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Abstract

Background & Aims—Activation of autoimmune pathways has been implicated as a contributing
mechanism to the pathophysiology in some patients with chronic intestinal pseudoobstruction (CIP).
In this study we tested the hypothesis that sera from a subpopulation of patients with CIP contain
autoantibodies that activate autophagy via a Fas-dependent pathway in cultured human
neuroblastoma SH-Sy5Y cells.

Methods—Twenty-five patients with established neurogenic CIP (20 F and 5 M; age range: 21-57
yrs) were investigated and circulating anti-neuronal antibodies to enteric neurons were found in 6
(24%) patients. The ability of anti-neuronal antibodies to induce autophagy was assessed using
immunohistochemical, Western immunoblot and molecular techniques. The presence of
autophagosomes was monitored using a specific immunohistochemical marker, anti-LC3
immunoreactivity and co-localization with mitochondrial- and Fas-activated death domain (FADD)-
immunofluoresence using appropriate antibodies, in cells exposed to sera from matched healthy
controls and patients with neurogenic CIP.

Results—Exposure of SH-Sy5Y cells to sera from patients with CIP containing anti-neuronal
antibodies revealed increased binding of autoimmune immunoglobulin (IgG class) to the surface of
SH-Sy5Y cells and increased formation of autophagosomes demonstrating co-localization with
mitochondria and FADD compared to control sera. Pretreatment of sera with either protein L agarose
beads or a soluble Fas receptor (extracellular domain) chimera prevented the stimulation of
autophagy.

Conclusions—We provide novel evidence that anti-neuronal antibodies may contribute to
neuronal dysfunction observed in a subset of patients with neurogenic CIP via autoantibody-mediated
activation of autophagy involving the Fas receptor complex.
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Introduction

Chronic intestinal pseudo-obstruction (CIP) is an uncommon, disabling disorder characterized
by a severe impairment of gastrointestinal propulsion which results in a clinical picture
resembling mechanical obstruction in the absence of any lesion occluding the gut. IScrp
typically passes unrecognized for long periods of time before the correct diagnosis is identified.
The lack of appropriate medical recognition reflects, in part, poor understanding of the
pathogenesis and the wide heterogeneity of CIP. When no underlying cause is identified that
explams the gastrointestinal motor dysfunction, the etiology of CIP is defined as idiopathic
(CIIP) - AIthough familial cases have been described, the majority of CIIP in adults are
sporadlc.1 -5

The origin of the underlying dysmotility in CIP is thought to be myogenic, neurogenic or
mesenchymopathic depending on whether the abnormality involves the smooth muscle, the
innervation (intrinsic or extrinsic) or the interstitial cells of Cajal in the gut.6 Neurogenic CIP
can be classified into two major forms: (a) inflammatory neuropathies in which a significant
inflammatory/immune response is identified within enteric ganglia and/or nerve processes; and
(b) degenerative neuropathies characterized by evidence of neurodegenerative aspects in the
absence of an identifiable inflammatory response. Inflammatory neuropathies are characterized
by a dense infiltrate of lymphocytes and plasma cells involving either of the two major
ganglionated plexuses of the enteric nervous system (ENS), although mainly the myenteric
plexus, hence the term myenteric ganglionitis) and related axons appear to be involved by the
inflammatory/immune response.""5!7 In addition to cell-mediated immune injury, patients
with lymphocytic myenteric ganglionitis develop a humoral response characterized by anti-
neuronal antibodies (aNA), including anti-nuclear neuronal antlbodles or anti-Hu (from the
name of the molecular target recognized by these autoantlbodles) In addition to these well
defined aNA, emerging evidence indicates that other antibodies targeting either central or ENS
neurons have been identified in a variety of autoimmune disorders,g’10 as well as dysmotility
syndromes.7v11

In general, the presence of autoantibodies in the sera of patients with CIP has been viewed as
a potentially useful biomarker for diagnosis of CIP. It is less clear whether autoimmune
immunoglobulins, and specifically aNA, may contribute to the pathophysiology of CIP. In
other disorders, for example diabetes mellitus, autoimmune immunoglobulins are present in
the sera that bind and activate the cell-death receptor Fas(CD95) present on beta cells. 12 An
emerging body of evidence suggests that the Fas receptor complex is linked to a variety of cell
funtlzzions including proliferation, in addition to activation of caspase-dependent cell death.

