1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Autoimmun. Author manuscript; available in PMC 2018 October 24.

-, HHS Public Access
«

Published in final edited form as:
J Autoimmun. 2006 December ; 27(4): 232-241. doi:10.1016/j.jaut.2006.11.004.

T cell targeting and phagocytosis of apoptotic biliary epithelial
cells in primary biliary cirrhosis

Jorge Allina?, Bin Hu?, Daniel M. Sullivan®, Maria Isabel Fiel¢, Swan N. Thung¢, Steven F.
Bronkd, Robert C. Huebertd, Judy van de Water®, Nicholas F. LaRussod, M. E. Gershwin®,
Gregory J. Gorest, and Joseph A. Odin2

aDepartment of Medicine, The Mount Sinai School of Medicine, New York, NY, USA
bCardiovascular Branch, NHLBI, NIH, 10 Center Drive, Bethesda, MD, USA
¢Department of Pathology, The Mount Sinai School of Medicine, New York, NY, USA
dDepartment of Medicine, Mayo Clinic College of Medicine, Rochester, MN, USA

€Department of Internal Medicine, School of Medicine of the University of California, Davis, CA,
USA

Abstract

Primary biliary cirrhosis (PBC) is characterized by loss of tolerance against ubiquitously
expressed mitochondrial autoantigens followed by biliary and salivary gland epithelial cell (BEC
and SGEC) destruction by autoreactive T cells. It is unclear why BECs and SGECs are targeted.
Previous work demonstrated that the reduced form of the major PBC autoantigen predominated in
apoptotic BECs and SGECs as opposed to an oxidized form in other apoptotic cells. This led to
the hypothesis that presentation of novel self-peptides from phagocytosed apoptotic BECs might
contribute to BEC targeting by autoreactive T cells. The effect of autoantigen redox status on self-
peptide formation was examined along with the phagocytic ability of BECs. Oxidation of PBC
autoantigens first was shown to be due to protein S-glutathionylation of lipoyllysine residues.
Absence of protein S-glutathionylation generated novel self-peptides and affected T cell
recognition of a lipoyllysine containing peptide. Liver biopsy staining revealed BEC phagocytosis
of apoptotic BECs (3.74 £+ 2.90% of BEC) was present in PBC (7 of 7 cases) but not in normal
livers (0 of 3). BECs have the ability to present novel mitochondrial self-peptides derived from
phagocytosed apoptotic BECs. Apoptotic cell phagocytosis by non-professional phagocytes may
influence the tissue specificity of autoimmune diseases.

Keywords

pyruvate dehydrogenase; autoantigen; apoptosis; protein S-glutathionylation; primary biliary
cirrhosis

Correspondence to Joseph A. Odin, 1 Gustave L. Levy PI., Box 1123, New York, NY 10029 USA; Tel.: 212-659-9516; Fax:
212-849-2574; E-mail: Joseph.Odin@msnyuhealth.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allinaetal.

Page 2

Introduction

The hallmarks of primary biliary cirrhosis (PBC) are progressive bile duct and salivary gland
epithelial cell damage, elevated alkaline phosphatase levels and loss of tolerance against
ubiquitously expressed mitochondrial autoantigens [1]. This loss of self-tolerance to
mitochondrial autoantigens precedes biliary and salivary gland epithelial cell damage (BEC
and SGEC), often by many years [2-4]. Autoantibodies against the major PBC autoantigen,
the E2 subunit of the mitochondrial pyruvate dehydrogenase complex (PDC-E2), are present
in 95% of PBC cases and are highly specific for PBC. The autoantibodies recognize the
inner lipoyl domain of PDC-E2 as well as other mitochondrial proteins that contain
lipoyllysine residues. The PDC-E2 self-peptide recognized by autoreactive T cells in PBC
also includes the unique lipoyllysine residue [5]. The destruction of bile duct and salivary
gland epithelial cells characteristic of PBC appears to be mediated by autoreactive T cells
[6-9]. Why these cell types are specifically targeted is uncertain.

Similar to other epithelial cells, BECs and SGECs potentially act as antigen presenting cells.
Extra-mitochondrial staining by some anti-PDC-E2 antibodies of PBC patient BECs and
SGECs suggest a molecular mimic of PDC-E2 may be present in these cell types [10, 11].
This extra-mitochondrial “PDC-E2” may be a source of unique PDC-E2 self-antigens
presented by PBC patient BECs and SGECs. T cell mediated destruction of these cell types
may also in part be due to increased basolateral expression of MHC class | and Il molecules
[12, 13], which enhance peptide presentation. BECs in PBC do not have the capacity to
activate primary (or naive) autoreactive T cells, but are merely the targets of destruction [14,
15]. Identification of potential sources of extra-mitochondrial “PDC-E2” may aid both in
understanding the pathogenesis of PBC and in its treatment.

