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Vagotomy Affects the Development of Oral Tolerance
and Increases Susceptibility to Develop Colitis Independently

of -7 Nicotinic Receptor
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Giovanna Farro, Pedro | Gomez-Pinilla, Gianluca Matteoli,” and Guy E Boeckxstaens”
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Vagotomy (VGX) increases the susceptibility to develop colitis sugyesting a crucial role for the cholinerygic anti-inflammatory
pathway in the regulation of the immune responses. Since oral tolerance and the generation of regulatory T cells (Treys) are
crucial to preserve mucosal immune homeostasis, we studied the effect of vagotomy and the involvement of a7 nicotinic re-
ceptors (a7NAChR) at the steady state and during colitis. Therefore, the development of both oral tolerance and colitis (induced
by dextran sulfate sodium (DSS) or via T cell transfer) was studied in vagotomized mice and in a7nAChR”" mice. VGX, but not
a/NnAChR deficiency, prevented oral tolerance establishment. This effect was associated with reduced Trey conversion in the
lamina propria and mesenteric lymphnodes. To the same extent, vagotomized mice, but not a7nAChR”" mice, developed a
more severe DSS colitis compared with control mice treated with DSS, associated with a decreased number of colonic Treys.
However, neither VGX nor absence of a7/nAChR in recipient mice affected colitis development in the T cell fransfer model. In
line, deficiency of a7nAChHR exclusively in T cells did not influence the development of colitis induced by T cell fransfer. Our results
indicate a key role for the vagal intestinal innervation in the development of oral tolerance and colitis, most likely by modulating

induction of Treys independently of a7nAChR.
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INTRODUCTION

Recent studies have now undoubtedly
demonstrated that the nervous system
extensively interacts with the immune
system to modulate systemic and periph-
eral inflammation (1). In 2000, Tracey
and co-workers elegantly showed that
vagus nerve stimulation (VNS) reduced
proinflammatory cytokine release and
increased survival in a model of sepsis
(2). This antiinflammatory effect, called

cholinergic antiinflammatory pathway
(CAIP), resulted in inhibition of splenic
macrophages (Mgs) through the acti-
vation of alpha? nicotinic acetylcholine
receptors (a7nAChR) (3, 4). In 2005, we
extended this concept to the gastroin-
testinal (GI) tract showing that VNS
reduced inflammation and restored GI
transit in a murine model of postoper-
ative ileus (POI) (5). In the context of
POI, we recently demonstrated that VNS
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exerts its antiinflammatory effect in the
intestinal muscularis externa by activating
cholinergic enteric neurons in close
contact with CX3CR1"®" a7nAChR"
resident Mgs (6). Thus, cholinergic in-
nervation has a major impact on the im-
mune system in the intestinal muscularis.
Moreover, vagotomy (VGX) has been
reported to increase the basal expression
of NF-kB and the production of proin-
flammatory cytokines in the lamina pro-
pria and to increase the susceptibility to
develop colitis in murine models (7-13).
In fact, macroscopic and microscopic
parameters such as histologic scores,
myeloperoxidase activity and levels

of proinflammatory cytokines in colon
were increased in vagotomized mice
during chemically and hapten-induced
colitis (8). However, the exact mechanism
underlying this increased susceptibility to
develop colitis is still unclear. In the pres-
ent study, we hypothesized that increased
susceptibility to develop colitis following



VGX may result from alteration of regula-
tory T cells (Tregs) population.

Tregs are involved in the control of
mucosal immune responses preventing
the development of chronic intestinal
inflammation as in colitis. Tregs are
abundantly distributed in the lamina pro-
pria of the small intestine and colon, in
which they control the immune response
against dietary and microbial antigens.
Tregs significantly contribute to mucosal
immune homeostasis through the instal-
lation of oral tolerance, a phenomenon
in which local and systemic immune
unresponsiveness is induced by oral ad-
ministration of an innocuous antigen (14).
Antigen-specific Tregs are generated by
sequence of events starting with antigen
uptake by tolerogenic CD103"* dendritic
cells (DCs) in the lamina propria. At the
steady state CD103" DCs migrate to mes-
enteric lymph nodes (MLNs) where naive
T cells are converted into CD4*
CD25"FoxP3" Tregs. These antigen-spe-
cific Tregs successively migrate back to
the lamina propria in which they are ex-
panded by CX3CR1"8" Mgs in interleukin
(IL)-10-dependent fashion (15). Interfer-
ence with antigen-specific Tregs conver-
sion in the gut increases susceptibility to
develop chronic intestinal inflammation.
Indeed, adoptive transfer of naive Th
cells (deprived of the Treg counterpart)
into immune deficient mice typically re-
sults into the development of colitis (16).
In line, in a model of spontaneous colitis
the severity of the disease was associated
to altered intestinal Tregs development
(17). Taken together, these data indicate
that beside their importance in installing
oral tolerance, Tregs determine the sus-
ceptibility to develop colitis.

In the present study, we investigated
the effects of VGX on Tregs population
and on the susceptibility to develop
colitis. Since a7nAChR has been
shown to mediate the effects of the
CAIP activation on CX3CR1"&" Mos
(18), we also evaluated the involvement
of this receptor using a7nAChR
knock-out (a7nAChR”") mice in the
development of both oral tolerance and
colitis.

