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ABSTRACT

The incidence of gastrointestinal infections continues to increase, and infectious colitis contributes
significantly to morbidity and mortality worldwide. Carcinoembryonic antigen-related cell adhesion
molecule 1 (CEACAM1) has been discovered to be strongly involved in the intestinal homeostasis.
However, whether intestinal CEACAM1 expression has an impact on the control of infectious colitis
remains elusive. Citrobacter rodentium (C. rodentium) is a gram-negative enteric pathogen that
induces colonic inflammation in mice, with a critical role for CD4* T cell but not CD8* T cell
immunity to primary infection. Here, we show that Ceacam1™~ mice are much more susceptible
to C. rodentium infection than wildtype mice, which is mediated by a defect in the intestinal barrier
and, surprisingly, by a dysregulated CD8" T cell but not CD4* T cell response in the colon. CEACAM1
expression is essential for the control of CD8* T cell immunity, as CEACAM1 deficiency during
C. rodentium infection inhibits CD8" T cell exhaustion. We conclude that CEACAM1 is an important
regulator of CD8" T cell function in the colon, and blocking CEACAM1 signaling to activate CD8"
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T cells may have unforeseen side effects.

Introduction

Mucosal surfaces are important routes of entry for
bacterial pathogens into the host. In the gastroin-
testinal tract, enteropathogenic and enterohemor-
rhagic Escherichia coli (EPEC and EHEC) are
major causes of infectious diarrheal diseases in
humans, and continue to pose significant health
burdens worldwide."? Citrobacter (C.) rodentium
is a mucosal pathogen of mice that shares several
pathogenic mechanisms with EPEC and EHEC.
Therefore, it has been widely used as a model
organism to study the role of host-pathogen inter-
action in the colon.” The mouse-restricted patho-
gen C. rodentium and the human enteric
pathogens EPEC and EHEC infect the intestines
of the hosts, where they intimately attach to the
apical surface of intestinal epithelial cells in the
lower gastrointestinal tract, induce the destruction
of intestinal architecture and activate the mucosal
immune system.” Most importantly, infectious

colitis still contributes significantly to morbidity
and mortality worldwide.”

Carcinoembryonic antigen-related cell adhesion
molecule 1 (CEACAML1), also known as CD66a or
biliary glycoprotein-1, is a multifunctional trans-
membrane protein expressed in diverse cell types,
including epithelial cells and certain cells of the
immune system. CEACAMI is a member of the
CEA gene family and the Ig superfamily with
a basic structure of sequentially ordered Ig-like
domains followed by a transmembrane and
a cytoplasmic domain.”” The cytoplasmic domain
of CEACAMI is differently spliced resulting in
a  cytoplasmic short (CEACAMI1-S) and
a cytoplasmic long (CEACAMI1-L) isoform.
CEACAMI-S was described to activate T cells and
induce regulatory T cells (Tregs) while CEACAMI1-
L, containing two intracellular immune receptor
tyrosine-based inhibitory motifs (ITIMs), can inhi-
bit activated T-cell function. Both isoforms are
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usually co-expressed and the CEACAMI-L to
S ratio alters depending on the cellular growth
and activation stage.*” In general, CEACAMI
serves as an adhesion molecule via homophilic
and heterophilic interactions and participates in
multiple physiological and pathophysiological
processes.”'’"'> CEACAMI is typically involved in
cell-cell attachment, epithelial differentiation, neo-
vascularization and regulation of B- and T-cell
proliferation.'*'® Moreover, direct immunomodu-
latory consequences have been suggested based on
immune cell expression and the presence of ITIM
motifs in the intracellular domain of the protein.'”
For example, CEACAM1 has been considered to be
an inhibitory receptor that suppresses the activa-
tion of CD4" T cells.'"®'” However, it has been
shown that the CEACAMI1-S expression in CD4"
T cells leads to enhanced Treg induction and sub-
sequently to the protection from T-cell-mediated
liver injury.”” Furthermore, in a mouse model of
chronic viral infection, CEACAMI activation
strongly improved the antiviral CD8" T cell
response ® suggesting different functions of
CEACAMI depending on the expressing cell types
and stimuli.