Apoptotic cells phagocytosed by BECs and SGECs are an obvious potential exogenous
source of extra-mitochondrial PDC-E2 as well as other autoantigens. Other epithelial cell
types are known to phagocytose neighboring apoptotic cells [16-18]. During apoptosis,
many autoantigens associated with systemic autoimmune diseases cluster at the cell surface
and are known to undergo either proteolytic or non-proteolytic modification, which may lead
to generation of unique self-peptides [19-22]. These findings have led to a number of
preliminary studies examining the effect of apoptosis on PBC autoantigens. For example,
MacDonald et al have reported PDC-E2 is present on the cell surface of cultured apoptotic
BECs [23]. Apoptosis specific proteases cleave purified PBC autoantigens [24], however,
only oxidative modification of PDC-E2 has been detected in apoptotic cells to date [25].
Interestingly, oxidative modification appears to be cell type specific in that PDC-E2 is
spared in apoptotic BECs and SGECs. Lack of oxidative modification may alter subsequent
PDC-E2 self-peptide formation. Additionally, bile-induced apoptosis is unique with regard
to its activation of the cathepsin B protease [26], which may also generate novel self-
peptides. In the current study, BEC and SGEC apoptosis and phagocytosis are examined in
order to define their role in the tissue specificity of autoreactive T cell targeting in PBC.
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Materials and Methods

Sera and Antibodies

Animals

Cell Culture

Sera were obtained from patients diagnosed with PBC. The diagnosis of PBC was confirmed
by biochemical, serologic, and histological criteria in all cases. The specificity of the sera
autoantibodies was confirmed by western blotting and ELISA as previously described [27].
Informed consent in writing was obtained from each participant. The study protocol
conformed to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a
priori approval by the Institutional Review Board.

Rabbit polyclonal antibody against lipoic acid (LA) was obtained from Calbiochem, Inc.
(San Diego, CA). Anti-PARP p85 rabbit polyclonal antibody was obtained from Promega,
Co. (Madison, WI). HRP-conjugated secondary antibodies were purchased from Jackson
ImmunoResearch Laboratories, Inc. (West Grove, PA) and FITC-conjugated secondary
antibodies were obtained from Molecular Probes, Inc (Eugene, OR). APC-conjugated anti-
murine CD4 antibody was obtained from Becton Dickenson, Inc. (Franklin Lakes, NJ).

Female SJL/J mice were obtained from Jackson Laboratories (Bar Harbor, ME) and all
procedures conducted with the approval of IACUC and under National Institutes of Health
guidelines. A lipoated (K173), huPDC-E2 peptide (p163) spanning amino acids 163-176
(GDLLAEIETDKATI), corresponding to the major PBC CD4+ T cell epitope [5], was
purchased from Alpha Diagnostic International (San Antonio, TX). Two groups of five mice
and were immunized at 8 weeks of age with a 200 ul intraperitoneal injection of the
following: 50 pg of 5 mM DTT-treated p163 in incomplete Freund's adjuvant (Sigma Inc.);
or 50 pg of 10 MM GSSG-treated p163 in incomplete Freund's adjuvant. Mice were
sacrificed at 24 weeks of age.

and Apoptosis Induction

HelL a cells, McNtcp.24 hepatoma cells, normal rat biliary epithelial cells (NRC) and human
salivary gland epithelial (HSG) cell lines were passaged in defined media supplemented with
heat-inactivated bovine serum as previously described [25, 26]. Cells were cultured at 37 °C
in a humidified 5% CO, incubator. Freshly isolated rat BECs were prepared as described
[28]. Addition of a hydrophobic bile acid, glycochenodeoxycholate (GCDC) (Sigma), to
McNtcp.24 hepatoma cells was used to induce cathepsin B dependent apoptosis as described
previously [26]. Cells incubated with the hydrophilic bile acid, ursodeoxycholate (UDCA)
(Sigma), were used as a negative control. Lysates of GCDC and UDCA treated cells were
subjected to SDS-PAGE and then immunoblotted with anti-PARP p85 antibody to confirm
apoptosis induction and with PBC patient sera to detect any PDC-E2 cleavage fragments. In
other experiments, cells were incubated overnight in serum-free DMEM followed by
complete media containing cycloheximide (CHX) (1 ug/mL) (Sigma, St. Louis, MO) and
tumor necrosis factor (TNF-a) (10 ng/mL) (Sigma) to induce apoptosis [29].
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Western Blotting of Cell Lysates and Purified Autoantigens

HeLa cell lysates were routinely prepared as previously described [30] with addition of a
sulfthydryl reducing agent, DTT (5 mM) (Sigma), or oxidizing agent, glutathione disulfide
(GSSG) (10 mM) (Sigma). Purified, recombinant PDC-E2 (500 ng) or complexes of PDC-
E2/PDC-E3BP (750 ng) purified from human liver (gifts of M.S. Patel) were incubated for
60 min at 37 °C with cathepsin B (300 nM) + CA074 (10 uM) (a cathepsin B inhibitor)
(Sigma), subjected to SDS-PAGE, and immunoblotted with PBC patient sera. After SDS-
PAGE, proteins were then transferred to nitrocellulose and transiently stained with 0.1%
ponceau S (Sigma) in 5% acetic acid to confirm equivalent transfer of proteins.
Immunoblotting was performed with PBC patient sera (diluted 1:2000) or polyclonal rabbit
antibody (diluted according to manufacturer's recommendation), followed by an HRP-
conjugated secondary antibody, and developed by ECL (Pierce, Co., Rockford, IL) as
described [30].