MATERIALS AND METHODS

Animals

o7 nicotinic receptor knockout
(a7nAChR™; B6.129S7-Chrna’™5),
Rag-1 knockout (Rag1™~; B6.129S7-
Rag1™™e™ /1) (19), OT-II Ly5.1 (OTIL; Ly
5.1), Ragl a7nAChR double knockout
(Ragl(KO) x Chrna? < tm1Bay/J) and
CX,CR, W (Cx3er1 ™M) mice were
bred at the KU Leuven animal facility
in a pathogen-free environment main-
tained at 22°C in ~ 50% relative humidity
and with a 12-h light/dark cycle, while
wild-type mice (WT, C57BL/6]JOlaHsd)
were purchased from Harlan. Mice were
housed with ad libitum access to standard
rodent food and water and were gen-
otyped by PCR on total genomic DNA
from the tail. All experimental proce-
dures were approved by the Animal Care
and Animal Experiments Committee of
the KU Leuven (Leuven,
Belgium).

Experimental Protocols

Vagotomy procedure. Mice were
anesthetized by intraperitoneal (i.p.)
injection of a mixture of Ketamine (Ketalar
100 mg/kg; Pfizer) and Xylazine
(Rompun 10 mg/kg; Bayer). The skin
and abdominal wall were incised along
the ventral midline, and the intestines
were moved aside to allow access to
the left lateral lobe of the liver and the
stomach. The left lateral lobe of the liver
was gently retracted and stomach pulled
down beneath the diaphragm to clearly
expose both vagal trunks, which were
then transected. All connective tissue
surrounding the esophagus was re-
moved to ensure transection of all vagal
branches. The surgical pyloroplasty (PP)
was used to avoid gastric dilatation due
to vagotomy. As control group, mice
were subjected to PP alone and vagal
trunks exposed but not transected. The
complete resection of both the ventral
and dorsal truncal branches of the sub-
diaphragmatic vagus was assessed at the
end of each experiment in every animal
included in the study using a dissection
microscope.
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Oral tolerance. Mice received 3
intragastric administrations of Dulbec-
co’s Phosphate-Buffered Saline (DPBS)
as control or were sensitized with 20 mg
OVA in 200 uL DPBS at d 0, 3 and 6.

On d 14, all mice were immunized via
subcutaneous (s.c.) injection with 50 ug
OVA in 100 pL PBS-Complete Freud
Adjuvant (CFA, Sigma-Aldrich) emul-
sion. After 7 d, mice were challenged by
s.c. injection of 250 nug heat-aggregated
OVA in 20 pL of PBS in the hind footpad.
OVA-specific delayed-type hypersensi-
tivity (DTH) was determined by footpad
swelling 48 h after challenge. Footpad
swelling was measured in a blinded
fashion prior to and 48 h after injection
with an electronic digital micrometer.
OVA-specific footpad swelling was cal-
culated as footpad thickness ,4, —
footpad thickness ;, and used as readout
for immune tolerance to OVA.

T regulatory cell conversion assay.
To study antigen-specific T regulatory
cells conversion in vivo, a7nAChR*/*,
a7nAChR ™", vagotomy (VGX) and
PP mice were adoptively transferred
with 3.5 x 10° naive OVA-specific
CD4"CD45.1" T cells isolated from
the spleen of OTII Ly5.1 mice. Briefly,
CD4°CD25 T cells from OTII Ly5.1 mice
were isolated and enriched from spleno-
cytes using magnetic beads (MiltenyiBio-
tec). The enriched cells were adoptively
transferred into syngeneic recipient mice
according to the experiment. The first
and second day after injection, mice
were fed with 50 mg of OVA (grade III;
Sigma-Aldrich). Five and twelve days
after injection, mice were sacrificed and
small intestine lamina propria and MLNs
were collected from CD45.2" hosts mice.
Flow cytometry analysis of T cells was
performed by quantification of prolif-
eration of OVA-specific CD45.1" T cells
and conversion in Tregs. For the FoxP3
staining, cells were initially stained for
the surface markers APC-conjugated
anti-CD45.1 (clone A20, BD Biosciences),
PeCy7-conjugated anti-CD4 (clone:
RM4-5, eBioscience) and anti-Alexa488
anti-CD25 (eBio7D4, eBioscience). Subse-
quently, cells were fixed and permeabilized
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with the Fix/Perm buffer (eBioscience).
Permeabilized cells were stained for
FoxP3 (FJK-16s; eBioscience) according to
the manufacturer’s instructions. Samples
were acquired with FACSCanto II (BD
Biosciences) and analyzed with Flow]o
(Treestar).

Experimental colitis. Chemically-
induced colitis was induced in VGX,

PP, a7nAChR”" and a7nAChR"/* mice.
Mice were treated with 2% dextran sul-
fate sodium (DSS, TdB Consultancy AB)
in drinking water for 5 d followed by
normal drinking water until d 14. Body
weight and stool consistency score were
monitored daily (20). Stool consistency
score was evaluated daily for the DSS
colitis model and twice per week for the T
cell transfer model of chronic colitis. Scor-
ing for stool consistency was performed
as follows: 0, normal stool; 1, loose stool;
2, diarrhea; 3, mucus in diarrhea (20).

To induce T cell transfer chronic
colitis, naive CD4*CD45RB" T cells iso-
lated from spleens of a7nAChR"* and
a7nAChR”" and C57BL/6JOlaHsd WT
mice (8- to 12-wk-old) were purified via
fluorescence-activated cell sorting (FACS)
as previously described (21) and injected
in Ragl'/ " mice or a7nAChR” 'Ragl'/ ’,
in a7nAChR**Rag1”" mice or VGX-
Ragl'/ “and in PP-Ragl'/ “mice. In brief,
after enrichment of CD4" lymphocytes
by magnetic beads (MiltenyiBiotec), cells
were stained with PeCy7-conjugated
anti-CD4, Alexa488-conjugated anti-CD25,
PE-conjugated anti-CD62L and APC—
anti-CD45RB (all from eBioscience). Naive
CD4*CD25" CD62L*CD45RB" T cells were
purified (>99%) using a FACS ARIA I
(BD Biosciences). A total of 5 x 10° sorted
naive Th cells were injected i.p. into
10-wk-old mice.

