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Abstract

Background and Aims: Pain is a cardinal symptom in inflammatory bowel disease [IBD]. An important structure in the transduction of pain
signalling is the myenteric plexus [MP]. Nevertheless, IBD-associated infiltration of the MP by immune cells lacks in-depth characterisation.
Herein, we decipher intra- and periganglionic immune cell infiltrations in Crohn’s disease [CD] and ulcerative colitis [UC] and provide a com-
parison with murine models of colitis.

Methods: Full wall specimens of surgical colon resections served to examine immune cell populations by either conventional immuno-
histochemistry or immunofluorescence followed by either bright field or confocal microscopy. Results were compared with equivalent examin-
ations in various murine models of intestinal inflammation.

Results: \Whereas the MP morphology was not significantly altered in IBD, we identified intraganglionic IBD-specific B cell- and monocyte-
dominant cell infiltrations in CD. In contrast, UC-MPs were infiltrated by CD8* T cells and revealed a higher extent of ganglionic cell apoptosis.
With regard to the murine models of intestinal inflammation, the chronic dextran sulphate sodium [DSS]-induced colitis model reflected CD [and
to a lesser extent UC] best, as it also showed increased monocytic infiltration as well as a modest B cell and CD8*T cell infiltration.

Conclusions: In CD, MPs were infiltrated by B cells and monocytes. In UC, mostly CD8* cytotoxic T cells were found. The chronic DSS-induced
colitis in the mouse model reflected best the MP-immune cell infiltrations representative for IBD.

Key Words: Enteric nervous system; inflammatory bowel disease; IBD; visceral pain; abdominal pain; immune cell infiltration; myenteric plexus; submucosal
plexus

1. Introduction pain signals that are elicited in the context of chronic inflam-
mation.’> However, studies that focus on the interaction of in-
testinal mucosal immune cells, via direct physical interaction
or through secreted cytokines, with structures of the ENS, are
scarce.®’

MP and SMP contain a diverse population of enteric neurons
fulfilling a range of functions, including the action of motor,
vasodilator, and secretomotor neurons. Equally important,
neuronal cells transduce afferent signals, which includes
pain signals.** Specifically, intrinsic primary afferent neurons
[IPANSs], making up 10-30 % of neuronal cells in both plex-
uses, and extrinsic primary afferent neurons [ExPANs], with
their cell bodies in dorsal root ganglia and their processes ex-
tending to the mucosa and to MPs, were shown to contribute

In inflammatory bowel disease [IBD], a defective intestinal
mucosal barrier causes an immune reaction to the commensal
flora resident to the intestinal lumen. As a consequence, in-
testinal mucosal and submucosal tissues are infiltrated by
distinct populations of immune cells in a disease-specific
pattern, resulting in a transmural [Crohn’s disease, CD] or
mostly mucosal [ulcerative colitis, UC] type of inflammatory
infiltrate."” By nature, this involves the local structures of
the enteric nervous system [ENS], namely the myenteric and
submucous plexus [MP and SMP], as well as the neurite ex-
tensions of plexus gangliocytes. These plexuses are of utmost
importance as they are the signal-transducing structures for
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to transmission of pain/visceral hypersensitivity signals from
the intestinal wall to the central nervous system [CNS].®7 In
the murine model of dextran sulphate sodium [DSS]-induced
colitis, mimicking the mucosal inflammation in UC, the role
of ExPANs in visceral pain perception was investigated. By an
optogenetic inhibition of colonic ExPANs, colorectal disten-
sion as a noxious stimulus of the visceromotor response was
found to be significantly reduced.®’ In this regard, projections
of myenteric neurons to the mucosa were identified in the in-
testine of guinea pigs, uncovering the complex network in in-
testinal pain perception.!?

Various studies revealed that interactions between afferent
ENS fibres and the mucosal immune system, as found in neuro-
genic inflammation, are part of the immune-pathogenesis of
IBDs.!"" Interestingly, the initial discovery of neurogenic in-
flammation was closely linked [i] to the establishment of the
concept of antidromic signalling, as inflammation was trig-
gered by central stimulation of afferent neuronal projections,
and [ii] to the identification of peptide neurotransmitters
having strong vasodilatory and cell permeability-enhancing
properties including substance P [SP], calcitonin gene-related
peptide [CGRP], and vasoactive intestinal peptide [VIP].!>!3
As such these neurotransmitters, along with other tachykinins
such as neurokinin A and B, are known to be expressed by
afferent IPANs as well as ExPANs.'*!5 Aside from allowing
diapedesis of immune cells into the lamina propria of the
gut wall and activation of effector immune cells, neuropep-
tides contribute to barrier dysfunction of intestinal epithe-
lial cells and thus have decisive roles in various steps of IBD
development. '8

Regarding the integrity of the ENS in IBD, previous find-
ings described various morphological alterations under condi-
tions of inflammation, such as MP ganglion cell hypertrophy,
hyperplasia, and axonal necrosis.!"*?! Furthermore, changes
in neurotransmitter expression were found in CD, which in-
cluded increased levels of 5-hydroxytryptamine, neuropeptide
Y, vasoactive intestinal polypeptide, and pituitary adenylate
cyclase-activating peptide in CD-MP.222* Moreover, a higher
number of interstitial cells of Cajal as well as enteroglial cells
were detected in CD compared with controls, whereas only
increases in enteroglia were found in UC-MP.?*

Table 1. Baseline characteristics of study participants.
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However, the composition of immune cells infiltrating the
MP in the gut of IBD patients is unclear. Importantly, the
interaction of immune cells and neurons in the intestinal wall
is described to modulate transmission of pain signals as well
as regulation of intestinal motility.>**® Thus we determined
MP-infiltrating lymphocyte and monocyte subsets, spatially
resolved the interactions of distinct immune cells, and ana-
lysed the associated neurotransmitter expression and extent of
gangliocyte cell death. Importantly, findings in IBD were com-
pared with respective findings in various murine models of in-
testinal inflammation to prospectively facilitate the selection
of an appropriate murine model of intestinal inflammation.