Immunofluorescent Staining

Cells grown on #1 glass coverslips were washed twice in ice-cold PBS without calcium or
magnesium, fixed in 4% paraformaldehyde (5 min at 4 °C), and permeabilized in acetone
(20 s at 4 °C). Immunofluorescent staining was performed with patient sera diluted 1:200
(20 min at 4 °C) followed by FITC-conjugated goat anti-human polyclonal antibody (1:100)
[25]. Cells were counterstained with 4", 6”-diamidino-2-phenylindole (DAPI) (Molecular
Probes, Inc.) to detect chromatin condensation and nuclear fragmentation and propidium
iodide (PI) (Molecular Probes, Inc.) to detect cell membrane blebbing characteristic of
apoptotic cells (12). All apoptotic cells in 5 high power fields (typically 50-100 apoptotic
cells in total) were scored for the presence or absence of staining of the E2 subunit of the
branched chain 2-oxoacid dehydrogenase complex (BCOADC-E2). Imaging was performed
on a Leica TCS-SP (UV) scanning confocal microscope system or a Zeiss Axiophot 2
fluorescent microscope system.

A modification of previously described methods [31-33] was used to identify phagocytosed
apoptotic cells in 4 um thick, formalin-fixed liver sections. Apoptotic cells were identified
by their high intensity staining by DAPI, as opposed to weaker staining of normal and
necrotic cells, due to their condensed chromatin. BECs were identified by counterstaining
with eosin. Phagocytosis of an apoptotic body was defined by the presence of a
circumferential, luminescent “halo” surrounding the apoptotic cell. The “halo” is caused by
the apposition of the cell membrane of the apoptotic body and the lipid bilayer of a
phagocytic vacuole as confirmed previously by electron microscopy. Staining of normal
control specimens (3) were compared to pre-cirrhotic PBC specimens (7) and specimens
from individuals with other liver diseases: chronic HCV (8); primary sclerosing cholangitis
(PSC) (3); and mild acute cellular rejection (AR) (3). Aside from the normal controls,
biopsy specimens reported to have portal inflammation and/or bile duct damage were
selected for staining. For each specimen, five portal tracts, each containing at least one bile
duct, were evaluated. Sections with less than 100 total BECs were excluded. Imaging was
performed a Zeiss Axiophot 2 fluorescent microscope.

J Autoimmun. Author manuscript; available in PMC 2018 October 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Allinaetal.

Page 5

Detection of Protein S-glutathionylation Using BioGEE

Glutathione ethyl ester was biotinylated as previously described to form BioGEE [29, 34].
BioGEE readily enters cells and binds to oxidized protein sulfhydryl groups. The BioGEE
mixture was added to the cell culture medium at a final concentration of 250 pM free-SH
concurrently with induction of apoptosis using TNF-a/CHX treatment. At designated time
points, cell lysates were prepared, pre-cleared with agarose beads and then incubated with
Streptavidin conjugated agarose beads (100 pL/mg of protein) for 30 min at 4 °C to
specifically bind protein-BioGEE complexes. After extensive washing, the beads were
incubated for 30 min with 10 mM DTT in PBS/EDTA/SDS to elute proteins. Proteins in the
eluent were resolved by SDS-PAGE and specific proteins were detected by western blotting.

Protease Digestion of PDC-E2

Purified, recombinant human PDC-E2 (4 ug) was incubated in 100 pl of 1 mM EDTA,
10mM sodium phosphate buffer, pH 6.5 containing either 5 mM DTT or 10 mM GSSG for 5
min at room temperature. Each sample was then dialyzed against 1 mM EDTA, 10 mM
sodium phosphate buffer, pH 6.5 for 4 h at 4 °C to remove DTT or GSSG. Overnight tryptic
digestion was carried out on 10 pl of each sample solution by adding 0.1 ug trypsin (Roche
Applied Science, Indianapolis, IN) in 10 pl of 200mM Tris-HCI, pH 6.8 at room
temperature. For mass spectrometric analysis, 5 pl of each digested sample solution was
desalted using a C18 ZipTip (Millipore Corporation, Billerica, MA) and peptides were
eluted with 50% acetonitrile/0.1% TFA. The eluted peptides were dried and redissolved in 3
ul of matrix solution (10 mg/mL 4-hydroxy-a-cyanocinnamic acid in 50% acetonitrile/0.1%
TFA) and 0.7 pl of each sample was spotted on the target. MALDI mass spectrometric
analysis was performed using a PerSeptive Voyager DE-RP mass spectrometer in the linear
mode. All possible peptide fragments and their masses were calculated using the program
MS-Fit (http://prospector.ucsf.edu).

Murine T cell Proliferative Responses to PDC-E2 Peptide

Results

Peripheral blood mononuclear cells (PBMC) were isolated from blood and loaded with
carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) (Molecular Probes, Inc.)
according to the manufacturer's protocol prior to exposure to DTT- versus GSSG-treated
p163 (10ug/ml) in RPMI media. After seven days in culture, non-adherent cells were
collected, stained with APC-conjugated anti-CD4 antibody in PBS (30 min at 4 °C), and
analyzed by flow cytometry to determine the percentage of CD4+ T cells that had undergone
two or more cell divisions as previously described [35]. Proliferative responses to PDC-E2
peptides were compared to responses to negative control peptides. A mean response three
fold greater than the negative control mean was considered positive.