1

Rapidly growing research data indicate that macroautophagy Salso referred to as autophagy)
plays a pivotal role in cellular response to inimical conditions.**: 6 Autophagy is responsible
for the sequestration of injured or senescent organelles, such as mitochondria, in
autophagosomes. Also, it is considered an ubiquitous adaptive mechanism that allows cells to
survive stressful conditions such as nutrient depletion and oxidative stress and appears to play
an important role in the pathophysmlogy of neurodegenerative, cardiovascular, and muscular
diseases, and some mahgnanmes Autophagy is a highly conserved pathway in
eukaryotic organisms. In mammals, it involves the functional homologues of at least 16 gene
products, studied comprehensively in yeast.20 Among these products is the specific marker of
autophagosomes, LC3, a member of the microtubule-associated light chain family, a
mammalian homologue of yeast Atg8. 2l c3 undergoes enzymatic cleavagze and lipidation to
generate the 16 Kd LC3-11 form that is incorporated into autophagosomes, 2 and whose
immunohistochemical detection exhibits a punctate23 or ring-like pattern2 indicative of
completed autophagosomes. Therefore, the detection of LC3-11 by immunofluoresence or
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immunoblot, provides a specific marker for the assessment of macroautophagic activity, and
allows the evaluation of the co-localization of LC3 with other events involved in cellular
responses to stress.20

In this study, we examined the novel hypothesis that humoral autoimmune mechanisms may
contribute to neuronal stress via a pathway involving activation of autophagy in patients with
CIP. We found that the anti-LC3 immunohistochemical signal for autophagy was enhanced in
human SH-Sy5Y neuroblastoma cells exposed to sera from a subset of patients with CIIP
containing aNA compared to sera from CIP patients without aNA and sera from healthy
individuals. Our results suggest that anti-neuronal autoimmune immunoglobulins play a
potentially important role in the pathophysiology of neurogenic CIP via Fas-mediated
activation of autophagy.

Material and Methods

Inclusion criteria and patients

Since no individual patient identification was involved and no study-driven clinical
intervention was performed, a simplified Institutional Review Board approval by the St.
Orsola-Malpighi University Hospital Ethics Committee was obtained and no patient consent
was considered necessary.

Small bowel motility was evaluated in 34 patients with severe digestive symptoms referred to
the Laboratory of Functional Gastrointestinal Disorders at the S.Orsola-Malpighi Hospital of
the University of Bologna between 2003 and 2006. Of these, 25 patients (20 females and 5
males; age at entry in the study 37.3+£10.9 years, mean + SD; range 21-57 years) were affected
by CIP, as defined previously. 26 seven were excluded because lacking acute episodes
resembling mechanical occlusion and two because of secondary etiologies (1 paraneoplastic
and 1 scleroderma).

Screening of sera—Sera from the 25 patients who met the dlagnostlc criteria for neurogenic
CIP were screened for the presence of aNA as described prewously Brlefly, aNA to the
ENS were detected by indirect immunofluorescence on 5 um cryostat sections of rat ileum and
colon (Astra, Milan, Italy). Each patient’s serum was screened for its ability to induce
autophagy using the vital lipophilic dye monodansyl cadaverine (MDC) which non-specifically
labels intracellular vacuoles including autophagosomes as described previously. 28 The
subpopulation of CIP sera that stimulated autophagy via autoantibody-mediated activation of
a Fas-dependent pathway was designated CIP with aNA. All the sera screened for their ability
to induce autophagy using the MDC and anti-LC3 immunofluorescence assays were
complement-inactivated (heated in a water bath at 56°C for 40 min).