2. Methods

2.1. Study participants

The Ethics Committee of the Charité — Universititsmedizin
Berlin, Germany, approved the study [protocol number:
EA2/118/19, accepted on Aug 8, 2019]. All patients in-
cluded in the study received surgery at the Charité. The par-
affin blocks including surgical specimen were requested from
the biobank ZeBanC of the Charité. Inclusion criteria were
known diagnosis of IBD for >6 months, colon-involving sur-
gery for IBD, or—for the control group—surgery for non-
inflammatory reasons [ie, colon resection for colon neoplasms
or colon ischaemia]. For inclusion, age was at least 18 years.
In the control cases, unaffected colon of the resection borders
was used [Table 1, Supplementary Table S1]. Disease activity
at the time of surgery [Crohn’s: Harvey—Bradshaw Index, UC:
partial Mayo score, ie, Mayo excluding endoscopic scoring]
was extracted from the IBD database of the Charité IBD
clinic.

2.2. Immunohistochemistry

Immunohistochemistry [IHC] was performed on 2-pm
sections of formalin-fixed, paraffin-embedded tissue [FFPE]
according to a standard protocol using the ABC-AP Kit,
Alkaline Phosphatase [Universal] [VECTASTAIN®, identifier:
AK-5200, Vector labs, USA]. Briefly, after retrieval, sections
were exposed to the primary antibody diluted in Dako
REAL diluent [S202230-2, Agilent Technologies, Waldbronn,

Control Crohn’s disease Ulcerative colitis
n 10 9 12
Age in years 76 [71-80] 35 [26-44]" 31 [22-40]*
(median [95%—CI])
Male/female 713 4/5 2/10
Resected/ Colon Colon Colon

analysed tissue

Resection of
colorectal [ = 7],
and rectal [7 = 1]

Type of surgery

carcinoma,

Colonic ischaemia [7 = 2]
Activity score [HBI score] NA
Activity score [Mayo score] NA

Ileocaecal res. [ = 7], ileoascendo-
stomy [7 = 1],
colectomy [7 = 1]

Colectomy [n = 12]

9.3+2.6 NA
NA 5.3=+0.6

!Comparison of age in years (Mann-Whitney-U-Test) for control patients and Crohn’s disease patients, p<0.0001.
2Comparison of age in years (Mann-Whitney-U-Test) for control patients and ulcerative colitis patients, p<0.0001.

res., resection; HBI, Harvey-Bradshaw Index; NA, not available.
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Germany] for 15 min at room temerature [RT], followed by
incubation with the biotinylated secondary antibody [30 min,
RT] and an incubation with the Vectastain ABC-AP reagent.
After a TBS wash, a 5-min exposure to the Vector Blue alka-
line phosphatase substrate was done and followed by Tris-
buffered saline [TBS] wash. A second retrieval was performed,
followed by another primary antibody incubation including
all steps described above. The sections were exposed to the
ImPACT Vector Red alkaline phosphatase substrate solu-
tion for 1-5 min, washed with deionized water and finally
haematoxylin-counterstained. Dilutions and antigen-retrieval
strategies for antibodies are listed in Supplementary Table
S2. Imaging was done using an Axio observer Z1, which was
connected to an Axiocam 506 colour [both Carl Zeiss, Jena,
Germany].

2.3. Quantification strategy for ganglion
morphology and various cell populations

Size [area in pm?] and interganglionic distance [in pm] of
MPs were analysed with the software FIJI. The counting of
immune cells infiltrating the ganglia of the MP and immune
cells located within the surrounding area was performed as
depicted in Figure 1. The cells next to PGP9.5* cells were de-
fined as intraganglionic cells, whereas the cells in a defined
area of 100 pm around the ganglia as periganglionic cells.
Both were quantified per area, ie, number of cells per mm?.
For each control or IBD patient, five myenteric ganglia re-
vealing the highest infiltration per area were analysed.

2.4. Immunofluorescence and confocal laser
scanning microscopy

The antigen retrieval of the FFPE tissue was performed
as described in the paragraph Immunohistochemistry.
Immunofluorescence [IF] staining of MP cells and mu-
cosal immune cells was performed using the following
primary antibodies: anti-CD8 [1:100; clone: 4SM15;
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Agilent Technologies, CA, USA], anti-CD68 [1:100; clone:
PG-M1; GeneTex, CA, USA], anti-CD163 [1:100; clone:
10D6; Novocastra, Germany], and anti-BIlI-tubulin
[1:100; clone: TUJ1; biotinylated antibody; Novocastra,
Germany]. As secondary antibodies, AlexaFluor594
goat anti-mouse IgG [1:500; Thermo Fisher Scientific,
MA, USA] was used. The biotinylated BII-tubulin anti-
body was detected using Strepavidin-DyLight488 [1:100;
Thermo Fisher Scientific, MA, USA]. DAPI [4/,6-diamidin-
2-phenylindol] was used for the staining of nuclei
[1:3000]. Incubation conditions for all antibodies were
1 h at 37°C. Imaging was done using the confocal laser
scanning system LSM780 [Carl Zeiss, Jena, Germany] as
previously described.?%:3°

2.5. RNA isolation and cDNA synthesis

Up to six 10-pm sections were cut from archived FFPE
blocks and placed in sterile 1.5-mL centrifuge tubes.
Total RNA was isolated using RNeasy FFPE Kit [Qiagen
Cat# 73504] following manufacturer’s protocol. RNA quan-
tity was measured using NanoDrop 1000. 1 pg of total RNA
was reverse-transcribed using High-Capacity cDNA Reverse
Transcription Kit [Thermo Scientific, Cat# 4368814].