There is increasing evidence that CEACAMLI is
strongly involved in the maintenance of intestinal
homeostasis.'®'>*"*> CEACAMI expression is
increased on the cell surface of human T cells in
Celiac disease and inflammatory bowel disease.”>**
Well in line, CEACAM1 was shown to promote the
induction of Tregs and follicular helper T cells in
the intestine.'” In vivo ligation of CEACAMI1 with
CEACAMI1 homophilic ligands in T cells was able
to prevent or block mucosal inflammation asso-
ciated with either chemical-induced colitis or
naive T cell-transfer models of colitis.'**

Beside the impact on multiple immunological
processes in the intestine, CEACAMI is also
described as cellular receptor for a variety of Gram-
negative bacterial pathogens associated with the
human mucosa.”® Under homeostasis, CEACAM1
is expressed at low levels in intestinal epithelial cells,
which prevents their use by opportunistic patho-
genic bacteria for attachment.”” However, under
inflammatory conditions, released pro-
inflammatory molecules induce CEACAMI1 expres-
sion, which promotes the adhesion of pathogenic
bacteria.”>”’ Together, the immunomodulatory
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function of CEACAMI1 and the fact that
CEACAMI can function as a microbial receptor’’
imply an important physiological role for
CEACAM1 in mucosal tissues of the gastrointestinal
tract.

In the present study, we determined the impact
of CEACAMI1 on the course of C. rodentium
induced colitis. CEACAM1 deficiency strongly
enhanced the  susceptibility to  enteric
C. rodentium infection. Infected Ceacaml™™ mice
developed a stronger pathology, were prone to bac-
terial dissemination to systemic organs, and
showed a hyperactive CD8" T cell response in the
colon compared to infected wildtype mice. These
findings identified CEACAMLI as a critical regulator
of CD8" T cell responses during infectious colitis.

Materials and methods
Mice

Wildtype (WT) and Ceacaml™™ mice were main-
tained on the C57BL/6 ] genetic background and
were bred as homozygous. WT (C57BL/6]) mice
were obtained from Harlan Winkelmann GmbH
(Borchen, Germany) or bred in-house. Ceacaml™
~ (2D2) deficient mice were kindly provided by
N. Beauchemin (Goodman Cancer Research
Center, McGill University, Montreal, QC,
Canada). Eight- to twelve-week-old age-matched
animals were used for all experiments, and bred
and co-housed under specific pathogen-free condi-
tions in the Laboratory Animal Facility of the
University Hospital Essen. All animal experiments
were performed in strict accordance with the guide-
lines of the German Animal Protection Law and
were approved by the state authorities for Ethics in
Animal Experiments of North-Rhine Westphalia,
Germany.

C. rodentium infection model

The study was performed with the WT strain
ICC168 gifted by C. Riedel (University of Ulm).”'
C. rodentium was cultured overnight in Luria-
Bertani at 37°C, centrifuged at 3000 x g for
10 min, and washed with PBS. Mice were infected
by oral gavage with 100 pl PBS containing approxi-
mately 2 x 10° CFUs of C. rodentium. After gavage,



1792 (&) J.ZOLLERET AL.

an aliquot of the remaining suspension was plated
in serial dilutions on MacConkey agar to control
the infective dose. Bacterial numbers in stool and
liver were determined by collecting fecal pellets and
livers at various time points after infection. Serial
dilutions of the fecal und liver homogenates were
plated on MacConkey agar to determine the CFUs
after overnight incubation at 37°C. C. rodentium
was identified by the color and shape of the colo-
nies. In addition, colony PCR was performed to
verify C. rodentium. Mice were analyzed at various
time points post infection (p.i.), and the spleens and
colon were removed and prepared for analysis as
described below.