Purified PDC-E2 is Cleaved by Cathepsin B in vitro, but not During Cathepsin B-dependent

Apoptosis

Unlike many other autoantigens, cleavage of PBC autoantigens has not been detected during
apoptosis [25]. However, Roberts et al. have shown that apoptosis induced by toxic bile salts
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(e.g. GCDC) occurs via a novel pathway involving release of the lysosomal protease
cathepsin B [26]. In cholestatic diseases such as PBC, this novel pathway is particularly
relevant.

Purified PDC-E2 (500 ng) was first incubated with purified cathepsin B (300 nM) in vitro to
determine if it is a potential substrate (Fig. 1A). A 26 kDa cleavage fragment of PDC-E2
(lane 2) was detected following SDS-PAGE by immunoblotting with PBC patient antisera
specific for PDC-E2. A second, larger cleavage fragment was detectable by CoomassieR
brilliant blue staining, not by immunoblotting. The site of cleavage by cathepsin B as
determined by N-terminal sequencing of this larger cleavage fragment was just prior to A242
(i.e. distal to the inner lipoyl domain of PDC-E2), which explains why it was not detected by
immunoblotting with PBC patient antisera. Cleavage was blocked by inclusion of the
cathepsin B inhibitor CA 074 (10 uM) (lane 3). Of note, granzyme B cleavage of PDC-E2
was also unexpectedly inhibited CA 074, which was not known to affect granzyme B (data
not shown). Though PDC-E2 is a substrate for cathepsin B, GCDC-induced apoptosis did
not induce cleavage of PDC-E2 (Fig. 1B). Cleavage of PARP confirmed induction of
apoptosis. It seems increasingly unlikely that cleavage by apoptosis specific proteases of
PBC autoantigens yields novel self-peptides as suggested for other autoantigens.

Cell Type-Specific Oxidation During Apoptosis is a Common Feature of PBC Autoantigens

Only oxidative modification of PDC-E2 during apoptosis has been detected and it was cell
type specific [25]. If this apoptosis related modification has any significance, one should
expect cell type specific oxidative modification to be a feature of other PBC autoantigens
during apoptosis. As before, PBC patient serum was utilized to detect oxidative changes.
PBC patient sera specific for PDC-E2 preferentially recognizes reduced PDC-E2 and was
instrumental in examining the effect of apoptosis on PDC-2. Though 95% of PBC patient
sera contain anti-PDC-E2 autoantibodies, a PBC patient serum mono-specific for the E2
subunit of the branched chain 2-oxoacid dehydrogenase complex (BCOADC-E2) was
identified by screening sera against cell lysates (Fig. 2A) and its specificity confirmed by
ELISA (data not shown). Compared to addition of DTT, addition of glutathione disulfide
(GSSG) to HSG cell lysates decreased autoantibody immunoblotting of BCOADC-E2 (Fig.
2B). As with PBC patient sera specific for PDC-E2 [25], the BCOADC-E2 specific serum
preferentially recognized reduced versus oxidized autoantigen.

TNF-a/CHX exposure was used to induce apoptosis in an epithelial cell type commonly
affected in PBC (SGEC) and a control epithelial cell type (HeLa). For convenience the
SGEC line (HSG) was used routinely as opposed to a BEC line. These cell lines have been
adapted to grow well in the same media and are equally sensitive to apoptotic stimuli. In
prior studies, the same results have been obtained in both HSG and BEC lines [25]. To
evaluate the oxidative status of BCOADC-E2 in individual apoptotic cells, cells were stained
with the PBC patient sera specific for BCOADC-E2. Apoptotic cells were identified by
characteristic morphologic changes including nuclear condensation and cytoplasmic
shrinkage. Loss of BCOADC-E2 staining (green) occurred in 82 + 7% of apoptotic HelLa
cells (Fig. 2C, top panel, an apoptotic cell is labeled with a white star). Conversely,
BCOADC-E2 staining was preserved in 81+9% of apoptotic HSG cells (p < 0.05) (Fig. 2C,
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bottom panel), similar to prior results for PDC-E2 staining in apoptotic cells [25]. Loss of
staining by poly-specific PBC patient sera was also increased in apoptotic HeLa cells
compared to apoptotic HSG and BEC cells (data not shown). Thus, selective preservation of
redox sensitive autoantigen epitopes following apoptosis is a common feature of PBC
autoantigens.

GSH Binding to PDC-E2 Follows Oxidation of PDC-E2 During Apoptosis

Unlike BECs and SGECs, oxidation of PBC autoantigens sulfhydryl groups occurs during
apoptosis of other cell types. Several pathways of protein sulfhydryl oxidation are possible
that are either reversible or irreversible (Fig. 3). Treatment of HeLa cell apoptotic lysates
with DTT prior to immunoblotting completely restores recognition of PBC autoantigens
[25], which suggests reversible protein S-glutathionylation. Protein S-glutathionylation is the
covalent binding of glutathione to protein sulfhydryl groups either directly or indirectly [29,
34]. The latter pathway was evaluated using BioGEE, a cell-permeable, biotinylated GSH
analog that binds oxidized protein sulfhydryl groups [29].

