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ANIMAL MODELS
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Inflammatory bowel diseases frequently cause gastrointestinal dysmotility, suggesting that they may
also affect the enteric nervous system. So far, the precise mechanisms that lead to gastrointestinal
dysmotility in inflammatory bowel diseases have not been elucidated. To determine the effect of CD8 T
cells on gastrointestinal motility, transgenic mice expressing ovalbumin on enteric neurons were
generated. In these mice, adoptive transfer of ovalbumin-specific OT-I CD8 T cells induced severe
enteric ganglionitis. CD8 T cells homed to submucosal and myenteric plexus neurons, 60% of which were
lost, clinically resulting in severely impaired gastrointestinal transition. Antieinterferon-g treatment
rescued neurons by preventing their up-regulation of major histocompatibility complex class I antigen,
thus preserving gut motility. These preclinical murine data translated well into human gastrointestinal
dysmotility. In a series of 30 colonic biopsy specimens from patients with gastrointestinal dysmotility,
CD8 T cellemediated ganglionitis was detected that was followed by severe loss of enteric neurons
(74.8%). Together, the preclinical and clinical data support the concept that autoimmune CD8 T cells
play an important pathogenetic role in gastrointestinal dysmotility and may destroy enteric neurons.
(Am J Pathol 2019, 189: 540e551; https://doi.org/10.1016/j.ajpath.2018.11.016)

Enteric nervous system (ENS) disturbance is a frequent
complication in patients with a variety of inflammatory
bowel diseases. The hallmark of ENS disturbance is
gastrointestinal (GI) dysmotility that clinically manifests
with disabling symptoms of abdominal pain, constipation,
diarrhea, and fecal incontinence.

Infections or postinfectious states may cause enteric
dysmotility. Up to 10% of patients develop irritable bowel
syndrome subsequent to bacterial gastroenteritis.1,2 In these
patients, the rectal lamina propria harbors elevated T-cell
numbers.3,4 The loss of myenteric neurons in experimental
colitis5,6 raises the question of which mechanisms link
inflammation and neuronal damage. Paraneoplastic gut
dysmotility is a well-known complication in patients with
tumors and anti-Hu antibodies.7e10 In addition, anti-
neuronal antibodies are present in the serum of patients

with various GI disorders.11 These observations support the
theory that neuronal antigens can become targets of an
immune response. Indeed, in a rat model of chronic func-
tional bowel changes after Campylobacter jejuni infection, a
circulating antibody that recognizes the neuronal protein
vinculin has been detected.12 Although these data indicate
that antibodies play a role in GI dysmotility, it is unknown
whether they indeed cause neuronal destruction. A role for
molecular mimicry between a pathogen and ENS cells is
suggested in Chagas disease in which Trypanosoma cruzi
flagellar antigen Fl-160 cross-reacts with myenteric
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neurons.13,14 Thus, both cellular and humoral immune re-
actions likely contribute to GI dysmotility.

To address a potential role of CD8 T cells in this scenario,
we designed CKTAC mice, which express ovalbumin
(OVA) as autoantigen on enteric neurons. Adoptive transfer
(AT) of OVA-specific OT-I CD8 T cells induced severe
enteric ganglionitis attributable to a fulminant interferon
(IFN)-gemediated CD8 T-cell attack of neurons, resulting
in their destruction and, clinically, delayed GI transit pro-
gressing to ileus. These experimental data translated well
into human disease because CD8 T-cellemediated gan-
glionitis leading to severe neuronal loss was identified in the
colon of 30 patients with GI dysmotility of previously un-
known origin who could not be assigned to a specific dis-
ease entity before, thus opening novel therapeutic avenues.

Materials and Methods

Mice

CKTAC, OT-I, and C57BL/6 mice were used. Mice were
kept under specific pathogen-free conditions. In all experi-
ments, animals were examined daily (Table 1). Experiments
were performed according to NIH guidelines under permits
from the Government of North-Rhine-Westphalia (Cologne,
Germany).

Generation of CKTAC Mice

To generate the conditional knock-in mouse C57Bl/6NTac-
Gt(ROSA)26Sortm3674(CAG-TFRC-OVAL)Arte, the Tfr-Ova15

open reading frame transgene was inserted in the ROSA
26 locus via targeted transgenesis (Taconic, Cologne, Ger-
many). CKTAC mice were generated by crossing C57Bl/
6NTac-Gt(ROSA)26Sortm3674(CAG-TFRC-OVAL)Arte mice with
NSE-cre(CK1) mice,16 provided by Dr. Luis F. Parada
(University of Texas Southwestern Medical Center, Dallas,
TX), to drive expression of OVA on neurons.

Both female and male mice (8 to 12 weeks old) were
included in the experiments because first-line experiments
disclosed differences in the ENS as well as in the response
of female and male CKTAC mice to AT of OT-I CD8 T
cells.