Isolation of leukocyte subpopula-
tions and flow cytometry analysis. Cell
suspensions were prepared from the
colon lamina propria, small intestine
lamina propria and MLNs as previously
described (22). For FoxP3 staining, cells
were initially stained for the surface
markers CD4 and CD25. Subsequently,
cells were fixed and permeabilized
with Fix/Perm buffer (eBioscience).

Permeabilized cells were stained for
FoxP3 (FJK-16s; eBioscience) accord-
ing to the manufacturer’s instructions.
The intracellular expression of IL-17A
and IFN-y in CD4 T cells was analyzed
using a Cytofix/Cytoperm Kit accord-
ing to the manufacturer’s instructions
(BD Biosciences). In brief, lymphocytes
were incubated with 50 ng/mL phorbol
12-myristate 13- acetate (PMA; Sigma-
Aldrich), 500 ng/mL ionomycin (Sigma-
Aldrich) and monensin (GolgiStop, BD
Bioscience) in complete media at 37°C for
4 h. After surface staining with CD4, cells
were permeabilized and intracellular
cytokine staining was performed using
anti-IFN-y mAb (XMG1.2; BD Biosciences)
and anti-IL-17A mADb (eBio17B7, eBiosci-
ence). Cells were acquired with a FACS-
Canto (BD Biosciences) and analyzed
with Flow]Jo software (Treestar). To an-
alyze antigen presenting cells in MLNSs,
the following fluorescence-labeled an-
tibodies were used: anti-MHC I1 TA/E
(M5/114.15.2, eBioscience); anti-CD103
(M290, BD Pharmingen); anti-IL-10
(JESS-16E3, BDHorizon); anti-CD64a and
b (x54-5/7.1, BD Pharmingen); anti-
CD45.2 (104, BD Pharmingen); anti-
CD11b (M1/70, BD Pharmingen) and
anti-CD11c (HL3, BD Pharmingen).
Statistics. The Mann Whitney test
unpaired Student ¢ test was used to eval-
uate differences between two experimen-
tal groups after checking for normal
distribution of data. Statistical signifi-
cance of Kaplan-Meier survival curves
was determined with Log-rank (Mantel-Cox)
Test. Significant differences between
groups are indicated (*P < 0.05; **P < 0.01;
*# P < 0.001). Statistical analysis was
performed using GraphPad Prism soft-
ware (Graphpad Software Inc). In ex-
perimental colitis models, body weight
changes and stool consistency scores
over time were compared between the
two treatments (PP versus VGX or WT
versus KO) using a multivariate linear
model for longitudinal measurements
(SAS-procedure PROC MIXED) with
a heterogeneous autoregressive (first-
order) covariance structure. The choice
for the covariance structure was based
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on the Akaike information criterion
(AIC). The least-squares means for each
combination of time and treatment were
calculated and p values for the compar-
ison of the groups at each point in time
were reported after Bonferroni-Holm cor-
rection. Analyses were performed using
SAS version 9.4 (SAS Institute,).

All supplementary materials are available
online at www.molmed.org.

RESULTS

Vagotomy Impairs Oral Tolerance
Most Likely by Reduced Induction of
Antigen-specific Regulatory T cells

As we previously described, vagal
input reaches the muscularis externa and
activates cholinergic enteric neurons.
There, resident muscularis Mos reside in
the close vicinity of cholinergic enteric
neurons (6). Of note, we observed that
also in the mucosa, CX,CR," Mgs are
located near choline acetyltransferase
(ChAT) positive enteric neuronal fibers
(Supplementary Figure S1A, S1B). This
suggested that the vagus nerve might also
influence intestinal mucosal immune cells
via activation of ChAT" enteric neuronal
fibers. To investigate vagal modulation of
immune cells in the mucosa, we induced
oral tolerance in VGX and PP alone mice
(Figure 1A). Generally, subcutaneous
(s.c.) injection of ovalbumin (OVA) in the
footpad of immunized mice results in
footpad swelling (that is, inflammation).
Oral feeding with OVA in PP alone mice
prevented this inflammatory response
(Figure 1B), indicative of established
oral tolerance. However, OVA feed mice
subjected to VGX developed footpad
swelling to the same extent as in PBS feed
VGX mice (Figure 1B), revealing loss of oral
tolerance in mice that underwent VGX. As
Tregs are the main players in establishing
oral tolerance, we next evaluated the ef-
fect of VGX on the development of Tregs
in the lamina propria and MLNs viaa T
cell conversion assay (Figure 1C). Hadis
et al. have described that after migrating
to the lamina propria, antigen-specific Tregs
proliferate, as indicated by an increase in
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Figure 1. Vagotomy affects induction of oral folerance and accumulation of antigen-specific regulatory T cells in the lamina propria. (A) Wild
type C57BL/6 mice were subjected to vagotomy (VGX) or pyloroplasty (PP) two weeks before 3 infragastric gavages (i.g.) of ovalbumin
(OVA) to induce oral tolerance. After 1 wk, all mice were subcutaneously (s.c.) immunized against OVA in CFA and challenged in the footpad
7 d later with heat-agyregated OVA. Footpad swelling was measured 48 h affer OVA challenye by foodpad injection. Footpad swelling was
calculated as difference between prior to and 48 h after injection of OVA. (B) Footpad swelling was calculated in mice receiving 3 infragastric
gavages (i.g.) of PBS or OVA and subjected to VGX or PP. In PP alone mice the reduction in footpad swelling is indicative of establishment of
oral tolerance while VGX failed to develop oral folerance. (C) OT-ll naive CD4 T cells were adoptively fransferred info syngeneic VGX and