The biotin end of BioGEE allows for precipitation of proteins that have formed mixed
disulfides with the glutathione portion of BioGEE. Within 3h, the amount of PDC-E2
precipitated was significantly increased following TNF-a/CHX treatment (6.2 + 3.0 fold, p
< 0.05) (Fig. 4A). Precipitation of BCOADC-E2 increased also following TNF-a/CHX
treatment (Fig. 4B) as well as other PBC autoantigens (data not shown). GSH binding to
PBC autoantigens increases during apoptosis of HelL a cells, apparently following
autoantigen sulfhydryl group oxidation. Direct binding by GSSG is unlikely given the low
concentrations of GSSG in cells.

Protein S-glutathionylation of PDC-E2 Alters Its Degradation by Proteases

It has been proposed that protease cleavage of autoantigens during apoptosis yields unique
self-peptides. The sulfhydryl group redox state of some other proteins is known to
significantly alter their cleavage by proteases [36-38]. Though PBC autoantigens are not
cleaved during apoptosis, we considered that protein S-glutathionylation of PBC
autoantigens may yield unique self-peptides during phagocytosis of apoptotic cells. To
examine this possibility, the peptide products of limited trypsin digestion of DTT- versus
GSSG-treated purified PDC-E2 were compared by mass spectrometry. Many identical PDC-
E2 self-peptides were formed following trypsin digestion regardless of whether PDC-E2 was
treated with DTT or GSSG (Fig. 5A, solid arrows in panels a and b), but different PDC-E2
self-peptides were derived from the inner lipoyl domain, which is the site of both
autoantibody binding and of PDC-E2 self-peptides recognized by autoreactive PBC patient
T cells (Fig. 5A, open arrows in panels ¢ and d). Similarly, differences in self-peptide
formation were noted following treatment of DTT- and GSSG-treated PDC-E2 with
chymotrypsin (data not shown). Evaluation of the masses of the self-peptides (Fig. 5A, panel
d, open arrows) formed following trypsin digestion of GSSG-treated PDC-E2 suggested one
or two molecules of glutathione may bind within the inner lipoyl domain, specifically
between amino acids L160 and K188, Two sulfhydryl groups are present between amino acids
1160 and K188 and both belong to the lipoic acid covalently bound to amino acid K173, one
of two lipoyllysine residue in PDC-E2.
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Attachment of glutathione residues specifically to the lipoyllysine residue of the inner lipoyl
domain would be expected to also affect binding by anti-lipoic acid antibody (anti-LA).
Anti-LA immunoblotting of PDC-E3BP, a PBC autoantigen with only one lipoyllysine
residue, was completely inhibited by GSSG treatment, but binding to PDC-E2 was inhibited
only 42+6% as measured by densitometry (Fig. 5B, lane 1 versus lane 5). This suggests that
only one of the two lipoyllysine residues in PDC-E2 is susceptible to protein S-
glutathionylation. Immunoblotting of recombinant PDC-E2 confirmed the identity of the
upper band as PDC-E2 (lanes 3 and 4). As expected, binding of serum mono-specific for
PDC-E2, specifically the inner lipoyl domain was completely inhibited by GSSG treatment
(Fig. 5B. lane 2 versus lane 6). Longer exposures failed to demonstrate any other bands in
lane 6. These results along with the peptide digestion results indicate that protein S-
glutathionylation of PDC-EZ2 is restricted to the lipoyllysine residue of the inner lipoyl
domain and alters protease digestion of PDC-E2. Thus, the absence of lipoyllysine oxidation
in PBC autoantigens may yield unique self-peptides following phagocytosis of the apoptotic
BECs or SGECs.

The Redox State of the Lipoyllysine Residue of PDC-E2 Affects T cell Recognition

To determine if S-glutathionylation of the inner lipoyllysine residue of PDC-E2 affects T
cell recognition, murine CD4+ T cell proliferation was examined after immunization with a
reduced or GSSG-treated human PDC-E2 peptide spanning the lipoyllysine residue of the
inner lipoyl domain. In female SJL/J mice immunized with the reduced peptide, 3 out of 5
had significant CD4+ T cell proliferation following incubation of isolated PBMC with the
reduced peptide, but none had a response to incubation with the oxidized peptide.
Immunization of mice with a single peptide injection may have limited T cell responses to
the reduced peptide; however, T cell recognition was clearly affected by the redox state of
the lipoyllysine containing peptide. None of the mice immunized with the GSSG-treated
peptide had a positive response to the reduced peptide and only one had a positive response
to the oxidized peptide. The GSSG-treated peptide may be less immunogenic than its
reduced counterpart, which is consistent with reported impaired T cell responses to peptides
containing a disulfide bond [36].