Adoptive Transfer

CD8 T cells were isolated from spleen and mesenteric
lymph node (MLN) of OT-I mice via MACS (Miltenyi,
Bergisch Gladbach, Germany). Freshly isolated OT-I CD8
T cells were injected intravenously into CKTAC or C57BL/
6 mice (1 � 106 cells per mouse). Purity of CD8 T cells was
>95% as determined by flow cytometry.

In Vivo Neutralization of IFN-g

Mice received 250 mg of antieIFN-g (clone XMG1.2;
Biolegend, San Diego, CA) or 250 mg of rat IgG (Sigma-
Aldrich, Taufkirchen, Germany) intraperitoneally every 2
days starting on the day of OT-I CD8 T cell injection.

In Vivo Inhibition of iNOS

L-N6-iminoethyl-lysine (L-NIL0 Cayman Chemical, Ann
Harbor, MI) was added to drinking water in a concentration
of 1 mg/mL, beginning 3 days before AT.17 Control mice
received plain drinking water.

In Vivo Depletion of CD4 T Cells

Mice received 100 mg of anti-CD4 (clone GK1.5; Bio-
legend) or 100 mg of isotype-matched rat IgG (Sigma-
Aldrich) intraperitoneally on days �3, �2, �1, 2, and 4 of
OT-I CD8 T-cell injection.

Tissue Preparation and Analysis

After intracardial perfusion the entire colon was embedded
as a “Swiss roll,”18,19 with half snap-frozen and the other
half embedded in paraffin. Frozen and paraffin sections were
used for histochemistry, immunohistochemistry, and termi-
nal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling staining as described previously (Table 2).20,21

Force Measurement of Ileal Smooth Muscle

Colon and ileum of CKTAC mice were morphologically
similar in CKTAC with and without AT of OT-I CD8 T
cells, respectively. Thus, force was measured in ileal smooth

Table 1 Clinical Scoring Algorithm to Assess Gastrointestinal
Symptoms in Mice*

Clinical parameter Score

General condition
Hair coat
Smooth, bright 0
Rough 1

Posture
Normal 0
Hunched 1

Stool consistency
Normal 0
Diarrhea/constipation 1

Body weight loss (%)
<2 0
2e5 1
5e10 2
10e15 3
>15 4

Total score 7

*Animals were examined daily for clinical signs of gastrointestinal
disturbance considering general conditions, stool consistency, and body
weight. Each of these conditions was evaluated individually, and their sum
was integrated into an overall clinical score. Loss of body weight >20% was
defined as human end point.
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muscle as previously published.22,23 Isometric force elicited
by electrical field stimulation and carbachol were recorded
with LabChart version 7.0 (AdInstruments, Oxford, UK;
sampling rate, 100 Hz) and evaluated as area under the
curve. The amplitude of spontaneous rhythmic contractions
and the area under the curve of electrical field stimulation
elicited contractions were normalized to potassium-induced
contractions; the dose-response relation to carbachol was
normalized to maximal force at 30 mmol/L carbachol.

Flow Cytometry of Splenic and MLN Leukocytes

Leukocytes were analyzed by double immunofluorescence
staining with CD8aefluorescein isothiocyanate (FITC),
CD4ephosphatidylethanolamine (PE), CD80-PE, CD83-PE,
CD69-PE (all from BD Biosciences, Heidelberg, Germany),
and H-2Kb/SIINFEKL (OVA257-264 dextramer)ePE (Immu-
dex, Copenhagen, Denmark). Acquisition was performed on a

FACSVerse (BD Biosciences); data were analyzed using
FlowJo software version 10.1 (Treestar, Ashland, OR).

Quantitative RT-PCR of IFN-g mRNA

RNA extraction from cryopreserved MLN and spleen was
performed as described.20 IFN-g mRNA transcription was
analyzed by quantitative RT-PCR using a Taqman gene
expression assay (Applied Biosystems, Darmstadt, Ger-
many). All samples (three animals per group) were studied
in triplicate. For normalization, murine TATA boxebinding
protein and POLR2A were chosen as reference genes.