Small bowel manometry—Small bowel manometry was performed in all included patients
according to a previously described stationary, perfused, manometric technique and abnormal
motility patterns identified and analyzed as described previously. 6,26

Neuroblastoma cell culture—The human neuroblastoma cell line SH-Sy5Y (ATCC,
Manassas, VA) was maintained in 150 cm? Corning T-150 flasks in a 1:1 mixture of Dulbecco’s
modified Eagle medium (DMEM) and Ham's F-12 containing 15% fetal bovine serum (FBS),
penicillin (100 IU/mL), streptomycin (100 pg/ml), 2 mmol/L L-glutamine, and 15-mm Hepes
buffer at 37°C with a 10% CO, atmosphere.

Immunofluorescence assays—SY5Y cells were exposed to CIP sera with or without

evidence of anti-neuronal antibodies or control sera (1:10 dilution in growth medium) for 16—
24 h. Serial dilution studies were performed on a subset of sera that stimulated enhanced anti-
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LC3 immunoreactivity compared to control sera. After the initial screening of individual sera,
some experiments were performed using pooled sera from three individuals using CIP with
aNA that induced autophagy and colocalization with FADD compared to pooled sera from
three healthy controls. Experiments using pooled sera were repeated two times and involved
comparison of two separate pools of CIP with aNA and control sera. In some experiments,
tumor necrosis factor-o. (TNF-a) (100 ng/mL; Cell Sciences, Canton, MA) was used as a
positive control to activate the Fas receptor complex.

Cells were plated on cover slips in Petri dishes (35x10mm) or 4 well cell culture chambers for
24 hat 37°C, and subsequently fixed in ice-cold 4% paraformaldehyde for 15 min, then washed
with PBS and blocked with 10% serum containing 0.1% triton X-100 as described previously.
28 The cells were subsequently exposed to the primary anti-LC3 antiserum (kindly provided
by Dr. Tamotsu Yoshimori, Department of Cell Biology, National Institute for Basic Biology,
Okazaki, Japan) at 1:400 dilution, anti-mitochondrial antibody (AMA) at 1:100 dilution
(Chemicon International, Temecula, CA), anti-Fas activated death domain (FADD) antibody
at 1:100 dilution (Cell Signaling, Tropix, Bedford MA) and secondary antibodies (Alexa Fluor
495, goat anti-rabbit 1gG, 1:400, and Alexa Fluor 488, goat anti-mouse 1gG, 1:400, Molecular
Probes, Eugene, OR) depending on the donor species of the primary antibody, in blocking
buffer for 2 h at room temperature. For the detection of 1gG, the antibody utilized was goat
anti-human 1gG-Fc, HRP-conjugated (1:3000). The cells were then washed in PBS and
mounted along with 10uL anti-fading gel (Molecular Probes, Eugene, OR).

Analysis of pixel density—Six to ten (x40) digital images of immunostained cells were
acquired using a Zeiss LSM-510 confocol microscope. The number of pixels in each image
corresponding to immunostained cells was counted by subtraction of the background from the
total pixels using NIH image-J software. The cell area in each image was measured by outlining
the cell edges. The pixel density was then normalized to pixels per 100 um? cell area.

Western immunoblotting—Cells were extracted using Tris-buffered saline (TBS),
complete proteinase inhibitor cocktail (Roche, Mannheim, Germany), and 0.5% of Triton
X-100. After SDS-PAGE (15% ready gel, Bio-Rad, Hercules, CA), proteins were transferred
to membranes under 80 volts, for 2 h at 4 °C. The membranes were subsequently blocked with
5% non-fat milk for 1 h at room temperature. This was followed by an overnight incubation at
4°C with a 1:1000 dilution of anti-LC3 antiserum (kindly provided by Dr. Tamotsu Y oshimori,
Research Institute for Microbial Diseases, Department of Cellular Regulation, 3-1 Yamadaaka;
Suita Osaka, Japan) and processed as described previously.28 The signals were detected by
chemiluminescence using the SuperSignal West Dura/Pico Kit (Pierce, Rockford, IL). Protein
bands on X-ray film were quantified by densitometric scanning (ImageQuant 5.0) and analyzed
by SigmaPlot 2001.