2.6. Quantitative polymerase chain reactions

Real-time quantitative polymerase chain reactions [qPCRs]
were performed in 384-well plates using TagMan Universal
PCR Master Mix [Thermo Scientific Cat# 4304437] and the fol-
lowing TagMan gene expression assays: TAC1 Hs00243227_
m1, TACR1 Hs00185530_m1, CALCA Hs01100741_m1,
RAMP1 Hs00195288_m1, CALCRL Hs00907738_ml,
TRPV1 Hs00218912_m1, TRPV4 Hs01099348_m1, 18s
Hs99999901_s1 and B-Actin Hs01060665_g1. Fluorescence
was detected using QuantStudio 5 Real-Time PCR system
[Thermo Scientific]. Fold changes were calculated with the
AACT method using 18s and B-Actin as housekeeping genes.

PGP9.5 CD8

Figure 1. Immunohistochemistry [IHC] staining of a myenteric plexus [MP] [blue: PGP9.5] with intra- and periganglionic infiltration by CD8* cytotoxic
T cells (red, 100x magnification, prepared from ulcerative colitis [UC] colectomy tissue). Immune cells are identified either in the intraganglionic areas
[black arrows; A and B] or in the surrounding area [radius 100 um, periganglionic cells, green arrows]. Cell cores are stained with haematoxylin; scale

bar, 100 um.
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2.7. Murine models of colitis, intestinal sections,
and immunostaining

The protocols for murine models of intestinal inflammation
were conducted as previously described.’'*? Control mice
were C57BL/6-mice at the age of 6 to 16 weeks. Inflammatory
activity was determined by the established murine colitis
histopathology score by Erben et al.?

For the acute DSS-induced colitis model, C57BL/6 mice
were exposed to 2% DSS salt dissolved in drinking water
[MW  36-50 kDaj; identifier: 0216011090, MP Biomedicals,
Germany] for 8 consecutive days. After this induction phase,
mice were sacrificed and analysed.?!

In the chronic DSS-induced colitis, during the first induc-
tion phase of 8 days, 1.5% DSS was added to the drinking
water, followed by 14 days of regular drinking water. This
procedure was repeated for two more cycles including induc-
tion phases in which 1.5% DSS was provided in the drinking
water. The mice were sacrificed and analysed at Day 47.3!

For transfer colitis [T cell-mediated colitis], naive
CD4*CD45RB"" T cells were transferred from C57BL/6 WT
mice to immunodeficient Rag”~ mice. T cell transfer animals
developed severe disease manifestations ie, weight loss and
diarrhoea, and were sacrificed and analysed after 7 weeks.??

Chronic 2,4,6-trinitrobenzenesulphonic acid [TNBS] colitis
was induced in C57BL/6 mice by an intrarectal administra-
tion of a TNBS/ethanol solution. One week before the first
injection, mice were presensitised by application of 150 pl of
1% [wt/vol] TNBS to the back of the mouse. On Day 1, 100 ul
2.5% [wt/vol] weas administered as enema using a catheter.
After 1 week, 100 pl of 0.75% [wt/vol] TNBS solution was
injected; after 2 weeks, 100 pl of 1.5% [wt/vol] TNBS solu-
tion and, after 3 weeks, 100 pl of 2.5% [wt/vol] TNBS solu-
tion; followed by three further injections of 100 pl of 2.5%
[wt/vol] TNBS solution at weekly intervals. The mice were
sacrificed 7 weeks after the first TNBS injection.’!

Casp8*EC-mice were generated by introduction of a condi-
tional intestinal-epithelial caspase 8-knock-out as described by
Stolzer et al3*; 6-12 week-old mice were sacrificed and analysed.

Sections were 2 pm in thickness. The staining procedure
followed exactly the protocol used for the human samples
described above. All antibodies used for immunostaining of
murine tissues are listed in Table S2.

2.8. Statistics

Statistical analysis was performed using the GraphPad Prism
software [version 9, by GraphPad, CA, USA]. For comparisons
of immune cell infiltration, neurotransmitter expression and size
differences of myenteric ganglia, the Mann—Whitney U test was
applied. Since numerous immune cell populations were analysed
in parallel, calculated significance levels were corrected for mul-
tiple testing [Bonferroni correction]. Data are presented as mean
and standard error of the mean [SEM]. Correlations of age and
respective immune markers and neurotransmitter levels were de-
termined using linear regression. In the murine colitis models,
immune cell infiltration and apoptosis data were analysed by one-
way analysis of variance [ANOVA]. A p-value <0.05 was con-
sidered to be statistically significant in all statistical tests applied.

3. Results

3.1. Characterisation of study participants

In total, 31 patients either suffering from IBD [# = 21] or non-
IBD patients [z = 10] were included. Patient characteristics
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are summarised in Table 1 and Supplementary Table S1. The
type of surgical resections performed comprised: [1] CD:
ileocaecal resections [z = 7], ileoascendostomy [n = 1], and
a colectomy [z =1]; [2] UC: colectomies [z =12]; and [3]
non-IBD patients [‘controls’]: partial colectomies for colon
carcinoma [7 = 7], rectal carcinoma [n =1], and ischaemia
[7 = 2]. For analysis of MP, only colon wall tissue was used.
From control patients, vital and non-tumorous tissue of the
resection borders was analysed. IBD activity, as analysed by
Harvey-Bradshaw index [HBI] for CD [mean HBI 9.3 = 2.6]
or the partial Mayo score for UC [mean partial Mayo score
5.3 = 0.6], suggested a moderate disease activity.

3.2. Size and density of MP ganglia is not altered
in IBD

After immunostaining the full-wall colonic MP ganglia for
PGP9.5, ganglia of all IBD and of control patients were com-
pared regarding ganglion size and density, to identify if MP
morphology is influenced by IBD. The number of analysed
ganglia added up to: CD: 7z = 315, UC: n = 420, and controls:
n = 350. Interestingly, surface areas of analysed MP ganglia
were not significantly different for patient groups [CD:
1.1x10*«2.0x 10> pm?, UC: 1.3x10*+2.1 x10° pm?,
controls: 1.3 x 10* = 1.9 x 10° pm? Supplementary Figure S1].
Also, the average interganglionar distance [ie, the distance
between two MPs] as a measure of MP density was not sig-
nificantly different for the two IBD groups versus the con-
trols [interganglionar distance for CD 79 =+ 10 pm, for UC
128 + 17 pm, and for controls 107 = 8 pm].