Studies in Patients with Gl Dysmotility

Thirty patients (Supplemental Table S1) surgically treated
for GI dysmotility of unknown origin were included in this

Table 2 Antibodies Used for Immunofluorescence and Immunohistochemistry in Mice

Antibody Clone Company Species

Primary
Ovalbumin Polyclonal Sigma-Aldrich Rabbit
NeuN A60 Millipore, Darmstadt, Germany Mouse
b-III-tubulin Polyclonal Abcam, Cambridge, UK Rabbit
b-III-tubulin Monoclonal Abcam Mouse
Hu C/D Polyclonal Abcam Rabbit
GFAP GA5 Millipore Mouse
c-kit 2B8 Abcam Rat
CD34 EPR18668 Abcam Rabbit
CD45 (LCA) M1/9.3.4.HL.2 (hybridoma) LGC Standards, Wesel, Germany Rat
CD4 GK1.5 BD Biosciences, Heidelberg, Germany Rat
CD8a 53-6.7 BD Biosciences Rat
CD8 SP16 DCS, Hamburg, Germany Rabbit
CD3 SP7 Thermo Fisher Scientific, Dreieich, Germany Rabbit
CD11b (MAC-1) WEHI-274.1 (hybridoma) LGC Standards Rat
CD11c N418 Abcam Armenian hamster
Iba-1 NCNP24 Wako, Neuss, Germany Rabbit
MAC-3 M3/84 BD Biosciences Rat
Isolectin GS-IB4 Invitrogen, Karlsruhe, Germany Griffonia simplicifolia
MHC class I M1/42.3.9.8 HLK (hybridoma) LGC Standards Rat
MHC class II I-Ab,d,q M5.114.15.2 (hybridoma) LGC Standards Rat
CD44 EPR18668 Abcam Rabbit
CD62L MEL-14 Abcam Rat
CD69 H1.2F3 Biolegend, San Diego, CA Armenian hamster
FasL Polyclonal Abcam Rabbit
Perforin CB5.4 Abcam Rat
iNOS Polyclonal Abcam Rabbit
Activated caspase-3 C92-605 BD Biosciences Rabbit

Secondary
Goat anti-rabbit Dylight 488 Dianova, Hamburg, Germany Goat
Goat anti-rat BSP Dianova Goat
Goat anti-rabbit BSP Dianova Goat
Goat anti-rabbit Cy3 Dianova Goat
Extravidin-FITC Sigma-Aldrich
Extravidin-Cy3 Sigma-Aldrich

BSP, biotin spacer; FITC, fluorescein isothiocyanate; GFAP, glial fibrillary acidic protein; iNOS, inducible nitric oxide synthase; MHC, major histocompatibility
complex.
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retrospective study. Diagnostic workup was performed ac-
cording to a diagnostic algorithm (Supplemental Figure S1).

Histochemistry and Immunohistochemistry of Colonic
Specimens

Paraffin sections cut from full-thickness specimens of the
distal colon were stained by hematoxylin and eosin, Elastica
van Gieson, and cresyl violet. Immunohistochemistry
(Table 3) was performed as described.20 The study was
approved by the Ethics Commission of the Medical Faculty
of Cologne University (18-143).

Statistical Analysis

In animal experiments, differences in clinical disease ac-
tivity between the respective experimental group and the
corresponding control were tested with the t-test. The
number of CD8 T cells in the enteric neuroenvironment of
the colon and the number of enteric neurons was quantita-
tively assessed by evaluating sections immunostained for
CD8 and b-III-tubulin, respectively, in at least 50 high-
power fields (HPF) per section. Six mice per experimental
group were analyzed. The t-test was applied to determine

significance of differences between the respective experi-
mental group and the corresponding control group.

Data derived from force measurements are presented as
means � SEM. Significance was tested using the t-test or
two-way analysis of variance followed by Sidak posttest as
appropriate. Data analysis was performed with GraphPad
Prism software version 7.0 (GraphPad Software, San Diego,
CA).

Differences in the number and activation of OVA-specific
CD8 T cells and DDCT values of IFN-g mRNA transcripts
were analyzed in CKTAC mice with and without AT of OT-
I CD8 T cells and tested for significance between the
respective experimental group and the corresponding con-
trol using the t-test. Six mice per group were used for the
various experiments.

Experiments were performed at least twice. Overall, 317
mice were included in the experiments.

In human specimens, serial sections immunostained with
anti-MAP2 and anti-CD8 antibodies were quantitatively
evaluated for the number of enteric neurons and CD8 T cells
in the ENS microenvironment, respectively. At least 25 HPF
per section were analyzed per patient. To test for differences

A

B

*

*

*

*

tubulin
OVA

GFAP
OVA

*

Figure 1 Expression of ovalbumin (OVA) in the enteric nervous system
of CKTAC mice. A: OVA is prominently expressed on b-III-tubulinþ enteric
neurons (asterisks) of the submucosal plexus. Arrows point to a b-III-
tubulinþ axon of a submucosal neuron. Immunofluorescence with rabbit
anti-OVA (Cy3) and mouse antieb-III-tubulin (fluorescein isothiocyanate).
B: OVA is absent from glial fibrillary acidic protein (GFAP)þ glial cells and
their processes (arrowheads). Note a large OVAþ neuron (asterisks).
Immunofluorescence with rabbit anti-ovalbumin (Cy3) and mouse anti-
GFAP (FITC). Scale bars Z 25 mm. Original magnification, �200.