Immunoglobulin removal—Immunoglobulins were removed from human sera using the
Protein L kit, (Protein L-agarose beads; Sigma, St. Louis, MO) according to the manufacturer’s
instructions.

Immunoneutralization of serawith soluble Fas (sFas) chimera—Some experiments
involved pre-incubation of human sera with a recombinant human Fas/Fc chimera/TNFRSF6
(R&D Systems, Inc., Minneapolis, MN. This chimera encodes the extracellular domain of
human Fas antigen and has been shown to block the induction of apoptosis by Fas Iigand.29
CIP with aNA or control sera were pre-incubated with Fas/Fc chimera (100 ng/ul) or vehicle
for 3 h at 37°C in a rotating shaker. Following this preincubation, the sera were added to FBS-
free incubation media to give a final concentration of sFas of 250 ng/mL. The sera were added
to SH-Sy5Y cell cultures at a concentration of 10% vol/vol and the cells were incubated for
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an additional 16-24 h and processed for immunofluorescence or immunoblot assays as
described above.

Statistical Analysis—Statistical analyses were performed using nonparametric Mann-
Whitney test by GraphPad InStat 3 (GraphPad Software, Inc., CA). Differences with P<0.05
were considered significant.

Study population

Demographic and clinical features of the study population are summarized in Table 1.

Intestinal manometry

At least one obvious manometric abnormality (median: 2; range 1-4) was present in all patients.
Relative frequencies of the different motor abnormalities recorded were: abnormal activity
fronts in 60% of patients, bursts of uncoordinated contractions in 56%, clustered contraction
in 52%, hypomotility in 20%, inability of an adequate meal to abolish interdigestive MMCs
for at least 180 min in 8% of patients.

Screening of sera—Sera from 25 patients who met the criteria for CIP were selected to
screen for their ability to induce autophagy using the MDC assay. Based on criteria described
previously, we found that 6 out of 25 patients (24%; 4 females, 2 males; age range: 22-57
years) with CIP displayed aNA in their serum. The immunofluorescent pattern showed a bright
staining in the nucleus and cytoplasm, including the plasma membrane, of all myenteric and
submucosal neurons of the rat ileum and colon. The intensity of the aNA immunofluorescence
signal was semi-quantitatively graded +, ++ and +++ which correlated with antibody titers
1:40, 1:80 and 1:160, respectively. Three patients demonstrated +, two patients ++ and one
had +++ signal intensity. Sera from six individuals (4 females and 2 males; age range: 21-56
years) with CIP who did not demonstrate aNA were also screened for their ability to induce
autophagy, in addition to healthy control sera from six individuals (4 females and 2 males; age
range: 21-45 years).

Compared to sera from individuals with CIP without aNA and healthy controls, the six sera
with aNA all demonstrated significant increases in the following markers: i) stimulation of
cytoplasmic vacuole formation using the MDC assay; ii) binding of autoantibody(ies) (IgG
class) to the surface membrane of SH-Sy5Y cells; and iii) induction of a punctate anti-LC3
immunofluorescence signal and co-localization with either anti-FADD or AMA
immunofluorescence. In general, the intensity of the anti-1gG, anti-LC3 and co-localization
with anti-FADD and AMA immunofluorescence signals correlated with the intensity and titer
of the aNA signal, e.g. serum that demonstrated an aNA +++ (1:160 titer) response showed
more intense binding of autoantibody and induction of autophagy compared to sera with aNA
++ (1:80) and aNA + (1:40) response. Some sera from CIP patients without aNA demonstrated
a modest increase in the MDC assay and binding of autoantibody to surface membrane, but
this did not reach statistical significance compared to control sera. Treatment of the CIP with
aNA sera with either protein L agarose beads or the soluble Fas receptor (extracellular domain)
chimera (sFas) prevented the induction of anti-LC3 and co-localization with anti-FADD and
AMA immunofluorescence signals. Of interest, treatment of control sera with sFas also resulted
in a decrease in the anti-LC3-11 immunaoblot signal.