3.3. IBD-specific infiltration of MP by T and B
lymphocytes

MP-infiltrating T and B cell populations, as analysed by IHC,
revealed an IBD-specific pattern [Figure 2]. In CD, MPs were
infiltrated by CD3* T cells [7.2-fold increase in comparison
with control MPs, p = 0.0427]. Figure 3 shows IHC of a con-
trol patient [A] and a CD patient [A’]. Intraganglionic num-
bers CD4* and Foxp3* T cells were not altered. However,
further staining revealed an infiltration by CD8* T cells [in-
creased by 11.1-fold as compared with controls, p = 0.0063]
and CD20* B cells [control patients: 0 cells/10.000 pm2, CD:
0.89 = 0.32 cells/10.000 pm2, p = 0.02; Figure 2 and 3B,
B”]. Periganglionic immune cell infiltrations in CD revealed
a similar pattern: CD3* T cells: 9.1-fold significant increase
compared with control MPs, p = 0.01; CD4* T cells: 6-fold
significant increase, p = 0.04; CD8* T cells: 36-fold significant
increase, p = 0.001; Foxp3* T cells: 0 cells/10.000 pm2, CD:
0.24 = 0.06 cells/10.000 pm2,p = 0.001; CD20* B cells: control
patients: 0 cells/10.000 pm2, CD: 0.83 = 0.29 cells/10.000 pm?2,
p =0.001; Figure S2A and B.

In UC, the numbers of intraganglionic T and B lymphocytes
were not significantly altered. However, CD8* periganglionic
T cells were increased by 4.3-fold [p = 0.0497, Supplementary
Figure S2A]. In Figure 3 immunohistochemistry of a control
patient [A] and an UC patient [A”] reveal differences in intra-
and periganglionic infiltration by CD8* T cells of the my-
enteric ganglia. Infiltration of MPs by B cells was unaltered in
UC [Figures 2B, 3B” and Supplementary Figure 2B].

Since the control patients included in the study were older
than the patients of the disease groups [Table 1], correlation
between the age and counts of infiltrations were analysed for
all patients. This analysis represents the impact of the age of
patients on the infiltration of myenteric ganglia by immune
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Figure 2. Intraganglionic MP-immune cell infiltrations in IBD. Conventional immunohistochemistry followed by quantification by bright field microscopy.
[AIT cell populations: CD3*, CD4*, CD8*, and Foxp3*. [B] Bcell populations: CD20*. [C] Monocyte populations: CD68*, CD163*. [D] Expression of

the neurotransmitters CGRP and [E] SP N[CD] = 9, N[UC] = 12, Nlctrl] = 10; ctrl, control. Significance levels were determined by testing with Mann—
Whitney U test, followed by a Bonferroni correction for multiple testing; *p <0.05; **p <0.01. IBD, inflammatory bowel disease; MP. myenteric plexus.

cells. Cell counts for control and diseased patients were ana-
lysed as one group. No significant correlation was found for
age and intra- or periganglionic CD3*, CD4*, CD8*, Foxp3*,
or CD20* cells [Supplementary Figure S3A-D and G].

Therefore, the lymphocytic infiltrate of MP in IBD com-
prises CD3*, CD8*, and CD20* cells in CD. Contrary to
that, UC-MP reveal a periganglionic infiltration by CD8*
cells. An illustration of the scatter associated with individual
immunohisto-readings, which facilitates assessing the validity
of the data, is added as Supplementary Figure. 9.

3.4. Monocytic infiltrations of MP in IBD

We performed immunohistochemical staining of CD68* and
CD163* cells to quantify the numbers of monocytes in MPs.
For CD, the numbers of intraganglionic CD68* monocytes
were significantly increased by 3.5-fold [p = 0.001]. However,
for CD163* monocytes no difference was observed [Figures
2C and 4C, G]. Interestingly, these infiltrations were solely
intraganglionic, since neither periganglionic CD68* nor
CD163* cells were found to be altered. In UC, no differences
in MP-infiltrating monocytes were found when compared
with controls. There was a significant negative correlation
for intraganglionic CD163* monocytes with age [p = 0.04],
whereas all other monocyte markers analysed showed no
relevant correlations [ie, periganglionic CD68* or CD163*
cells, intraganglionic CD68* cells, Supplementary Figure
S3E and F]. Therefore, significant infiltrations of MPs by

monocytes were only found in CD. Since monocytes were
shown to be chemotactically attracted by monocyte chemo-
attractant protein-1 [MIP1] binding to its CC chemokine re-
ceptor type-2 [CCR2],* we looked for CCR2 expression in
the MP CD68-monocyte population [Supplementary Figure
8]. First, we detected CCR2 in a substantial part of the mono-
cytes that infiltrate the MP, which in general complies with
our hypothesis. Second, CCR2 was strongly expressed also
by PII-tubulin positive MP cells. Third, the proportion of
intraganglionic monocytes expressing CCR2 in UC and CD
MPs was reduced by trend, when compared with control.