PP recipients before two oral doses of 50 my OVA. Conversion and accumulation of OT-ll naive CD4 T cells into Treys were analyzed 5 and

12 d after adoptive tfransfer. Representative dot plot of transferred OTII T cells (CD45.1*CD4* cells) and Treys (CD45.1*CD4*CD25*FoxP3* cells)
yenerated out of adoptively transferred OT-Il CD45.1*CD4* cells and frequencies in small intestine lamina propria (D) and MLNs (E) are dis-
played. Circles represent individual mice. Data are representative of two independent experiments. Statistical significance was determined
with unpaired Student ttest (*P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant).
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Tregs at d 12 compared with d 5 following
oral antigen exposure (23). Based on this
study, OVA-specific naive T cells isolated
from OT-II mice were adoptively trans-
ferred into syngeneic VGX and PP recip-
ient mice to evaluate the conversion and
accumulation of OVA-specific Tregs at d 5
and 12 following exposure to OVA in both
VGX and PP groups (Figure 1C). FACS
analysis of single cell suspensions isolated
from the small intestine lamina propria
(Figure 1D) and MLNs (Figure 1E) of
VGX mice revealed a significantly lower
percentage of OVA-specific Tregs
(CD45.1"CD4"CD25"FoxP3") (Figure 1D,
E) compared with cell fractions isolated
from PP alone mice at 12 d, while no dif-
ferences were observed on the resident

T cells (Supplementary Figure S2). These
data suggest that an intact vagal innerva-
tion is crucial for the establishment of oral
tolerance and for the conversion of naive
mucosal T cells into Tregs.

Vagotomy Worsens the Development
of Acute Dexiran Sulphate Sodium
(DSS)-Induced Colitis But Not That of
Chronic T Cell Transfer-induced Colitis

Based on the above, we next investi-
gated the effect of VGX on two different
models of colitis, that is, DSS colitis and
T cell transfer model of chronic colitis.

DSS colitis. To investigate the effects
of VGX on the development of colitis,
mice underwent PP alone or in com-
bination with VGX. Both groups were
treated with 2% DSS in drinking water.
Both groups lost body weight from d 5
onwards and showed alterations in stool
consistency from d 4. As expected, VGX
mice lost more body weight than PP alone
mice, but differences only reached statisti-
cally significance at d 10, 11, 12,13 and 14
after DSS treatment started (Figure 2A). In
addition, VGX mice presented significant
higher stool consistency score compared
with PP alone mice (Figure 2B).

To evaluate the degree of inflamma-
tion in VGX and PP mice during the
acute phase of colitis, a set of animals
was sacrificed at d 7. At this time point,
PP and VGX mice showed similar colon
length, spleen weight (Supplementary

Figure S3A) and proinflammatory cytokine
gene expression. However, il1a and tbet
reach significantly higher expression
levels in VGX mice (Supplementary
Figure S3B). Interestingly, colonic
CD4" T cells were significantly in-
creased (PP 5,7% + 0,7% versus VGX
8% + 1.1%; **, P = 0,0057), while Tregs
were decreased in VGX mice (VGX
3.4% =+ 0,3% versus PP6, 2% + 0,6%; *,
P =0,0239), confirming that VGX mice
developed more severe inflammation
(Figure 2D). In addition, flow cytomet-
ric characterization of CD64" cells that
have migrated into MLNs revealed that
MCHII'IL10"CD64" cells were signifi-
cantly reduced in VGX compared with
PP mice (Figure 2E). Interestingly, dif-
ferences observed at d 7 were even more
pronounced during the recovery phase
of colitis (assessed at d 14). In fact, PP
mice were able to recover faster com-
pared with VGX mice, regaining body
weight (95.45 + 4.60 % at d 14) and low-
ering the stool consistency score (1.25 +
0.37 value at d 14). On the contrary,
mice subjected to VGX presented more
severe colitis and even failed to survive
the DSS treatment (Figure 2C). Alto-
gether, these data demonstrate that VGX
worsens DSS-induced colitis during
both the acute and the recovery phase.
T cell transfer colitis. WT—-VGX-Ragl
and WT—PP-Ragl mice developed equal
disease severity with comparable body
weight loss (Figure 3A). Moreover, 8 wks
after T cell transfer both groups presented
comparable colon length and spleen weight
(Figure 3B). Accordingly, no significant
differences in gene expression of proin-
flammatory cytokines (tnfa, 116, Il1a, tbet,
infg, rorc and I117a) were measured in co-
lonic tissue between WT—-VGX-Ragl and
WT—PP-Ragl mice (Figure 3C). Eventu-
ally, using flow cytometry, we showed that
the proportion of proinflammatory T cells
(that is, T helper cells: IFN-y* producing T
cells, Th1; and IL17-A" producing T cells,
Th17) and Tregs (CD4"CD25'FoxP3") was
similar in both groups (Figure 3D). Thus,
our data showed that unlike DSS colitis,
VGX did not worsen chronic colitis
induced via T cell transfer.
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Conversion of Antigen-specific
Regulatory T Cells and Induction
of Oral Tolerance Are Independent
of a7nAChR