Bile Duct Epithelial Cells Phagocytose Apoptotic Cells in vitro and in vivo

Given the above results, the fate of apoptotic BECs and SGECs may influence autoreactive
T cell targeting. Some epithelial cell types are known to phagocytose apoptotic cells. Thus,
rather than being cleared by professional phagocytes, some apoptotic BECs might be
phagocytosed by neighboring, non-apoptotic BECs. In cultures of a BEC line, microscopic
examination revealed that non-apoptotic BECs are able to phagocytose apoptotic BECs (Fig
6, panel A). The antigenic epitope of PDC-E2 persists after phagocytosis as evidenced by
PBC autoantibody staining within the phagosome even after degradation of the apoptotic
body's DNA (Fig 6, panel B). Similar phagocytosis of apoptotic bodies was noted in cultures
of freshly isolated rat BECs (data not shown).

Human liver biopsy serial sections were similarly examined for evidence of BEC
phagocytosis of apoptotic cells. Apoptotic cells phagocytosed by healthy BECs were noted
in liver sections from patients with PBC, but BEC phagocytosis of apoptotic cells was not
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observed in control normal liver sections (Fig. 6, panel C and D, respectively). DAPI
staining (white) was used to identify the condensed chromatin characteristic of apoptotic
cells, which appears much brighter than normal or necrotic cells. Phagocytosed apoptotic
cells were surrounded by a luminescent “halo” due to apposition of the lipid bilayer of the
phagocytic vacuole and the cell membrane of the apoptotic cell as previously described
[31-33]. BEC phagocytosis of apoptotic cells was also observed in sections from individuals
with other liver diseases (Table 1). It was not possible to determine conclusively whether
BECs were the source of the apoptotic cells. However, in many cases the basement
membrane was intact as in Fig. 6, panel C suggesting that the phagocytosed apoptotic cell
was an apoptotic BEC. A statistical comparison of the frequency of BEC phagocytosis of
apoptotic cells among different disease etiologies would not be meaningful since biopsies
known to have portal inflammation and bile duct injury were chosen for staining. Since other
antigen presenting cells are known to present self-peptides derived from phagocytosed
apoptotic cell proteins, unique self-peptides derived from autoantigens within apoptotic
BECs may be presented by nearby healthy BECs.

Discussion

These results demonstrate for the first time that apoptotic cells are phagocytosed by BECs
and consequently are an exogenous source of autoantigens in BECs. Protease digestion of
the reduced form of PDC-E2, which predominates in apoptotic BECs and SGECs, unlike
other cell types, yields distinctive self-peptides. These findings support the paradigm that
tissue specific damage in some autoimmune diseases, such as PBC, is due to cell type
specific differences in apoptosis and phagocytosis of apoptotic cells. In autoimmune disease,
apoptotic cells may have significant roles other than induction of loss of self-tolerance. In
PBC, presentation by BECs of distinctive self-peptides derived from phagocytosed apoptotic
BECs may inadvertently promote bile duct destruction in those who previously lost
tolerance against ubiquitously expressed mitochondrial autoantigens [2-4]. Animal models
can be used to test this paradigm of tissue specificity in autoimmune disease.

Cell type specific preservation of epitopes recognized by PBC patient autoantibodies was
demonstrated to be a common feature of PBC autoantigens in apoptotic BECs and SGECs.
For practical reasons, apoptotic SGECs rather than BECs were primarily used in some
experiments since these cells are more readily cultures. This may limit extrapolation of our
findings to the liver. However, our prior study demonstrated similar effects of apoptosis in
both cell types on PDC-E2, the major PBC autoantigen, due to the high level expression of
bcl-2 in both cell types as opposed to other cell types [25]. Cell surface expression and
protease cleavage of PBC autoantigens, unlike other autoantigens, were not observed during
apoptosis, even bile acid induced apoptosis. We have not used flow cytometry to rule out the
presence of PBC autoantigens on the cell surface of apoptotic cells as suggested by
MacDonald et al [23] since immunocytochemistry has been sufficient to detect nuclear
autoantigens at the cell surface [39]. Our previous study provided indirect evidence of
oxidation of PDC-E2 by protein S-glutathionylation in some cell types during apoptosis. The
immunoprecipitation results presented confirm oxidation of PDC-E2 (and other PBC
mitochondrial autoantigens) is due to protein S-glutathionylation.
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The site of protein S-glutathionylation has now been identified as the lipoyllysine residue in
the inner lipoyl domain of PDC-E2, which is the site involved in immune recognition by
autoreactive B and T cells. Additionally, protein S-glutathionylation significantly affected
subsequent protease digestion of PDC-E2. Protein S-glutathionylation of PDC-E2 inhibited
trypsin cleavage within the inner lipoyl domain. Disulfide bonds within a protein frequently
alter lysosomal digestion of the protein and peptides must be free from disulfide bonding for
efficient stimulation of T cells [36-38]. Taken together, these findings indicate that lack of
protein S-glutathionylation of PDC-E2 in apoptotic BECs and SGECs likely leads to
formation of unique PDC-E2 peptides following digestion of apoptotic BECs and SGECs in
phagocytic cells.