3.5. Apoptosis of MP cells in IBD

To determine apoptotic cell death within MP ganglia, we
immunostained IBD patient and control MP using Annexin
V. Since assigning staining results to single cellular structures
was impossible, we performed a scoring of myenteric ganglia
regarding the extent of apoptosis [scoring from 0 for no apop-
totic cells to 4 for a high proportion of apoptotic cells in and
directly next to the ganglia; Figure 3C, C’, C” and Figure 5].
When determining cell death in CD MPs in total, we did not
identify a significant difference compared with control MPs.
Nevertheless, we identified a correlation of MP cell death
CD-MPs with CD disease activity [Supplementary Figure 4].
By comparison, UC-MPs revealed a 1.6-fold higher extent
of apoptosis [UC: 3.1 + 0.4 units, controls: 1.9 + 0.4 units,
p=0.035 by chi square test]. Correlating the age with
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Figure 3. Immune cell infiltrations of MP MP gangliocytes were stained with PGP9.5 [blue]. [A] CD8 [red] in control, [A]in CD, and [A'] in UC revealing
intra- and periganglionic infiltration by CD8* cytotoxic T cells, black arrows. [B] CD20 [red] in control, [B'] CD-MP and [B"] UC-MP black arrows; 20x
objective; scale bar: 40 um. [C] Annexin V [red] reveals absence of apoptotic cells in controls, whereas [C'] in CD and [C"] in UC apoptotic MP cells are
present, black arrows; 40x objective; scale bar, 40 um. MP. myenteric plexus; CD, Crohn's disease; UC, ulcerative colitis.

annexin V* cell scores did not reveal a statistically significant
interdependence.

3.6. Protein expression of CGRP, substance P,
TRPV1, and TRPV4

Immunostained sections were used to quantify the protein
expression of the neurotransmitters CGRP and substance P
[SP, for quantifications see Figure 2D, E, and representative
staining in Figure 6]. The expression level of CGRP was in-
creased by 1.6-fold in UC-MPs [p = 0.01], whereas it reduced
by trend in CD-MPs [Figure 2D]. Interestingly, this trend was
more distinct when CGRP expression was correlated with
the disease activity of the patients [HBI score, Supplementary
Figure 4]. Since we had identified infiltrations of MPs by CD8-
and CD68-positive cells, we did co-stainings with CGRP, fol-
lowed by confocal LSM to analyse the differential CD8 and
CD68 infiltrations in CGRP-positive and -negative MPs. The
CDS8 infiltrations in CGRP-positive ganglia were only mod-
erate, which might reflect a reduction of CGRP expression in
MPs by infiltrating CD8-positive cells. Interestingly, CD68-
positive cells were found to be high in CGRP-positive MPs

in UC [Supplementary Figure 6]. SP expression was reduced
in the MP of CD patients when compared with controls
[0.7-fold, p = 0.014], whereas it was unchanged in UC-MPs
[Figures 2E, 5C, D, G, H and Figure 6]. Neither for CGRP
nor for SP, was a significant correlation of age and expression
levels observed [Supplementary Figure S3 H and IJ.

We also isolated RNA from FFPE sections and performed
RT-PCRs to quantify the RNA expression of the neurotrans-
mitters CGRP, SP, and their receptors. Aiming for reprodu-
cible RNA expression results from a structure in the tissue
section as small as the MPs is difficult, and complicated by
the fact that RNA even from fresh FFPE material contains
a relevant portion of fragmented RNA. Thus, the data need
to be interpreted with caution. In this analysis, we did not
identify significant changes in RNA expression of the neuro-
transmitter [CALCA, TAC1] and neurotransmitter receptor
genes [CALCRL, RAMP1, TACR1] in IBD colon sections
when compared with control colon sections [Supplementary
Figure S].

Moreover, we performed co-immunostainings to compare
the protein expression of the pro-nociceptive cation channels
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Figure 4. Spatial resolution of immune cells relative to plexus gangliocytes and neurite projections. Immunofluorescence staining followed by laser
scanning confocal microscopy [green: PGP9.5]. [A] Lack of CD8* immune cells in control MP. [A] CD8* cells in MP in UC. [B] Lamina propria infiltrations.
Lack of CD8* cells in controls. [B'] CD8* T cells [red] close to Blll-tubulin+ neurites within the lamina propria of UC patients [white arrows]. [C] Lack of
CD68* monocytes in control. [C'] Infiltration by CD68* monocytes [red] in a CD patient. [D, D'] Co-localisation of CD68* monocytes [red] and BllI-tubulin*
neurites within the lamina propria in a control and a CD-patient, respectively. 40x objective, scale bar, 20 um. MR myenteric plexus.
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Figure 5. Quantification of MP cell apoptosis in the IBDs. IHC staining
was performed using an Annexin Vantibody. The staining intensity in
MP cells was scored from 0 [no apoptotic cells], to 4 [high proportion
of apoptotic cells] in and directly next to the myenteric ganglia. Scores
from 0 to 2 were defined as low-grade infiltration and scores from 3 to
4 as high-grade infiltration. For statistical analysis, low- and high-grade
infiltration were compared with chi square test. N[CD] = 9, N[UC] = 12,
Nlctrl] = 10; *p <0.05. MP. myenteric plexus; IBD, inflammatory bowel
disease; IHC, immunohistochemistry.

transient receptor potential vanilloid-1 and -4 [TRPV1 and
-4] in CD and UC MPs, and stratified this along the infil-
trations of MPs by either CD8- or CD68-positive cells
[Supplementary Figure 7]. TRPV1 protein expression was
unchanged in IBD. However, we found a reduced TRPV4
protein expression in CD MPs with a strong CD8 infiltration
and an increased TRPV4 protein expression in UC MPs with
a high CD8 cell infiltration and—in both IBDs—in MPs with
a high CD68 cell infiltration [Supplementary Figure 7A and
B]. RNA expression of the TRPV1 and TRPV4 genes was un-
changed in the IBDs compared with control [Supplementary
Figure 5].

3.7. Close localisation of immune cells and enteric
neuronal projections in IBD mucosa

To better understand potential interactions of enteric neurons
and immune cells, we applied confocal microscopy to identify
BIII-tubulin positive enteric neuronal projections, confirming
that not only immune cells infiltrate MPs but also that im-
mune cells also have spatial contact with mucosal neurites.
In UC, we identified lamina propria CD8* T cells to be in
close proximity to BIII-tubulin* neurites [Figures 4B’ and 7A].
Moreover, in CD, CD68* and CD163* monocytes co-localised
to BIII-tubulin® mucosal neurites, a co-localisation that was
interestingly found also in some controls [Figure 4D, D’, and
7B].