As the previous experiments revealed
an important role of the vagal innerva-
tion in oral tolerance and DSS colitis, we
further investigated the potential role of
a7nAChR. To this end, oral tolerance was
induced in a7nAChR”" and a7nAChR */*
mice. Oral gavage of OVA prevented
footpad swelling to the same extent in
both a7nAChR 7 and a7nAChR */*
mice assessed 48 h after s.c. injection of
OVA (Figure 4A). Moreover, the ability
to convert antigen-specific naive T cells
into antigen-specific Tregs was evaluated
by flow cytometry analysis of T cell sub-
sets in the small intestine lamina propria
and MLNSs. Frequencies of OVA-specific
naive T cells isolated from a7nAChR”" and
a7nAChR */* mice were similar in the
small intestine lamina propria (Figure 4B)
and MLNSs (Figure 4C). In addition, the fre-
quency of OVA-specific Tregs in the small
intestine lamina propria and MLNs was
similar in both groups (Figure 4B, C), in-
dicating that a7nAChR does not affect the
conversion of naive T cells into Tregs. Con-
sistently, aZ7nAChR”" mice showed no dif-
ferences in the ability of resident T helper
cell to polarize into Tregs in the small
intestine lamina propria (Supplementary
Figure 54), suggesting that a7nAChR is not
crucial for the polarization of naive T cells
into T regulatory.

Development of Both Acute (DSS)
and Chronic (T Cell Transfer) Colitis
is Independent of a7nAChR

DSS colitis. Both a7nAChR™* and
a7nAChR”" mice presented similar
severity of DSS colitis, as shown by com-
parable body weight loss and stool con-
sistency score (Figure 5A, B). The severity
of colitis was highest for both groups on
d 8 (a7nAChR"* 87, 6% + 6, 6% versus
aZnAChR”" 90, 6% + 6, 9% of initial body
weight, Figure 5A) after which mice recov-
ered in the following days. On d 14, colon
length and spleen weight (Figure 5C) as
well as proinflammatory gene expres-
sion (Figure 5D) were not significantly
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Figure 2. Vagotomy worsens the severity of DSS-induced colitis. Wild type C57BL/6 mice were subjected to vagotomy (VGX) or pyloro-
plasty (PP) 2 wks before treatment with 2% DSS in drinking water for 5 d followed by 9 d of normal drinking water. Body weight (A) and
stool consistency score (B) were assessed daily. Statistical significance was determined using a multivariate linear model after a post-hoc
Bonferroni-Holm correction (### P < 0.001, *P < 0.05, **P < 0.01, ***P < 0.001). (C) Mortality is expressed as survival rate and shown by
Kaplan-Meier survival curves. Data are representative of two independent experiments. Statistical significance of Kaplan-Meier survival
curves was determined with Log-rank (Mantel-Cox) Test (***, p = 0.0004). At d 7 after induction of DSS-colitis, PP and VGX mice were
sacrificed. Colonic lamina propria immune cells were characterized by flow cytometry. (D) Frequencies of colonic CD4* T cells,
CD25*FoxP3* Treys and CD25"FoxP3" T cells are shown. (E) Frequencies of innate immune cells, CD103" and CD64" antigen presentiny
cells isolated from the MLNs. Dots represent frequencies of immune cells in individual mice. Mean + SEM is also shown. Data are
representative of two independent experiments. Statistical significance was determined with the unpaired Student t-test (*P < 0.05,

**P < 0.01; ns, not significant).

different between a7nAChR*/* and
a7nAChR”" mice. These data indicate
that a7nAChR signaling does not play
a major role in the establishment of the

vagal anti-inflammatory effect during
DSS colitis.

T cell transfer colitis. To unravel
the role of a7nAChR on T cells during
colitis, Ragl”” mice were injected with
naive T cells isolated from the spleen of
a7nAChR"* or a7nAChR”" mice using
cell sorting. As shown in Figure 6A,

both groups showed body weight loss
with a similar time course and severity.
Moreover, 10 wks after T cell adoptive
transfer, colon length and spleen weight
were not significantly different (Figure 6B).
In line, inflammatory cytokine gene

MOL MED 22:464-476, 2016 | DI GIOVANGIULIO ET AL. | 469



VAGUS NERVE MODULATES MUCOSAL IMMUNE HOMEOSTASIS

A B Cc
£ 19 s 40- ns ns
110- s 8 —
- 5 6 307 ns | ns
< c B — — 1
> S 4 20 1 ns
o 100 < c i >
3 s 2 g 100 o
3 ns 3 oI 5 L
o ] - 0.87
2 90 S 200- ns c ns
_— [ — | -
£ E T oz 06
T .l ° WT > PP-Rag1” £ 150 S 0.4
2 80 o WT >VGX-Rag1™ § 100/ 0.2
0 1 2 3 4 5 6 7 8weeks § 50 0.0 7R -
o 2 O N & .O O i
A 2 \{\“ N .\\'\ ,&0 .{6‘ o \\'(\
WT->PP-Rag1™ . B ns . ns
71,9 53] {26 1,50 X 40 I 25
10t . . . ) g e : o : 2.0 o
'y - 30 2 . - ©
2] 0 > 4':7 iy 1.5 %
e g - DI - :
30 31 < £ 20 © £ =
o q +<Dr 101 2 0.5 .
: Al 20 2 0o
o] WT->VGX-Ragt1 ﬂ - é 2.5 ns ez 15 ns
E 73,8 0 ) 3 2.0 o M I;IO_ 101 .
> | n
3 9 £ 15 5+ 8 -
s 3 < 1.0 o 5 == °
2 0.5 . 2 :
a 0. a
g 0.0 g N &\g 0_ N X
$ S § S
3 3 %
R PRl
A on O

