of DNA. Using ELISA, the levels of anti-PHB antibodies were clearly higher in sera from
IgG4-RD than in healthy controls, leading us to hypothesize that the existence of anti-PHB au-
toantibodies can accelerate cell proliferation which can originally inhibit the biological function
of PHB, resulting in tissue enlargement. Moreover, MHC binding prediction tool from IEDB
Analysis Resource was used to determine potential MHC-I binding motif in PHB. A consensus
result by both Artificial neural network (ANN) and Stabilized matrix method (SMM) indicated
peptide VSDDLTERA (from Val150 to Gla158) with low IC50 (nM) being a good MHC-I binder
[27–31].

By investigating rat models of unilateral ureteral obstruction and renal tubule interstitial fi-
brosis, researchers discovered that the expression of PHB was significantly lower in renal tis-
sues, leading them to assume that PHB may play a role in interstitial fibrosis [32]. Besides,
Low expression of PHB has also been observed in inflammatory bowel disease and may help
to reduce the pain of colonic inflammation [33]. It has been hypothesized that PHB may be re-
lated to innate immunity and may participate in the mediation of immune function and in-
flammation. However, more research is needed to clarify the exact role that PHB plays in
IgG4-RD.

In summary, this study has revealed that PHB is associated with some IgG4-RD patients, in-
cluding those in different IgG4-RD subtypes such as AIP, MD, and RPF. However, the patholo-
gy role and clinical value of PHB remains unclear and need further investigations.
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