Serial dilution studies using pooled CIP with aNA sera revealed the progressive loss of the
effect to stimulate autophagy between 1:80 and 1:250. Induction of autophagy and
colocalization with FADD were also observed after exposure of SH-Sy5Y cells to TNF-a. As
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negative control, co-treatment of cells with TNF-a and sFas did not prevent the induction of
autophagy and co-localization with FADD (data not shown).

SH-Sy5Y cells exposed to sera from CIP patients with aNA demonstrated increased binding
of autoimmune immunoglobulins and stimulation of autophagy

Exposure of SH-Sy5Y cells to CIP with aNA sera showed increased binding of autoimmune
immunoglobulin (IgG class) to the surface membrane and stimulation of autophagy based on
an increase in the anti-LC3 immunofluorescence signal compared to cells exposed to either
control sera or growth medium not supplemented with sera (Figure 1A). Histograms
summarizing the anti-1gG binding and anti-LC3 immunofluorescence data are shown in
Figures 1B and 1C, respectively. Pixel density data were normalized to cell area (100 um?;
n=6, P< 0.05).

Exposure of SH-Sy5Y cells to CIP with aNA sera stimulated autophagy and co-localization
with mitochondria

Exposure of cells to CIP with aNA sera resulted in an increase in the anti-LC3
immunofluorescence signal and co-localization with AMA immunofluorescence in punctate
cytoplasmic vacuoles consistent in appearance with autophagosomes, compared to cells
exposed to control serum or growth medium not supplemented with serum. The results of a
representative experiment is shown in Figure 2, see magnified view (n=6, P<0.05).

Pretreatment of CIP with aNA sera with protein L agarose beads prevented the increased
binding of autoimmune immunoglobulins

After exposure of CIP with aNA sera to protein L agarose beads to remove immunoglobulins,
the increased binding of 1gG autoantibodies to the surface membrane of SH-Sy5Y cells was
not observed (Figure 3A). A summary histogram of the anti-IgG binding data is shown in
Figure 3B. Of interest, binding of autoantibodies (1gG class) to SH-Sy5Y cells after exposure
to sera from healthy controls was also increased compared to cells exposed to growth medium
not supplemented with sera and decreased after exposure to protein L agarose beads. Pixel
density data were normalized to cell area (100 pm?; n=6, P< 0.05).

Pretreatment of CIP with aNA sera with sFas prevented activation of autophagy and co-
localization with FADD

Figure 4 summarizes data demonstrating that pretreatment of CIP with aNA sera with sFas
prevented the increase in anti-LC3 immunofluorescence (Figure 4C) and co-localization with
anti-FADD (Figure 4B), compared to exposure of SH-Sy5Y cells to control sera or growth
medium not supplemented with serum. Pixel density data were normalized to cell area (100
um?; n=6, P< 0.05).

Pretreatment of control and CIP with aNA sera with sFas significantly decreased anti-LC3 Il
immunoblot density

To confirm that the sFas reagent prevents the induction of autophagy, we examined the effect
of pretreatment of CIP with aNA and control sera on the induction of the anti-LC3-I1 using
Western immunoblot. The pixel density of the anti-LC3-11 immunoblot signal was significantly
increased in SH-Sy5Y cells exposed to CIP with aNA sera. Pretreatment of sera with sFas
resulted in a significant decrease in the anti-LC3-11 band density in both control and CIP with
aNA sera treated cells (Figure 5A). A summary histogram of the quantitative analysis of the
normalized anti-LC3-I1 pixel density data is presented in Figure 5B. This experiment was
performed using two pools of CIP with aNA sera, e.g. three individual’s sera in each pool and
compared to two pools of sera (three individuals in each pool) from healthy controls (P< 0.05).
Pixel density data were normalized to B-actin loading.
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Serial dilution of CIP with aNA sera resulted in graded attenuation in the ability to stimulate
the anti-LC3 Il immunoblot signal