4(‘7' @,\z

2,
2

Figure 3. Vagotomy does not affect the development and the severity of T cell transfer-induced chronic colitis. Rag 1”7~ mice were sub-
jected to vagotomy (VGX) or pyloroplasty (PP) 2 wks before adoptive transfer of naive T cells. (A) Body weight loss was followed over
time in VGX-Ray1” mice injected with WT naive T cells (WT-VGX-Ray1, black) and in PP-Rag1”” mice injected with WT naive T cells
(WT—PP-Rayl, gray). Statistical significance was determined using a multivariate linear model after a post-hoc Bonferroni-Holm cor-
rection (ns, not significant). (B) Eight weeks after T cell transfer, colon length and spleen weight were measured in WI—-VGX-Ray1 and
WT—PP-Rayg1 mice. (C) Inflammatory gene expression was quantified via g-PCR in colonic tissue. tnfa, ilé, illa, tbet, infg, rorc and ill7a
mMRNAs were analyzed. (C) Gene expression levels are shown as fold induction on non-injected naive Ray-17". (D) Representative flow
cytometry dot plots and the frequencies of T helper cell subsets (IFN-y*IL-17A7, IFN-y*IL-17A", IFN-yIL-17A") and Treg (CD25'FoxP3*) were
showed. Dots represent individual mice. Data are expressed as mean + SEM. Statistical significance was determined with the unpaired
Student t-test for colon length, spleen weight, gene expression level and flow cytometry analysis (ns, not significant).

expression (tnfa, 116, Il1a, tbet, infg, rorc revealed equal proportion of Th1 and not influence T cell conversion, T cell
and [/17a) was similar in a7nACh- Th17 and Tregs in the colonic lamina proliferation and expansion in the gut
R**>Ragl and a7nAChR”"—Rag1 mice propria (Figure 6D) and MLNs (data not during inflammation.

(Figure 6C). Finally, flow cytometric anal- shown). Overall, these data indicate that To evaluate whether other cells than
ysis of colonic single cell suspensions the absence of a7nAChR on T cells does T cells may be modulated through
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Figure 4. Oral tolerance and antigen-specific regulatory T cell induction are indepen-
dent of a7NAChR. Oral tolerance was induced in a7nAChR** and a.7nAChR”" mice with
oral yavage of OVA or PBS as control. (A) OVA-specific delayed-type hypersensitivity
response was determined by footpad swelling 48 h after OVA challenge. OT-II T cells were
adoptively transferred into a7nAChR** and o7nAChR” recipients and 5 and 12 d after
adoptive transfer, Trey population was evaluated by flow cytometry. Plots are yated

on CD45.1°CD4" cells. The frequency of CD25'FoxP3* Treys yenerated out of adoptively
transferred OVA-specific CD45.1*CD4* cells was determined in small intestine lamina
propria (B) and MLNs (C). Dots represent individual mice. Data are expressed as mean +
SEM. Data representative of two independent experiments. Statistical significance was
determined with unpaired Student t-test (*P < 0.05, **P < 0.01; ns, not significant).

RESEARCH ARTICLE

the vagus, we studied the impact of
o7nAChR expression in recipient

Ragl'/ “mice. To this end, we generated
a7nAChR”Ragl”‘mice and adoptively
transferred naive T cells from WT
C57BL/6] mice into a7nAChR” 'Ragl'/ .
and their a7nAChR*/ +Rag1'/ ~litter-
mates. Both groups of mice underwent
similar weight loss over time (Figure 7A).
Five weeks after T cell adoptive transfer,
mice were sacrificed and disease sever-
ity was assessed. Both groups showed
similar colon length and spleen weight
(Figure 7B). Gene expression levels

of proinflammatory cytokines in the
colon were comparable between WT —
a7nAChR” Ragl”” and WT — a7nACh-
R*/*Ragl”" (Figure 7C). In addition, the
percentage of T helper cells and Tregs in
the colonic lamina propria (Figure 7D)
and MLNs (data not shown) were not
significantly different, suggesting that
o7nAChR is not involved in the endog-
enous vagal modulation of intestinal
inflammation.

DISCUSSION

Although the interaction between the
vagus nerve and the immune system
has been extensively studied, the exact
mechanism leading to an increased sus-
ceptibility to develop colitis following
VGX still needs to be clarified (4). Here,
we investigated the possible impact of
VGX on oral tolerance, the conversion
process of Tregs cells and the develop-
ment of colitis. We showed that VGX
disturbs the establishment of oral toler-
ance, interfering with the induction and
expansion of Tregs in the MLNSs and in
the intestinal lamina propria. Moreover,
we confirmed that reduction of Tregs
conversion in VGX-mice was associated
with an increased susceptibility to de-
velop acute DSS-induced acute colitis,
but did not alter the course of T cell
transfer-induced chronic colitis. Of note,
absence of a7nAChR failed to affect the
development of both oral tolerance and
colitis. Based on these data, we con-
cluded that the endogenous vagal input
to the intestinal mucosal immune system
plays an important role in the induction
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Figure 5. a7nAChR expression does not influence the severity of acute DSS colitis.
a7nAChR”" and a7nAChR** mice were subjected to DSS-colitis. (A) Body weight and