With regard to autoreactive T cell targeting of BEC in PBC, it was therefore important to
determine whether glutathione binding to lipoyllysine of the inner lipoyl domain affects T
cell recognition and whether BECs phagocytose apoptotic BECs. Analysis of PBMC
isolated from mice immunized with a reduced lipoyllysine containing peptide indicate that
phagocyte presentation of only the reduced peptide, not its oxidized counterpart, elicits T
cell recognition. Phagocytosis of either peptide apparently did not affect its redox status in
antigen presenting cells. BEC phagocytosis of apoptotic cells was evident both in cultured
BECs and in vivo. DAPI staining, which identifies condensed chromatin characteristic of
apoptotic cells, was used to detect apoptotic cells due to its greater specificity compared to
TUNEL staining, which identifies fragmented DNA found in both apoptotic and necrotic
cells. TUNEL staining may overestimate the number of apoptotic cells [40]. Increased BEC
phagocytosis of apoptotic BECs was noted in PBC and in other liver diseases as well. This
finding re-enforces studies of PBC patients indicating that loss of self-tolerance is not an
epiphenomenon related to bile duct damage, but precedes bile duct injury [2-4].
Additionally, BEC phagocytosis of apoptotic cells in other liver diseases renders it unlikely
that PDC-E2 from phagocytosed apoptotic cells is solely responsible for the extra-
mitochondrial staining of BEC in PBC with anti-PDC-E2 antibodies [10, 11]. The increased
BEC phagocytosis of apoptotic BECs may be secondary to portal inflammation regardless of
the underlying liver disease. In the absence of loss of self-tolerance, BEC presentation of
unique self-peptides from apoptotic cells would not engender damage by autoreactive T
cells.

BEC phagocytosis of apoptotic BEC has not been studied previously. Epithelial cell
phagocytosis of apoptotic cells may stimulate TGF-beta production [16]. It is unknown
whether phagocytosis of apoptotic cells by BECs normally stimulates TGF-beta production,
but BEC production of TGF-beta was important in preventing alloantigen-specific T cell
mediated bile duct destruction in an animal model of hepatic allograft rejection [41].
Significantly, pro-inflammatory conditions were able to overwhelm the ability of BECs to
produce TGF-beta and down regulate T cell responses [42, 43]. A new animal model of PBC
in mice transgenic for directed expression of a dominant-negative form of TGF-beta receptor
type Il using a CD4+ promoter sequence emphasizes the role of this signaling pathway in
the pathogenesis of PBC [44].

The increased BEC phagocytosis of apoptotic BECs in PBC and other causes of liver disease
may in part be due to impaired macrophage phagocytosis as detected in PBC [45-47]. A
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variety of defects in macrophage phagocytosis of apoptotic cells in individuals with other
autoimmune disease have been identified [48-50]. Defining defects in PBC macrophage
phagocytosis of apoptotic cells may be highly beneficial since several therapeutic agents
reportedly improve macrophage phagocytosis of apoptotic cells [51-54], which in turn
increases TGF-beta release and decreases pro-inflammatory cytokine production [55, 56].
Several animal models are available with defective macrophage clearance of apoptotic cells
[57, 58]. Ursodeoxycholate, currently approved for PBC treatment, reportedly has mixed
effects on macrophage/Kupffer cell function in vitro [59-63]. Interestingly, ursodeoxycholate
treatment in PBC patients increased Kupffer cell uptake of bacterial endotoxin while
accumulation in BEC decreased based on immunohistochemical analysis [64]. Similar
macrophage pathways are activated for the uptake of bacterial endotoxin and apoptotic cells
[65].

In systemic autoimmune disease, emphasis has been placed on the role of apoptotic cells in
maintenance and loss of self-tolerance. In PBC, since loss of self-tolerance precedes cell
damage, apoptotic cells likely do not induce loss of self-tolerance. Rather, our current
paradigm emphasizes the role of apoptotic cells in the specificity of tissue damage in
autoimmune diseases. Our findings suggest the specific tissues targeted by autoreactive T
cells in autoimmune diseases may depend in part upon both cell type specific modifications
during apoptosis of ubiquitously expressed autoantigens as well as the fate of these cell
types following apoptosis. The unusually restricted specificity of anti-PDC-E2
autoantibodies in PBC fortuitously enabled detection of a subtle cell type specific
autoantigen modification during apoptosis. In other autoimmune diseases, a similar
comparison of autoantigen modification during apoptosis in affected and unaffected cell
types may also reveal subtle differences. Additionally, phagocytosis of apoptotic cells by
affected cell types in targeted tissues should be evaluated in autoimmune diseases to
determine its role in autoreactive T cell targeting of specific tissues.
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biliary epithelial cell
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Analysis of PDC-E2 in response to cathepsin B and bile acid induced apoptosis. (A)
Cathepsin B treatment of PDC-E2 (MW 74 kDa) generated a 27 kDa cleavage product
recognized by PBC patient serum (lane 2 versus lane 1). Cleavage was inhibited by the
cathepsin B inhibitor CA074 (lane 3). (B) Western blot of UDCA- and GCDC-treated cells.
UDCA treatment did not induce apoptosis (i.e. no cleavage of PARP). The typical caspase
cleavage fragment of PARP was detectable after GCDC treatment (upper panel of lane 2,
indicative of apoptosis), but no PDC-E2 cleavage product was detected (lower panel of lane
2). Experiments were done at least three times. Representative images are shown.
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Fig. 2.