Table 3 Antibodies Used for Immunohistochemistry and
Immunofluorescence Studies of Patients’ Colonic Specimens

Antibody Clone Company Species

Primary
LCA (CD45) LJ27.9 DCS Mouse
CD3 SP7 DCS Rabbit
CD4 4B12 BioGenex, Fremont,

CA
Mouse

CD8 SP16 DCS Rabbit
CD20 L26 DCS Mouse
CD68 PG-M1 DCS Mouse
MHC class I antigen Polyclonal Bioss, Eching,

Germany
Rabbit

MAP2 protein HM-2 Sigma-Aldrich Mouse
b-III-tubulin TU-20 Abcam, Cambridge,

UK
Mouse

Hu C/D Polyclonal Abcam Rabbit
GFAP GA-5 BioGenex Mouse
S100 protein I5E2E2 DCS Mouse
APP 22C11 Millipore Mouse
Neurofilament
protein

2F11 Dako, Hamburg,
Germany

Mouse

c-kit SP26 DCS Rabbit
CD34 QBend/10 BioGenex Mouse

Secondary
Goat anti-mouse-Cy3 Dianova, Hamburg,

Germany
Goat

Goat anti-rabbit BSP Dianova Goat
Rat anti-mouse BSP Dianova Rat
Extravidin-FITC Sigma-Aldrich

BSP, biotin spacer; FITC, fluorescein isothiocyanate; GFAP, glial fibrillary
acidic protein; MHC, major histocompatibility complex.
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in the number of neurons and CD8 T cells in patients with
symptoms for <6 or �6 years, respectively, a two-tailed
t-test was applied. For ethical reasons, control specimens
from healthy individuals are not available.

Results

Characterization of Transgenic CKTAC Mice That Express
OVA on Neurons of the Myenteric and Submucosal Plexus

To study whether autoimmune CD8 T cells may attack
enteric neurons, CKTAC mice were generated. Throughout
the ENS, these mice specifically express OVA on enteric
neurons of the submucosal and myenteric plexus
(Figure 1A). As expected, OVA expression was confined to
neurons (Figure 1). Enteric glia was normal surrounding
ganglia. Interstitial cells of Cajal had normal morphologic

features with long cellular processes, physiologically
expressed c-kit, and the CD34 antigen (Supplemental
Figure S2). Smooth muscle cells regularly surrounded
ganglia of the myenteric plexus. Thus, morphologic features
of the ENS were normal.
CKTAC mice were observed for up to 1 year of age.

They bred normally and did not have any spontaneous
clinical abnormalities.

OVA-Specific CD8 T Cells Cause Enteric Ganglionitis in
CKTAC Mice

OT-I CD8 T cells with AT caused rapidly progressing
enterocolitis in CKTAC mice within 4 to 5 days (Figure 2,
A and B). In contrast to resistant C57BL/6 mice, the in-
testine of CKTAC mice became dark reddish discolored,
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Figure 2 Ovalbumin (OVA)especific CD8 T cells
induce enteric ganglionitis in CKTAC mice. A and B:
Clinical score (A) and survival rates (B) of CKTAC and
C57BL/6 mice after adoptive transfer (AT) of 1 � 106 OT-
I CD8 T cells. Data represent one of the two experiments
with six mice per group, which yielded similar results. C
and D: Macroscopically, the distended and discolored
colon of a CKTAC mouse (C) contrasts with the normal
colon of a C567BL/6 mouse after AT of 1 � 106 OT-I CD8
T cells (D). E: At least 50 high-power fields (HPF) per
section immunostained for CD8 were quantitatively
evaluated. F: CD8 T cells are closely attached to submu-
cosal plexus neurons (arrows) after AT in a CKTAC mouse.
The photomicrograph shows findings in a mouse repre-
sentative of the entire experimental group. Anti-CD8
immunostaining, with counterstaining with hemalum.
G: A submucosal CD8 T cell [fluorescein isothiocyanate
(FITC)] expresses the early activation marker CD69 (Cy3).
Immunofluorescence with rat anti-CD8 (FITC) and Arme-
nian hamster anti-CD69 (Cy3). Data are expressed as
means � SD (A and E). n Z 6. **P < 0.01,
***P < 0.0001 CKTAC mice with AT versus C57BL/6 mice
with AT (t-test); yyyyP < 0.0001 versus C57BL/6 mice with
AT. Scale bars: 25 mm (F); 80 mm (G). Original magnifi-
cation: �200 (F); �600 (G).
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massively distended, and edematous (Figure 2, C and D),
indicating ileus.

Force measurement in ileal preparations from CKTAC
mice with and without AT of OT-I CD8 T cells, which
exhibited spontaneous rhythmic contractions (Figure 3A),
had a significantly attenuated contractile force at higher fre-
quencies after AT (Figure 3B). Remarkably, smooth muscle
function and pacemaker activity as well as the sensitivity of
postjunctional effectors to cholinergic neurotransmission
were not altered in ganglionitis (Figure 3, C and D).