Serial dilution studies using both control and CIP with aNA sera indicated that the ability of
CIP with aNA sera to differentially stimulate anti-LC3-1l1 immunoreactivity was reduced to
control levels at 1:250 dilution (Figure 6). This experiment was performed with pooled sera
from five patients with CIP with aNA, i.e. aNA + (1:40, n=3) or ++ (1:80, n=2). Pixel density
data were normalized to B-actin loading.

DISCUSSION

We believe this is the first report supporting that a factor present in the sera of a subpopulation
of patients with CIP exhibiting aNA stimulates autophagy and co-localization with AMA and
anti-Fas immunoreactive signals. The increased signal for anti-LC3 immunoreactivity, co-
localization with enhanced anti-lgG immunoreactivity and the significant reduction in these
signals after exposure of the sera to either protein L agarose beads or a sFas receptor
(extracellular domain) chimera suggest that autoimmune immunoglobulins (i.e., aNA) are
involved in stimulating the increase in autophagy via a Fas-dependent pathway. Our data
suggest that humoral autoimmunity, identified by circulating aNA, may contribute to the
neurodegenerative abnormalities responsible for dysmotility in some CIP patients.
Nonetheless, the potential significance of this pathway in the natural history of CIP and the
mechanisms through which aNA may affect a highly preserved compartment such as the ENS
and contribute to dysmotility remain to be fully elucidated. However, our previous report that
SH-Sy5Y cells exposed to sera obtained from patients with diabetic neuropathy or active
systemic lupus erythematosus also show increased autophagy, supports the notion that
autoimmune disorders may, in general, be associated with activation of autophagy.28 It will
be important to determine whether autophagy is differentially activated in the ENS of patients
with CIP and aNA vs. CIP without aNA in future studies. In addition the current study does
not exclude the possibilities that aNA sera may contain antibodies that bind to non-neuronal
tissues or that there may be other mediators present in the sera of patients with CIP that
contribute the pathophysiology of this syndrome.

The pathophysiological significance of enhanced autophagy and the role of sequestration of
mitochondria in autophagosomes are an area of active investigation. The engulfment of
mitochondria under conditions of cellular stress is known to occur.30-33 For example,
mitochondria are known to generate reactive oxygen species (ROS) when cells are exposed to
inimical conditions associated with increased oxidative stress.3# Increased mitochondrial
engulfment in autophagosomes may be a cytoprotective response to oxidative stress.32 The
potential significance of mitochondrial dysfunction, enhanced oxidative stress and
sequestration of mitochondria in autophagosomes in CIP requires further exploration. We
hypothesize that autophagy is an “early” cytoprotective response to the binding of autoimmune
immunoglobulins that activate cellular pathways (such as Fas) associated with mitochondrial
dysfunction and increased formation of ROS. If confirmed, a logical extension of this
hypothesis is that the increased presence of autoimmune immunoglobulins and, perhaps, other
activators of autophagy over time could be associated ultimately with cell injury and death
when the balance of cytoprotective and cytotoxic mechanisms favors the latter. Our previous
reports suggest that sera from é)atients with diabetes and neuropathy can induce a low level of
apoptosis in neural tissue.32:36 A key issue for future studies is to examine the potential linkage
between activation of autophagy and apoptotic vs. non-apoptotic cell death.