3.8. Comparison of IBD-MP infiltrations with
murine models of intestinal inflammation

To compare the immune cell infiltrations of colonic my-
enteric ganglia in IBD patients with the infiltration patterns
found in various murine models of colitis, immunostainings
of murine colon sections were performed using tissue from T
cell transfer colitis, chronic TNBS-induced colitis, and acute
and chronic DSS-induced colitis, as well as Casp8°™C-colitis
[Supplementary Table S5]. Disease activity scoring revealed
significantly increased histopathology scores for the respective
murine models [Figure 8 and Supplementary Table 6]. Human
and murine colitis were compared with each other regarding
their MP infiltrations: [i] by monocyte/macrophages, [ii] by
B cells, [iii] by T-helper cells, and [iv] by cytotoxic T cells
[Figure 8]. Significantly increased percentages of plexus infil-
trated by F4/80+ cells were found in chronic DSS-induced col-
itis [p = 0.0001], chronic TNBS-induced colitis [p = 0.004],
and in T cell transfer colitis [p = 0.0001]. Moreover, a signifi-
cant B cell and a modest CD8* T cell infiltration of MPs was
found specifically in chronic DSS-induced colitis and only to
a lesser extent in acute DSS, TNBS, and transfer colitis. No
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Figure 6. CGRP and SP expression in IBD-MP [A] Control MP [green, Blll-tubulin* neurites]. [B] Representative CGRP expression [magenta] in the same
MP as [A], revealing a low CGRP expression in controls. [A and B'] Very low CGRP expression in CD-MP [A" and B”] High myenteric CGRP expression
in UC. [C and D] High SP expression [magenta] in controls. [C" and D'] Reduced SP-expression in CD. [C" and D"] Partially very high and low expression
of SP in UC-MP. Images were generated with the same microscope settings for control and disease for CGRP and SP, respectively; 40x objective, scale
bar, 20 pm.

Figure 7: 3D reconstruction of a lamina propria section. 3D-rendered Z-stacks of IF by confocal laser scanning microscopy [ZenBlack, Zeiss, Germany].

[A] Proximity of CD8* cytotoxic T cells [red] and BllI-tubulin* neurites [green] within the lamina propria of a UC patient. [B] CD163* monocyte [red] in the
lamina propria directly next to a Blll-tubulin* neurite [green] of a CD patient; 63x objective, scale bar, 20 um. MP. myenteric plexus; CD, Crohn's disease;
UC, ulcerative colitis.
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Figure 8. Comparison of MP-immune cell infiltration in humans with murine models of intestinal inflammation. [A-a] Control mouse colon. [A-b] Mouse

colon in acute DSS-induced colitis with B220* B cells [red, white arrowheads]

located particularly next to PGP9.5* MP cells [green]. [A-d] Presence of

CD8*T cells [red] within MP in chronic DSS-induced colitis, whereas no CD8*T cells were observed in MP of the control mouse [A-c]; scale bar, 50 um.
[B-a to B-c] Infiltrations of MPs by immune cells in various murine colitis models [percentage of F4/80*, B220+*, CD4* and CD8* cells]. F4/80* cells in
close proximity to the plexus are significantly increased in chronic DSS-induced colitis, chronic TNBS-induced colitis and transfer colitis. [B-d] Disease
activity in the various mouse models as judged by the histopathology score by Erben et al.*® [C] Summary of MP immune cell compositions. N[acute
DSS] = 3, N[chronic DSS] = 3, N[chronic TNBS] = 3, N[chronic TNBS] = 3, N[Transfer-colitis] = 3, N[Casp8AIEC] = 3, Nlctrl] = 3. Significance levels were

determined using the ANOVA test; *p <0.05; **p <0.01; ***p <0.001]. ME mye

difference in MP apoptosis was observed. Taken together, the
chronic DSS-induced colitis reflected the findings in human
CD-associated colitis most representatively [Figure 8C].

4. Discussion

Abdominal pain is a major complaint of patients suffering
from active IBD. Understanding the underlying pathophysi-
ology will allow design of targeted strategies against pain-
triggering structures, and thus will contribute to improving
pain management. MPs are key structures in transducing pain
signals from the mucosa to the CNS.* Herein, we have fo-
cused on immune cell infiltrations in MPs, revealing disease-
specific monocytic and lymphocytic cell populations, and

nteric plexus; ANOVA, analysis of variance.

have examined potential consequences on neuronal cell sur-
vival and neurotransmitter levels. We included colon tissue
from resections of patients who suffered either from UC or
Crohn’s colitis. Regarding disease activity of the respective
IBD, the patients included had passed a threshold requiring a
surgical intervention. Colon wall tissue was examined using
haematoxylin and eosin [H&E] staining, conventional IHC
as well as IF followed by confocal microscopy. Furthermore,
comparisons of human and murine immunostaining were
performed to determine which colitis mouse mode reflects
best the human immune cell infiltration of MP. This will ex-
pand future experimental options in selecting the optimal
mouse model in studying IBD-specific changes on the MP
level.
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4.1. IBD does not affect MP morphology or plexus
density

Although to some extent phenotypically different, the IBDs
are both elicited by a defective mucosal immune barrier ra-
ther than a defect in the outer layers of the gut. However,
it is conceivable that the structural integrity of MPs is af-
fected secondary to an intensive infiltration of the gut wall
by immune cells. This might result in a reduction of the
number of MP ganglia or a size reduction. Contrary to this
hypothesis and to some reports of others, we found MPs
to be equally distributed and largely of similar size in IBD
compared with control colon tissue, using conventional light
microscopy.?’ Regarding plexus size, we only found a statis-
tically non-significant tendency to smaller MPs in CD, which
is known to regularly display a transmural histopathological
distribution.