Morphologically, Swiss role18,19 colonic preparations that
allow analysis of all anatomical compartments, including
both the submucosal and myenteric plexus, revealed enteric
ganglionitis. CD45þ infiltrates mainly consisted of enlarged,
activated CD69þ CD8 T cells (Figure 2, EeG). CD8 T cells
were intimately attached to OVAþ neurons of the submu-
cosal and myenteric plexus (Figures 2F and 4A). These
OVAþ b-III-tubulinþ MAP2þ HuC/Dþ neurons had up-
regulated the major histocompatibility complex (MHC)
class I antigen (Figure 4, AeF) and were pushed into
apoptosis (Figure 4, GeJ). Twenty-four hours after onset of
colitis-related symptoms, 60.3% of submucosal and myen-
teric plexus neurons were already lost (Figure 4K). Both

plexuses were similarly affected (52.1% and 66.6% for the
submucosal and myenteric plexus, respectively, P > 0.05).
Only single Iba1þ macrophages and CD4 T cells were
scattered throughout the intestinal wall but were not prefer-
entially associated with enteric neurons. To study whether
CD4 T cells also contribute to disease, CD4 T cells were
depleted in vivo (Supplemental Figure S3A). Neither the
clinical course of disease nor the degree of neuronal loss were
altered in CD4 T celledepleted CKTAC mice compared with
rat IgG-injected CKTAC mice on OT-I CD8 T cell AT
(Supplemental Figure S3, BeD). Thus, these experiments
exclude a relevant role of CD4 T cells in this model.

Gut inflammation induced an immune response in MLN
and spleen, where OVA-specific CD8 T cells significantly
increased in number and were activated as evidenced by an
increased CD69 expression (Figure 5A). Furthermore, IFN-
g mRNA was significantly up-regulated in MLN and spleen
(Figure 5B).

IFN-g Mediates Destruction of Enteric Neurons

The significant induction of IFN-g mRNA prompted us to
determine its role in enteric ganglionitis. Indeed, IFN-g
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Figure 3 Effect of OT-I CD8 T cells on sponta-
neous, neuronally, and pharmacologically induced
contractions of ileal smoothmuscle of CKTACmice. A:
Original force tracings showing spontaneous rhythmic
contractions and electrical field stimulation (EFS)e
induced contractions (10 seconds). EFS-mediated
neuronal stimulation increases the amplitude of the
rhythmic, phasic contractions at low frequencies (<10
Hz) and increases tone with superimposed phasic
contractions that eventually fused into tetanus at
frequencies>10Hz inbothgroups.B:Summaryof EFS-
induced contractions [area under the curve (AUC)
determined during the 10-second stimulation period]
normalized to potassium (80 mmol/L)einduced force.
Potassium-induced force is not different between
CKTAC with and without adoptive transfer (AT). C:
Summary of potassium (80 mmol/L)einduced con-
tractions and frequency and mean force amplitude of
spontaneous rhythmic contractions normalized to
potassium-induced force. There is no significant dif-
ference in potassium-elicited force or in the frequency
and amplitude of spontaneous rhythmic contractions
between groups, indicating that smooth muscle func-
tion and pacemaker activity were not affected by AT.D:
Summary of dose-response relationships to carbachol.
Force was determined as AUC during the first 120 sec-
onds after application of carbachol. The pEC50 values
(�log of the concentrations necessary to elicit half
maximal activation) of the dose-response relationships
to themuscarinic agonist, carbachol,werenotdifferent
between groups, suggesting that the sensitivity of
postjunctional effectors to cholinergic neurotransmis-
sion is notdecreased in ileal smoothmuscle fromCKTAC
mice with AT. *P< 0.05, **P< 0.01 CKTAC mice with
AT versus C57BL/6 mice with AT (two-way analysis of
variance; Sidaks multiple comparison posttest). CCh,
carbachol.
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Figure 4 Characteristics of autoimmune enteric ganglionitis in CKTAC mice after adoptive transfer (AT) of 1 � 106 OT-I CD8 T cells. A: CD8 T cells
[fluorescein isothiocyanate (FITC)] have homed to a submucosal plexus ovalbumin (OVA)þ (Cy3) neuron (arrow). B: OVAþ (Cy3) enteric neurons are not
associated with CD8 T cells (FITC) in a CKTAC mouse that had not received OT-I CD8 T cells. C: OVA (Cy3) is not expressed on enteric neurons of a C57BL/6
mouse. AT of OT-I CD8 T cells does not result in homing of CD8 T cells (FITC) to the enteric nervous system. Asterisks indicate small mucosal CD8 T cells. AeC:
Immunofluorescence with rabbit anti-OVA (Cy3) and rat anti-CD8 (FITC). D: Submucosal plexus OVAþ (Cy3) neurons express the major histocompatibility
complex (MHC) class I antigen (FITC, arrows). E: OVAþ (Cy3) enteric neurons of a naïve CKTAC mouse do not express the MHC class I antigen (FITC). F: Neither
OVA (Cy3) nor the MHC class I antigen (FITC) are expressed on enteric neurons in a C57BL/6 mouse that had received AT of OT-I CD8 T cells. DeF: Immu-
nofluorescence with rabbit anti-OVA (Cy3) and rat anti-MHC class I antigen (FITC). G: terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling
(TUNEL)þ (TMR red) DNA strand breaks indicate apoptosis of a neuron with clumped b-III-tubulin fragments (FITC). Inset: Shrunken neurons with condensed
nuclear chromatin (arrows) are surrounded by inflammatory cells (cresyl violet) (asterisk).H: In a naïve CKTAC mouse, b-III-tubulinþ enteric neurons (FITC)
are viable and thus do not harbor TUNELþ (TMR red) DNA strand breaks and are therefore not indicative of apoptosis. I: In a C57BL/6 mouse that had received
an AT of OT-I CD8T cells, b-III-tubulinþ enteric neurons (FITC) are viable and thus, do not harbor TUNELþ (TMR red) DNA strand breaks and are therefore not
indicative of apoptosis. GeI: Immunofluorescence with TUNEL (TMR red) and rabbit antieb-III-tubulin (FITC). J: The number of apoptotic cells was evaluated
in at least 50 high-power fields (HPF) per section immunostained for TUNEL. A repeat experiment yielded similar results. K: The number of neurons was
evaluated in at least 50 HPF per section immunostained for b-III-tubulin. A repeat experiment yielded similar results. Data are expressed as means � SD (J and
K). nZ 6. ****P < 0.0001 versus naive and C57BL/6 mice with AT (t-test); yyyyP < 0.0001 versus naive (t-test). Scale bars: 50 mm (A, B, and D); 25 mm (C, E,
F, and H); 120 mm (G); 12 mm (I). Original magnification: �400 (A, B, D, and inset); �200 (C, E, F, and H); �1000 (G); �100 (I).
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neutralization significantly ameliorated disease (Figure 6, A
and B).