Our results suggest that aNA-mediated stimulation of autophagy can involve a Fas-dependent
pathway. Relevant to this report, other studies suggest that the interaction of FADD with the
autophagic molecule, Atg5, is necessary for autophagosomal development.37 Itis well
established that Atg5 is necessary for early autophagosomal assembly but it is not known to
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be a component of the mature autophagosome. Notably, our data, showing LC3 co-localization
with FADD, suggests that there may be a later, more permanent association of FADD with the
autophagosome, because LC3-11 is part of the mature autophagic vacuole.38 This observation
implies that FADD may be engulfed in the autophagosome as part of a well conserved cellular
pathway that modulates death receptor signal transduction. Although SH-Sy5Y cells
demonstrate low basal expression in procaspase 8, a “sequence of hits” by cytokines or
antibodies can increase Fas or caspase 8 expression and lead to executioner caspase activation.
39,40 Therefore, FADD engulfment may be an “early” cytoprotective mechanism since
cytokines that induce Fas are known to be elevated in chronic inflammatory conditions.

The participation of Fas inaNA-mediated stimulation of autophagy is supported by the removal
of this effect after treating sera with a soluble Fas receptor (extracellular domain) reagent. We
believe it is noteworthy that there was a significant increase in the anti-LC3
immunofluorescence signal in cells exposed to control serum compared to growth medium not
supplemented with serum and that the anti-LC3-11 immunoblot signal in cells exposed to
control sera was significantly decreased by pretreatment with the sFas (extracellular domain)
chimera. This observation supports the presence of naturally occurring agonist anti-Fas
autoantibodies in the sera of healthy individuals.41 We hypothesize that under circumstances
of chronic inflammation or active autoimmune disorders the titer of agonist vs. antagonist anti-
Fas autoantibodies favors production of the former.

Other autoantibodies have been identified in the sera of some patients with CIP, including anti-
Hu. High titers of aNA targeting Hu molecules (i.e. a group of RNA-binding proteins involved
in neuronal maintenance and survival) have been mainly identified in the sera of patients with
paraneoplastic syndrome.8 In that study, we provided evidence that exposure of SH-Sy5Y
neuroblastoma cells and isolated myenteric neurons to anti-HuD antibodies evoked a
significant degenerative response characterized by caspase-3 activation and apoptosis, as
identified by terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-
end labeling (TUNEL) technique. Based on the important neurobiological functions exerted
by the Hu RNA binding proteins, we proposed that HuD protein abrogation, induced by
autologous autoantibodies, may contribute to enteric neuron degeneration in patients with
paraneoplastic gut dysmotility. Although apoptosis and autophagy may be independently
activated, it is quite possible that both processes are activated by oxidative stress evoked by
humoral autoimmunity and contribute to neurodegeneration in the ENS. It is noteworthy that,
compared to anti-Hu antibodies, aNA present in the subgroup of CIP patients have a lower titer
and do not recognize specific molecular antigen(s) (Volta and De Giorgio unpublished data).
The fact that autophagy can be evoked by sera with undetermined aNA further strengthens the
concept that humoral autoimmune-mediated pathways can contribute to neuronal damage in
CIP.

In conclusion, our results indicate that autoimmune immunoglobulins are present in a
subpopulation of patients with CIP that activate autophagy via a Fas-dependent pathway
supporting a potential novel link between the presence of autoantibodies and induction of a
cellular pathway(s) implicated in both cytoprotection and neuronal injury. Elucidating the role
of autophagy will likely help to take the term “idiopathic” out of CIIP and generate novel
therapeutic targets for this severe, highly disabling syndrome.
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Abbreviations used in this paper

aNA, anti-neuronal antibodies

AMA, anti-mitochondrial antibody

CIIP, Chronic idiopathic intestinal pseudoobstruction
ENS, enteric nervous system

DMEM, Dulbecco’s modified Eagle medium

FADD, Fas-activated death domain

FBS, fetal bovine serum

LC-3, microtubule-associated light chain

MDC, monodansyl cadaverine

MMCs, migrating motor complexes

sFas, soluble Fas receptor chimera (extracellular domain)
PBS, phosphate-buffered saline