When comparing these findings with the literature, an age-
dependent myenteric cell loss has been observed in the human
small intestine®® and in the colon.’” Previous works on the
ENS in IBD revealed morphological alterations including
an irregular network of mostly hypertrophic mucosal nerve
fibres and axonal necrosis.?'*® With respect to MPs, ganglion
cell hypertrophy was found, a finding that we were not able to
reproduce, and also damage of plexus-associated nerve fibres,
which was identified by transmission electron microscopy, a
technique not applied in this study.!*?

Regarding the mechanisms underlying altered MP in-
tegrity in non-congenital intestinal diseases, the loss of my-
enteric gangliocytes is described to be caused by ganglion cell
apoptosis.* Similarly, murine dinitrobenzene sulphonic acid
[DNBS] colitis causes apoptosis of HuC/D* neurons.* In line
with this finding, we detected increased levels of apoptosis in
MP gangliocytes in UC but not in CD.

4.2. Disease-specific patterns of infiltrating
immune cells in myenteric plexitis

In this study, we have examined the immune cell populations
that constitute myenteric plexitis in a relevant number of IBD
patients. The most striking differences compared with healthy
control individuals were found regarding monocyte and B cell
numbers in CD patients. Moreover, T cell populations were
found to be shifted as well, thereby disclosing the complexity
of the plexitis phenotype in CD and UC.

It is known from murine studies that, upon inflammation,
monocytes extravasate from high endothelial venules into
the intestinal mucosa to acutely contribute to the early in-
flammatory response or to differentiate into longer-lived
macrophages or DC-like cells.?® Our study reveals that mono-
cytes also have the potential to significantly infiltrate MP in
inflammation, as we have found in CD. This appears to be
specific to MP rather than to the whole muscular layer, since
a comparably significant infiltration by monocytes was not
found in the periganglionic area. This is supported by the re-
cent description of an intraganglionic population of macro-
phages that penetrate the agrin-based blood-MP barrier in the
murine DSS-induced colitis model.?* Whether such a barrier
exists around human MPs, and whether or not IBD affects
the integrity of this barrier, needs to be further investigated.

Furthermore, it is well known that monocytes are
chemotactically attracted to specific target sites by a set
of chemokines, as proven for monocyte chemoattractant
protein-1 [MIP1] binding to its CC chemokine receptor
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type-2 [CCR2] which is expressed on monocytes.”* It was
thus suggestive that expression of the CCR2-ligand MIP1 by
enteric gangliocytes—possibly induced in pro-inflammatory
conditions—might contribute to monocyte chemoattraction
in IBD, as this chemokine is also strongly expressed by CNS
neuronal cells.*! Furthermore, motility dysfunctions elicited
by monocytic cells in murine TNBS-induced colitis were
shown to be MIP1-dependent.*? Analogous findings were
published for mice infected with the neurotropic herpes sim-
plex virus-1.% In line with these findings, we found CCR2 to
be strongly expressed by monocytes in the MP but also by
other MP cells, suggesting chemotaxis of CCR2-expressing
monocytes towards the MP.

Since both IBDs are not regarded to be specifically
B cell-mediated, and treatment strategies targeting B cells
were found to be unsuccessful in controlling IBD in a phase
2 clinical study,** our finding of significantly elevated B cell
counts in MPs in CD came with some surprise. In this case
however, this highly significant finding was not restricted to
the intraganglionic space but was instead replicated in the
periganglionic area as well. Thus it could also reflect ele-
vated B cell counts in the muscularis propria in CD as well.
Nevertheless, we identified CD20* B cells directly next to
PGP9.5* myenteric neurons in six patients suffering from CD
[Figure 3B’]. Considering the function of B cells in an auto-
immune context of neuronal damage suggests comparison of
this pathology with multiple sclerosis [MS]. However, one
major target of the immune reaction in MS is the myelin
sheath, contributing to demyelination as the core path-
ology in MS.*+ This is in clear contrast to neurites of ENS
gangliocytes being devoid of a myelin sheath. Nevertheless,
Rao et al. have shown that enteric glia within the MPs ex-
press myelin-building proteins proteolipid protein-1 [PLP1],
myelin basic protein [MBP], myelin protein zero [MPZ], and
20,30-cyclic nucleotide 30 phosphodiesterase,*” which might
comprise the target of B cells.

With regard to T cells, it is established that certain cell
subsets are activated in the context of a defective mucosal bar-
rier, drive the IBD-specific pathology, and therefore are found
in increased numbers in the gut lamina propria: Th1-type,
IFN-y-secreting CD4* T-helper cells, CD4*CD25* regulatory
T cells,* and CD8* T-effector cells.*” The MP immune cell
infiltration we have identified in CD comprised significantly
increased periganglionic CD4* cell counts and a tendency to
higher intraganglionic CD4* cells. Interestingly, CD8* effector
T cells infiltrated MPs in CD and were also found—at least in
the periganglionic area—in UC. CD8* T cells primed to IFN-y
producing Tc1 cells by IL-12 have the potential to lyse target
cells by granzyme B and perforin, and thereby elicit direct
cytotoxicity to MP neurons.’® Previously, it was shown that
depletion of Tc1 cells was sufficient to prevent murine colitis,
implying a crucial role for these cells in colitis induction.’! In
line with this, cytotoxic, granzyme B-secreting CD8* T cells
were found to be increased in surgical Crohn’s resections as
well as in the peripheral blood of patients with CD.*? Since
CD8* T cells were the only immune cell population, and we
have specifically identified that in UC-MPs and MPs affected
in UC were subject to ganglional cell death, it is tempting
to speculate that MP cell death in UC is associated with
CD8* T cell cytotoxicity. Moreover, tissue-resident CD8* T
cells are thought to propagate neuroinflammation in MS.%
Indeed, in experimental autoimmune encephalomyelitis
[EAE], which is a murine model for MS, immunisation of mice
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against myelin-derived epitopes led to neuroinflammation
caused by CD4* and CD8* T cells.**

When comparing our T cell findings in MPs with the non-
IBD literature, it is worthwhile mentioning that Tornblom
et al. identified CD3* T cell infiltrations in MP ganglia in irrit-
able bowel syndrome [IBS] and* that De Giorgio et al. similarly
identified increased T-helper cell counts in MPs of three patients
suffering from chronic intestinal pseudo-obstruction [CIPO],*
thereby documenting that MP-infiltrating T cells also occur in
gastrointestinal [GI] motility disorders in which the MP is re-
garded as a core structure involved in the initiation of disease.