(B) stool consistency were scored daily. Statistical significance was determined using a
mulfivariate linear model after a post-hoc Bonferroni-Holm correction for body weight
changes and stool consistency score (ns, not significant). (C) Fourteen days after DSS
tfreatment, mice were sacrificed to measure colon lenyth and spleen weight. (D) In-
flalmmatory yene expression was quantified via g-PCR in colonic tissue. Gene expression
levels are shown relative to rpl32 mMRNA expression. Data expressed as mean + SEM, are
representative of three independent experiments. Statistical significance was determined
with the unpaired Student f-test for colon length, spleen weight, gene expression level
and flow cytometry analysis (ns, not significant).

of oral tolerance and acute colitis in a

by the lamina propria microenvironment.

o7nAChR-independent manner.
Installation of oral tolerance implicates
active regulatory processes including
the induction of antigen-specific Tregs.
Tregs are essential to prevent immune re-
sponses against food and commensal an-
tigens (24). In the GI tract, expansion of
antigen-specific Tregs is tightly regulated

As shown by Hadis et al. (23), oral tol-
erance is initiated in the MLNs where
mucosal DCs generate a pool of FoxP3*
Tregs from antigen-specific naive T cells.
Subsequently, Tregs migrate to the intes-
tinal lamina propria where proliferate. Of
note, antigen-presenting cells identified
as the CX,CR," macrophages support
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survival and proliferation of the incom-
ing Tregs by releasing high amounts
of IL-10. In fact, CX,CR;-deficient mice
show reduced production of IL-10 in the
lamina propria, and a reduced number
of intestinal Tregs at 12 d following oral
exposure to OVA and thus fail to develop
oral tolerance (23). Based on this study,
we evaluated the number of Tregs at d 5
and 12 following exposure to OVA in
VGX and PP mice. Here, we show for the
first time that VGX impairs the ability
to develop oral tolerance, a finding that
is associated with a reduction in Tregs
in the lamina propria and in MLNs. Of
note, the proportion of Tregs at d 12 was
significantly reduced in both lamina pro-
pria and MLNs, suggesting that the sur-
vival and/or proliferation of Tregs was
compromised in VGX mice. As Hadis et al.
showed that CX,CR," Mos releasing high
levels of IL-10 play a major role in this
process, one can speculate that the vagal
input or cholinergic tone is involved in
driving the IL-10 production of these im-
mune cells. This hypothesis is indirectly
supported by our finding that, similar
to the resident macrophages in the
muscularis externa (6), CX,CR," Mgs are in
close proximity of ChAT" neuronal fibers
also in the intestinal mucosa. Based on
the above, we speculate that VGX affects
induction of oral tolerance by primarily
reducing conversion of Tregs in the lam-
ina propria and in the MLNs. Further
studies will have to clarify whether the
reduced cholinergic input to the resident
CX,CR," macrophages cells or the direct
effect of acetylcholine on Tregs is respon-
sible for the alteration in oral tolerance.
In addition to oral tolerance installation,
Tregs are also necessary to control and
resolve intestinal inflammation thus
suggesting that reduce Tregs conversion
in VGX mice may predispose to colitis
(25). In line with previous studies (8-11,
26), we showed that VGX mice are more
susceptible to DSS colitis. During acute
DSS colitis, VGX mice lost more body
weight and showed higher stool consis-
tency score. Moreover, these mice had
less colonic Tregs and showed a decrease
in IL-10 expressing CD64" macrophages
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Figure 6. Lack of T cell-specific a7nAChR signaling does not influence severity of T cell fransfer induced colitis. Ray1”~ mice were adop-
fively transferred with naive CD4 T cells isolated respectively from a7nAChR** or a7nAChR” mice. (A) Body weight loss was followed
over fime in Ray1” mice injected with a7nAChR** naive T cells (a7nAChR**—Ray1, yray) and in Ray1” mice injected with a7nAChR”
naive T cells (a7nAChR"—Ray1, black). Statistical significance was determined using a multivariate linear model after a post-hoc Bonfer-
roni-Holm correction for body weight chanyges and stool consistency score (ns, not significant). (B) Ten weeks after T cells transfer, colon
length and spleen weight were measured in a7nAChR**-Ray1 and a7nAChR—Ray1 mice. (C) Inflammatory yene expression was
quantified via g-PCR in colonic fissue. tnfa, il6, illa, tbet, infy, rorc and il17a mRNAs were analyzed. Gene expression levels are shown
relative to rpl32 mRNA expression. The frequencies of Th cells isolated from the colonic lamina propria were determined by flow cytom-
etfry. Gates were set on CD4" cells. (D) Frequencies of Th cell subsets (IFN-y*IL-17A", IFN-y*IL-17A%, IFN-y IL-17A") and Treys (CD25FoxP3™).
Dots represent individual mice. In addition, data are shown as mean + SEM. Data are representative of 3 independent experiments.
Statistical significance was determined with the unpaired Student t-test (ns, not significant) for colon lenygth, spleen weight, yene expression
level and flow cytometry analysis.
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colon. Gene expression levels are shown relative 1o ml32 mRNA expression. (D) Frequencies
and numbers of T helper cell and Trey subsets were assessed in the colon by flow cytom-
etry. Dofts represent individual mice. Data expressed as mean + SEM are representative
of 3 independent experiments. Stafistical significance was determined with the unpaired
Student t-fest for colon length, spleen weight, yene expression level and flow cytometry

analysis (ns, noft significant).