Macroscopically, the intestine of antieIFN-getreated
CKTAC mice with AT was normal (Figure 6C). IFN-g
neutralization did not impair CD8 T-cell homing to the
neuromicroenvironment (Figure 7, A and B); thus, CD8 T
cells were closely attached to enteric neurons (Figure 7, A
and C). Remarkably, neurons did not up-regulate MHC
class I antigen (Figure 7C), and neuronal apoptosis was less
prominent compared with controls. Thus, 74.2% of sub-
mucosal and myenteric plexus neurons were preserved by
antieIFN-g treatment (Figure 7D).

In contrast, inducible nitric oxide synthase (iNOS)
antagonization by L-NIL did not protect CKTAC mice from
ganglionitis (Supplemental Figure S4, A and B). L-NIL and
control treated CKTAC mice exhibited no differences either
clinically nor morphologically (Supplemental Figure S4, C
and D).

CD8 T-CelleDominated Inflammation Is Followed by
Loss of Enteric Neurons in Patients with GI Dysmotility

In 30 patients with GI dysmotility in whom comprehensive
clinical diagnostic workup did not identify an underlying
origin, morphologic analysis of full-thickness colonic
specimens revealed a colonic pathologic finding of two
patterns, depending on disease duration. CD8 T-
celledominated inflammation was the characteristic feature
in patients with a clinical history <6 years (Supplemental
Figure S5, A and E, and Supplemental Table S1). CD8 T
cells were closely attached to MHC class Iþ MAP2þ b-III-
tubulinþ HuC/Dþ submucosal and myenteric plexus neu-
rons (Figure 8, A, C, and G, and Supplemental Figure S5, A
and E). Most neurons were vital (Figure 8, C and E). Only
single CD4 T cells and CD68þ macrophages were scattered
throughout the intestinal wall but were not preferentially
associated with ganglia (Supplemental Figure S5, C, D, G,
and H). In patients with a clinical history �6 years, the
hallmark was a significant loss of 74.8% of MAP-2þ enteric
neurons (Figure 8H) similarly affecting the submucosal
(76.4%) and myenteric plexus (73.0%), whereas inflam-
mation was absent (Figure 8, B and G, Supplemental
Figure S5, B, D, F, and H, and Supplemental Table S1).
Ganglia were completely devoid of neurons or harbored
only single MAP-2þ b-III-tubulinþ HuC/Dþ neurons, which
were MHC class I antigen� (Figure 8, D and F). Secondary
changes (axonal degeneration, gliosis, fibrosis) prevailed
(Supplemental Table S1).