4.3. Expression of neuropeptides andTRP
channels in IBD-MPs

For initiation of visceral pain, nociceptors on afferent sensory
neurons are mechanically or chemically activated. The periph-
eral nociceptive information is selectively transmitted via the
spinal dorsal horn to the CNS where it is integrated, resulting
in pain sensations. Spinal sensory afferent nerves, mostly
C-fibres, are characterised by predominant peptidergic trans-
mission as by CGRP or SP. Peripheral projections of afferents
innervating the colon include mucosal, muscular, vascular,
and mechanically insensitive or silent afferents. Additional to
structural differences, the neuronal excitability of the various
spinal afferents is regulated by distinct ion channels and re-
ceptors as the pro-nociceptive channels TRPA1l, TRPV1,
TRPV4, and the antinociceptive p-opioid receptor. During
inflammation, the visceral sensitivity provided by afferents
can be strongly imbalanced. Variable mediators, including SP,
nerve growth factor, and TNF-a, can activate and sensitise
receptors on sensory nerves, especially silent afferents. This
sensitisation, caused by inflammatory conditions, can lead to
an enhanced response to noxious stimuli, resulting in chronic
visceral hypersensitivity that is suggested to play a major role
in the development of chronic abdominal pain.’”

In our study, expression of the neurotransmitters CGRP and
SP in MP cells was investigated by IHC and revealed an IBD-
specific pattern. A higher CGRP expression was found in MP of
UC patients. Furthermore, CGRP-positive ganglia were specific-
ally infiltrated by CD68* monocytes in UC. CGRP is known as a
neurotransmitter and neuromodulator relevant for the transmis-
sion of pain signals and, at the same time, a transducing factor
of the neuroimmune synapse and as such a communicator to
various immune cells.’ Interestingly, it was published that CGRP
secretion promotes the development of a regulatory phenotype
of TLR4-stimulated macrophages, thereby counteracting a pro-
inflammatory action of macrophages.” This is in line with data
on rats treated with a CGRP antagonist that caused a worsening
of TNBS-induced colitis on the one hand. On the other hand, a
CGRP knock-out exacerbated murine oxazolone-induced colitis
activity. Thus, CGRP expression in UC-MPs spatially associated
with CD68* macrophages might contribute to establishing a
more regulatory type of macrophage infiltrate®®¢!

For SP, the second neuropeptide we analysed, expression in
MPs was found reduced in CD compared with MP gangliocytes
of control colon. This is in line with previous data revealing de-
creased SP levels in the rectum of patients with CD.®> However,
others demonstrated increased SP in hypervascular lesions of
CD.%*%* Previous studies in murine models of IBD suggested
that SP is contributing to the inflammatory process, since SP
knock-out mice were protected against oxazolone colitis and
an NK1 receptor antagonist also ameliorated activity of DSS-
induced colitis.’% In contrast to our finding at the level of MP,
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Utsumi et al. also uncovered that in the mucosa of the inflamed
murine colon SP* nerve fibres increase in number and fibre
length and that, in parallel, the receptor for SP [neurokinin-1
receptor| is upregulated mostly in CD11b* lamina propria
macrophages.® Interestingly, SP activity might also be modu-
lated by non-gangliocyte MP cells, specifically glial cells, which
produce glial cell-derived neurotrophic-factor [GDNF], having
an impact on the release of SP.%

Our experiments on TRP channels revealed the upregulation
of TRPV4 in MPs, specifically in the presence of CD68* macro-
phages in both IBDs, which is generally in line with the no-
tion that TRPV4 channels are upregulated in various types of
inflammation, including urinary tract, pancreas, and adipose
tissue. This, in the past, already has generated the question
whether the TRPV4 channel might be a good target for future
anti-inflammatory treatments.®” Furthermore, TRPV4 chan-
nels have been identified as important players in the induction
of visceral pain/visceral hypersensitivity, which supports the
working model that IBD-specific immune cells [macrophages]
contribute to pain development.®®® Last, and also interesting
for our setting, is a recent finding that not only MP neurons
but also MP macrophages express TRPV4, thereby having an
impact on colon motility via prostaglandin release. In the con-
text of increased TRPV4 in IBD, this offers some explanation
for the altered motility in actively inflamed IBD.”°

4.4. Conclusion

In the present work we have focused on colonic MPs. Results
of our study reveal that in both CD and UC, a specific MP
inflammatory infiltrate exists, which comprises monocytes, B
cells, and CD8* T cells in CD and CD8* T cells in UC. These
immune cell populations likely contribute to the development
of visceral pain and hypersensitivity in IBD and might add
to the increased gangliocyte apoptosis that we found in UC.
Moreover, we have identified differences in the expression of
the pain-relevant neurotransmitters CGRP and SP and the
nociceptive cation channel TRPV4. Last, we compared these
findings with the most relevant murine models of intestinal
inflammation and identified the chronic DSS-induced colitis
as the most representative model regarding the study of IBD-
associated changes in MP. Further investigation needs to be
performed to reach a more detailed insight into underlying
mechanisms of the interactions of inflammation, motility, and
pain in IBD, which finally can lead to development of new
targeted therapeutic options for pain in IBD®-7°,

The data underlying this article are available in the article
and in its online Supplementary material.
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