Effect of redox status and apoptosis in different cell types on PBC autoantigen BCOADC-
E2. (A) Western blot of DTT-treated whole HelLa cell lysate demonstrates the mono-
specificity of a PBC patient serum for PDC-E2 (lane 1) and of a PBC patient serum for
BCOADC-E2 (lane 2). Normal control serum did not recognize either autoantigen (lane 3).
(B) Western blot showing that treatment of HSG cell lysates with GSSG inhibits recognition
of BCOADC-E2 by PBC patient sera. Experiments were performed at least three times. (C)
Immunofluorescent staining by PBC patient sera mono-specific for BCOADC-E2 is absent
in the apoptotic HelLa cell labeled with a white star (top panel), but is preserved in the
apoptotic HSG cells (lower panel). 100x magnification. Representative images and blots are
shown.
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Fig. 3.

Reversible and Irreversible Protein Sulfoxidation Pathways. Two possible pathways are
shown for protein S-glutathionylation: a direct oxidation pathway by GSSG or GSe and one
requiring a protein sulphene (protein-SOH) intermediate. Further oxidation by ROS is
irreversible. Protein S-glutathionylation can be reversed by glutaredoxins. Irreversible
oxidation reactions are indicated by solid arrows. ROS, reactive oxygen species; GSH,
reduced glutathione; GSSG, oxidized glutathione; GSe, glutathione radical; HNE, 4-
hydroxy-2-nonenal; RNS, reactive nitrogen species.
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Precipitation of protein S-glutathionylated PBC autoantigens from apoptotic cells. (A)
Western blot with PBC patient sera of whole cell lysates (left lanes) and of proteins
precipitated using Streptavidin-coated beads (right lanes) at various time points following
treatment of BioGEE loaded HeLa cells with TNF-a/CHX to induce apoptosis. The addition
of DTT to the precipitates prior to SDS-PAGE released PDC-E2 from BioGEE. Following
the addition of TNF-a/CHX, the amount of BioGEE conjugated PDC-E2 increased (i.e.
protein S-glutathionylation of PDC-E2 increased) (B) Western blot comparing precipitation
of BioGEE coupled PDC-E2 and BCOADC-E2 from the same preparation. Treatment with
TNF-a/CHX increased BioGEE conjugation with both PDC-E2 and BCOADC-E2. WC-
whole cell proteins. IP-BioGEE coupled proteins. Experiments were repeated at least three
times. Representative blots are shown.
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Fig. 5.
Tryptic digestion of reduced versus oxidized PDC-E2 and glutathionylation of its

lipoyllysine residue. (A) Mass spectrometry indicates that some of the peptide products
formed following trypsin digestion of DTT- and GSSG-treated PDC-E2 were identical
(panels a and b, solid arrows). Other peptide products were distinct (panels ¢ and d, open
arrows). The sizes of the peptides labeled by open arrows in panel d are most consistent with
single and double S-glutathionylation of a peptide including the lipoyllysine residue of the
inner lipoyl domain. (B) Western blotting of PDC-E2/PDC-E3BP complex purified from
human liver (which dissociates during SDS-PAGE) and of recombinant PDC-E2 with either
rabbit anti-lipoic acid antibody (a-LA) or PBC patient serum mono-specific for PDC-E2. a-
LA recognized both DTT treated PDC-E2 and PDC-E3BP (lane 1). a-LA recognition of
PDC-E3BP was more sensitive to GSSG treatment than was its recognition of PDC-E2. In
contrast, PBC patient serum recognition of PDC-E2 was completely inhibited by GSSG
treatment (lane 6). No bands appeared in lane 6 on even longer exposures. Since the serum,
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unlike a-LA, is specific for the inner lipoyl domain of PDC-E2, GSSG-treatment likely
affects only the inner lipoyl domain of PDC-E2. PDC-E3BP has only one lipoyl domain.
Experiments were done at least three times. Representative blots are shown.
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Fig. 6.
Biliary epithelial cell phagocytosis of apoptotic cells. (A & B) Cultured normal rat BEC

phagocytose apoptotic BEC. In panel A, a recently phagocytosed apoptotic cell is marked by
an arrow. RNA staining by propidium iodine (red) within the apoptotic cell in panel A is
absent likely due to its rapid degradation following phagocytosis, but DNA (blue) and PDC-
E2 (green) staining persist. In panel B, both RNA and DNA have been degraded in the
phagocytosed apoptotic cell in panel B, but PDC-E2 staining persists. 63x magnification.
(C) Biopsy specimen from a PBC patient stained with DAPI (white) and eosin. An apoptotic
BEC (white arrow) has detached from an intact basement membrane (black arrow). The
luminescent “halo” surrounding the apoptotic BEC indicates it has been phagocytosed by
the neighboring healthy cell. 100x magnification. Representative images are shown.
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Table 1
Biliary Epithelial Cell Phagocytosis of Apoptotic Cells

Disease/Condition (# of biopsies) % of cholangiocytes with apoptotic bodies (mean + S.E.M.)

None (3) 0.00 + 0.00
Primary biliary cirrhosis (7) 3.74£2.90
Chronic hepatitis C (8) 2.91+3.53
Primary sclerosing cholangitis (3) 4.07 £3.50
Acute rejection (3) 0.83+£0.85

S.E.M., standard error of the mean.
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