Discussion

These studies in a novel mouse model strongly support the
hypothesis that CD8 T-cellemediated inflammation of the
ENS plays a crucial role in GI dysmotility. IFN-
gedependent destruction of enteric neurons was recognized

by autoreactive CD8 T cells as underlying mechanism.
These experimental data mimic pathologic findings in the
colon of patients with GI dysmotility that could not be
assigned to a specific origin before pathologic analysis. In
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addition, patients with inflammatory bowel disease,
including ulcerative colitis and Crohn disease, have a high
prevalence of bowel dysmotility; aberrant bowel motility is
linked to inflammatory burden and clinical symptoms.24e26

The observation that both the submucosal and myenteric
plexuses were targeted by inflammation and neuronal
destruction in humans was recapitulated in our experimental
model. These data, which contrast with a predominant
affection of the myenteric plexus,8,27 point to recognition of
(an) antigen(s) shared by neurons of the submucosal and
myenteric plexus, which still remain to be elucidated in
humans. The exclusive CD8 T-cell composition of the in-
flammatory infiltrates in the microenvironment of the ENS in
our series of 30 patients, which is at variance with a report on
three patients in whom both CD4 and CD8 T cells contributed
to the infiltrates,28 strongly suggests a CD8 T-cellemediated

attack of neurons. Interestingly, one of the patients in the
study by De Giorgio et al28 was biopsied twice; active
inflammation early in disease was followed by myenteric
neuronal loss. This observation fits well into our concept of a
two-stage disease. Therapeutically relevant, patients in the
inflammatory stage likely will benefit from immunosuppres-
sive therapy. Indeed, some patients were susceptible to cor-
ticosteroids.28 In addition, cytokine blockade trials, including
targeting IFN-g, yielded promising results, which, unfortu-
nately, were mostly not long-lasting.29,30 These overall rather
disappointing results may be explained, at least in part, by the
data indicating that the benefit of immunosuppression may be
restricted to the inflammatory phase, whereas later, when
74.8% of enteric neurons are irreversibly lost, fibrosis- and
gliosis-induced intestinal wall rigidity account for patients’
ongoing concerns.
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CKTAC mice with adoptive transfer (AT) from autoimmune
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neuron (arrowhead) in an antieIFN-getreated CKTAC
mouse. Anti-CD8 immunostaining, with hemalum coun-
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tion. At least 50 high-power fields (HPF) per section
immunostained for CD8 were quantitatively evaluated in
CKTAC mice with AT that received either antieIFN-g or rat
IgG. A repeat experiment yielded similar results. C: In a
CKTAC mouse, antieIFN-g treatment preserves vitality of
ovalbumin (OVA)þ neurons [fluorescein isothiocyanate
(FITC), arrows], even when associated with CD8 T cells
(Cy3, arrowheads). Immunofluorescence with rabbit anti-
OVA (FITC) and rat anti-CD8 (Cy3). Inset: In an antieIFN-
getreated CKTAC mouse, an OVAþ (Cy3) neuron has not
up-regulated the major histocompatibility complex (MHC)
class I antigen (FITC). Immunofluorescence with rabbit
anti-OVA (Cy3) and rat anti-MHC class I antigen (Cy3). D:
The number of neurons was quantitatively evaluated in at
least 50 HPF per section immunostained for b-III-tubulin.
A repeat experiment yielded similar results. Data are
expressed as means � SD (B and D). n Z 6.
****P < 0.0001 CKTAC mice with AT þ antieIFN-gamma
treatment versus CKTAC mice with AT þ rat IgG (t-test).
Scale bars: 50 mm (A); 25 mm (C). Original magnification:
�400 (A); �200 (C); �400 (inset).
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The striking attachment of CD8 T cells to enteric neurons
in patients’ colonic specimens as well as in murine enteric
ganglionitis strongly suggests a cytotoxic attack. Indeed,
these neurons had up-regulated the MHC class I antigen,
which renders them susceptible to antigen-specific recog-
nition by CD8 T cells with subsequent destruction. IFN-g, a
highly potent inducer of MHC antigens on many cells,
including damaged neurons,31,32 was identified as a decisive
mediator because its in vivo antagonization significantly
improved the clinical course of ganglionitis by rescuing
most neurons from apoptosis. The observation that 74.2%
but not all neurons were protected in CKTAC mice treated
with antieIFN-g raises the question of what further factors
contribute to neuronal damage that still remain to be
elucidated. However, antagonization of iNOS, an important

mediator of gut physiology induced by IFN-g,33 excluded
its relevant role in autoimmune murine ganglionitis under
these conditions. Similarly, depletion studies disclosed a
clinically relevant function of CD4 T cells, which might
have affected CD8 T-cell function.