ROS, reactive oxygen species

TNF-a, tumor necrosis factor-a

trypsin-EDTA, trypsin-ethylene diamine tetraacetic acid
TBS, Tris-buffered saline

TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end
labeling
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Figure 1. Exposure of SH-Sy5Y cells to sera from CIP patients with aNA demonstrated increased
binding of autoimmune immunoglobulins and stimulation of autophagy

SH-Sy5Y cells exposed to CIP with aNA sera demonstrated increased binding of
autoantibodies (IgG class) to the surface membrane and stimulation of autophagy based on an
increase in the anti-LC3 immunofluorescence signal compared to cells exposed to either control
sera or growth medium not supplemented with sera (Figure 1A). Histograms summarizing the
anti-IgG immunofluorescence and anti-LC3 immunofluorescence are shown in Figure 1B and
1C, respectively. Pixel density data were normalized to cell area, 100 pm? (n=6, P< 0.05).
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Figure 2. SH-Sy5Y cells exposed to CIP with aNA sera demonstrated increased autophagy and co-
localization with mitochondria

Treatment of SH-Sy5Y cells with sera from CIP patients containing aNA resulted in an increase
in the anti-LC3 immunofluorescence signal and co-localization with AMA
immunofluorescence in punctate cytoplasmic vacuoles consistent in appearance with
autophagosomes, compared to cells exposed to control serum or growth medium not
supplemented with serum (Figure 2, see magnified view) (n=6, P< 0.05).
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Figure 3. Pretreatment of control and CIP with aNA sera with protein L agarose beads prevented
the increased binding of autoimmune immunoglobulins

The increased binding of IgG autoantibodies to the surface membrane of SH-Sy5Y cells was
not observed after exposure of sera from patients with CIP containing aNA to protein L agarose
beads to remove immunoglobulins, Figure 3A. A summary histogram of the anti-IgG binding
data is shown in Figure 3B. Binding of autoantibodies (IgG class) was also decreased after
exposure of sera from healthy controls to protein L beads compared to cells exposed to growth
medium not supplemented with serum. Pixel density data were normalized to cell area (100
um?) (n=6, P< 0.05).
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Figure 4. Pretreatment of sera from patients with CIP containing aNA with sFas prevented
activation of autophagy and co-localization with FADD

Exposure of SH-Sy5Y cells to CIP with aNA sera resulted in a significant increase in the anti-
LC3 immunofluorescence signal and co-localization with anti-FADD immunofluorescence
compared to cells exposed to control sera. Pretreatment of the sera with sFas prevented the
increase in anti-LC3 immunofluorescence (Figure 4C) and co-localization with anti-FADD
immunofluorescence (Figure 4B). Pixel density data were normalized to cell area (100 pm?;
n=6, P< 0.05).
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Figure 5. Pretreatment of sera from healthy controls and patients with CIP containing aNA with
sFas significantly decreased anti-LC3 Il immunoblot density

To confirm that CIP with aNA sera-mediated stimulation of autophagy in SH-Sy5Y cells
involves binding to the Fas receptor complex, we examined the effect of pretreating control
and CIP with aNA sera with the sFas reagent on induction of LC3 Il immunoblot density using
Western analysis. The pixel density of the anti-LC3 Il immunoblot was significantly decreased
after exposure of both CIP with aNA and control sera to sFas (Figure 5A). A quantitative
analysis of the normalized anti-LC3 Il pixel density data is presented in the summary histogram
Figure 5B. Loading conditions were evaluated using p-actin (P< 0.05).
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Figure 6. Serial dilution of sera from patients with CIP containing aNA resulted in graded loss in
the ability to differentially stimulate the anti-LC3 Il immunoblot signal

Serial dilution studies using both control and CIP with aNA sera revealed that the ability of
CIIP with aNA sera to differentially stimulate anti-LC3 Il immunoreactivity was reduced to
control levels at 1:250 dilution. Pixel density data were normalized to B-actin loading.
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