in MLNSs, confirming that impairment of
vagal tone might affect Treg expansion.
Our findings are in line with a previous
study showing that VGX resulted in
increased basal levels of NF-«B, leading
to a more severe colitis after colonic ex-
posure to DSS (7). Similarly, Morishita

et al. recently showed that electrical stim-
ulation of the vagus nerve increased the
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Treg-to-Th17 ratio in MLNSs in a rat model
of trauma/hemorrhagic shock (27).
Although our results support the
hypothesis that the vagus nerve plays
a role in the maintenance of intestinal
immune homeostasis, VGX did not in-
fluence severity of T cell transfer model
of chronic colitis. Indeed, disease activity
and body weight loss were similar in

MOL MED 22:464-476, 2016

both VGX Ragl”" and sham Ragl”". This
observation is in line with a previous
report by van der Kleij H et al., showing
that VGX had no effect in chronic model
of colitis (28). Interestingly, these data
are in contrast with the worsening effect
of VGX in DSS colitis models. It should
be emphasized that the mechanisms
involved in these two models differ sub-
stantially. DSS treatment typically causes
disruption of the mucosal barrier trigger-
ing a complex immune response against
intraluminal antigens, a process mainly
mediated by activation of lamina pro-
pria Mos (29). The latter represent both
the target population of the cholinergic
immunomodulation (6, 30) and crucial
player in Treg proliferation (23), most
likely explaining the increased severity
of DSS colitis following VGX. In contrast,
T cell transfer model of chronic colitis is
associated with uncontrolled prolifera-
tion and activation of T cells transferred
into an immune-deficient recipient, with
accumulation of effector Thl and Th17
cells in the intestine (31). Second, and
most importantly, previous experiments
elegantly showed that increased sus-
ceptibility to develop colitis follow-
ing VGX only lasts 2-3 wks due to a
compensatory increase in cholinergic
tone generated by the enteric nervous
system (26). As the onset of colitis only
becomes obvious 2-3 wks following T
cell transfer, the effect of VGX on the
development of colitis will be minimal
or even absent. Future experiments
evaluating the effect of repetitive VNS
on T cell transfer colitis may be better
suited to evaluate the potential im-
munomodulatory effect of cholinergic
input, but this approach is currently
technically not feasible.

Considering the key role of a7nAChR
in the cholinergic anti-inflammatory
pathway, we performed investigations
on a7nAChR”/" mice to determine the
importance of this receptor in the in-
testinal mucosal immune compartment
during both oral tolerance induction
and colitis. On the contrary, to data
reported in postoperative ileus and
sepsis, a7nAChR was not involved



in the development of oral tolerance.

In line, a7nAChR”" mice developed
similar degree of DSS colitis as in
littermate control o7nAChR*/* mice,
suggesting that 0a7nAChR do not alter
the immune response during DSS coli-
tis. Similarly, no differences in colitis
severity were observed between Rag1””
mice transferred with a7nAChR*/* or
a7nAChR”" naive T helper cells indi-
cating that 0a7nAChR on T cells are not
crucial for maintaining intestinal T cell
homeostasis. In line, although previous
studies have described expression of
a7nAChR on T cells (32-35), we could
not confirm a7nAChR expression on
naive or polarized T cells (data not
shown). Finally, a7nAChR**Rag1”" and
a7nAChR” Ragl”" recipient mice adop-
tively transferred with WT naive T cells
developed comparable colitis, indicating
that a7nAChR does not have a crucial
role during development of T cell trans-
fer-induced chronic colitis. So far, con-
tradictory results concerning the role of
o7nAChR in colitis have been reported.
While a7nAChR™" mice showed higher
severity of depression-induced colitis
(11), treatment with specific a7nAChR
agonists (AR-R17779 and GSK1345038A)
reduced inflammation such as NF-«xB
activity and cytokines but aggravated
clinical parameters of DSS and TNBS
colitis (36). In addition, a7nAChR ago-
nists reduced IL-12p70 and IL-23 pro-
duction by CD11c¢” DCs and their ability
to prime T cells in vitro (12, 13). Overall,
our data fail to support a fundamental
role for a7nAChR in modulating in-
testinal mucosal immune response. Al-
though we showed a significant immu-
nomodulatory role for the vagus nerve
in both oral tolerance and colitis, our
data suggest the involvement of other
neuro-receptors. In line, activation of
the M1 muscarinic acetylcholine receptor
or treatment with acetyl-cholinesterase
inhibitors reduced the immune response
in colitis models (12, 13), indicating that
not only nicotinic receptors agonist can
modulate colitis. In addition, a possible
redundancy between the different nico-
tinic receptors could explain our results.

B2 nicotinic receptors (B2nAChR) have
indeed been detected on Mgs, while a
B2nAChR agonist inhibited ATP-induced
Mes activation in the stomach (37).
Similarly, a4p2 nicotinic receptor activa-
tion inhibits isolated intestinal and
peritoneal Mgs (38) and a5 nicotinic
receptor knockout mice showed a
significant worsening of disease
compared with WT mice during
colitis (39).

CONCLUSION

Opverall, our results showed that
VGX impaired oral tolerance induction,
decreased proliferation of Tregs and
exacerbated DSS colitis, suggesting the
vagus nerve is an important player in
the intestinal immune homeostasis.
Our findings have translational impli-
cations and indeed suggest that acti-
vation of the CAIP might be useful as
a therapeutic tool to prevent diseases
associated with intestinal inflammation
and impaired oral tolerance. However,
the underlying mechanisms such as the
receptor involved need to be further
investigated.
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