The target cell-specific damage of neurons without
detrimental effects on other cell populations involved in
regulation of GI motility, as evidenced morphologically
and physiologically, is remarkable. These data suggest
that neuronal function but not that of pacemaker or
smooth muscle cells was impaired in this model. The data
are further corroborated by a lack of effect of antago-
nization of iNOS, which acts on interstitial cells of Cajal
and improves pacemaker potentials derived from these
cells.34
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Figure 8 CD8 T-cellemediated inflammation leads to
neuronal loss in patients with gastrointestinal dysmotility.
A and B: Intimate association of a CD8 T cell [fluorescein
isothiocyanate (FITC)] with a MAP2þ neuron (Cy3) in the
inflammatory stage (A), whereas CD8 T cells (FITC) are
completely absent from the myenteric plexus harboring
single MAP2þ neurons (Cy3) in a patient with a clinical
history�6 years (B). Immunofluorescence with rabbit anti-
CD8 (FITC) and mouse anti-MAP2 (Cy3). C and D: In the
inflammatory stage of disease, MAP2þ neurons (Cy3,
asterisk) have up-regulated the major histocompatibility
complex (MHC) class I antigen (FITC, C). MHC class I an-
tigen (FITC) is not expressed on the only MAP2þ neuron
(Cy3, asterisk) still present in a myenteric plexus ganglion
in a patient with a clinical history �6 years (D). Immu-
nofluorescence with mouse anti-MAP2 (Cy3) and rabbit
anti-MHC class I antigen (FITC). E and F: Several large
MAP2þ neurons (Cy3, asterisks) in a myenteric plexus
ganglion (dotted lines) in acute inflammation (E). In
chronic disease (F), there is only a single shrunken MAP2þ

neuron (Cy3, asterisk) in a myenteric plexus ganglion
(dotted lines). Immunofluorescence with mouse anti-
MAP2 (Cy3). G and H: Numbers of CD8 T cells (G) and
neurons (H) in submucosal and myenteric ganglia. At least
25 high-power fields (HPF) per section immunostained for
CD8 and MAP-2 were analyzed per patient. Data are
expressed as means � SD. ****P < 0.0001 versus patients
with a clinical history >6 years (t-test). Scale bars Z 50
mm (AeF). Original magnification, �400 (AeF).
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These observations of cell-specific damage are in line with
studies on enteric glia. When glial fibrillary acidic
proteinehemagglutinin mice, which express influenza virus
hemagglutinin under the glial fibrillary acidic protein pro-
moter, were crossed with hemagglutinin-specific T-cell
receptoreexpressing mice, they developed spontaneous
jejuno-ileo-colitis as a consequence of CD8 T-cell infiltration
with selective killing of hemagglutinin-expressing glial
cells.35 Together, these data indicate that disease with similar
clinical features and outcome can be induced by targeting
enteric glia as well as neurons and that both cell populations
of the ENS are indispensable for GI motility. Interestingly,
the autoantigen-expressing cell seems to determine the fate of
autoimmune CD8 T cells because OT-I CD8 T cells injected
intravenously into transgenic mice, which express OVA in
intraintestinal epithelial cells, were rendered tolerant.36

Collectively, these studies point to a high vulnerability of
cells of the ENS against an autoimmune CD8 T-cell attack.

Although this transgenic model reflects important patho-
genetic aspects of human GI dysmotility, there are also
differences. The protracted course in patients contrasts with
fulminant disease in mice. This fining may be explained by
differences in number and antigen affinity of the autoim-
mune CD8 T cells. CKTAC mice with AT that prominently
express OVA on the surface of virtually all enteric neurons
harbor a significant number of high-affinity T-cell receptor
transgenic CD8 T cells. In contrast, the human T-cell
repertoire is diverse and includes high-affinity as well as
low-affinity T-cell receptors. So far, our knowledge of po-
tential autoantigens expressed by enteric neurons is limited,
and candidates recognized by autoimmune CD8 T cells still
remain to be deciphered.

A recent elegant study added muscularis macrophages as
population relevant for ENS degeneration. In aging, a
phenotypic shift from anti-inflammatory M2 to proin-
flammatory M1 macrophages was associated with an in-
crease in cytokines and immune cells. Increased apoptosis
and loss of neurons resulted in delayed GI transit.37

Collectively, these and our data together support the hy-
pothesis that a proinflammatory milieu in the microenvi-
ronment of the ENS fosters an antigen-specific neuronal
attack.

In conclusion, a CD8 T-cellemediated autoimmune re-
action that targets enteric neurons importantly contributes to
GI dysmotilty. Further experiments are required to dissect
the complex, finely tuned network in which ENS cells
interact with immune cells and soluble mediators, also
taking into account that the gut micromilieu is further
influenced by the microbial commensal flora, food compo-
nents, and, potentially, pathogenic infectious agents.
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