Macroscopic and histopathologic assessment of
colitis

Macroscopic colonic damage was assessed on
the day of euthanasia. Assessment was based on
two main characteristics of the pathologic state:
colon length shortening and colon weight gain.
Colons were prepared as Swiss rolls, and stored in
4% paraformaldehyde until the tissue was
embedded in paraffin for histologic scoring.
Tissue sections (4 pm) were prepared from paraf-
fin-embedded tissue blocks, H&E stained and eval-
uated histopathologically in a blinded manner. The
rectal part of the colon was assessed for inflamma-
tory cell infiltrates, epithelial damage, goblet cell
depletion, neutrophil infiltration, crypt abscesses,
and crypt hyperplasia, each in a 0 to 3 scoring
system (0 = no change; 1 = mild change; 2 = moder-
ate change; 3 = profound change). All evaluated
parameters together gave rise to an overall inflam-
matory score (0-15) in the rectal colon region.
Crypt heights were measured by micrometry; 30
measurements were taken in the distal colon for
each mouse. Only well-oriented crypts were
measured.

Immunohistochemical analysis of CEACAM1

The rectal area (~ 1 cm in length) of C. rodentium
infected and naive animals was embedded in
Tissue-Tek and sections (5-7 pm) were made. The
sections were fixed in acetone/ethanol and then
blocked with 1% BSA/PBS. The antibodies dis-
solved in 0.5% BSA/PBS were incubated for

60 minutes in a moist chamber in the dark. After
repeated washing with PBS, the sections were
embedded in Fluoromount G. The immunohisto-
chemical images were subsequently taken on
a Zeiss laser scanning microscope. For the
CEACAMI1 staining, a fluorescein-labeled anti-
CEACAMI antibody (amsCC1-FITC) was used in
combination with DAPI. To visualize the infection
with C. rodentium, a specific antibody against the
strain Citrobacter (Abcam, Cambridge, UK) in
combination with the secondary antibody mRuby
was used for the immunohistochemical analysis.

C. rodentium pull down approach

C. rodentium were diluted in 600 pl 1% BSA/PBS
containing 5 ug msCEACAMI1-Fc, huCEACAMS-
Fc, huCEACAMI1-Fc and huCEACAMI1dN-Fc,
respectively. Control was left without recombinant
protein. Samples were incubated rotating for 4 h at
4°C. Then 50 pl of each probe were collected and
boiled for 5 min at 100°C together with 15 ul of 5x
reducing Liammli-buffer containing 5% f-
mercaptoethanol ~ to  demonstrate  applied
CEACAM-Fc. Subsequently bacteria were washed
6 times by centrifugation and resuspension of the
pellet with 600 pl PBS. After the last washing step,
the dry pellets were boiled for 5 min at 100°C in
50 pl of 1x reducing Laimmli-buffer containing 5%
B-mercaptoethanol. Samples were subjected to
TRICIN-PAGE, blotted to nitrocellulose membrane
(Schleicher & Schuell, Dassel, Germany) and reacted
with Ponceau Red staining to monitor total protein
loading. Membranes were blocked in 5% milk/PBS
solution and subsequently incubated with HRP-
coupled goat anti-human Fc pAb (Jackson
ImmunoResearch (West Grove, PA) for 1 h at RT.
After 3 x washing with PBS protein detection on
nitrocellulose filters were performed utilizing an
ECL-substrate (Amersham Biosciences) and result-
ing chemiluminescence was detected by the Fujifilm
LAS-3000 digital imaging system.

Intestinal permeability-assay

For in vivo analysis of the intestinal permeability
fluorescein  isothiocyanate-conjugated  (FITC)-
dextran beads have been used. Briefly, food and
water were withdrawn for 4 h and mice were orally



administrated with permeability tracer (60 mg/
100 g body weight of FITC-labeled dextran, MW
4000; FD4, Sigma-Aldrich, St. Louis, USA). Serum
was collected five hours later and fluorescence
intensity was determined (excitation, 492 nm;
emission, 525 nm; BioTek). FITC-dextran concen-
trations were determined using a standard curve
generated by serial dilution of FITC-dextran.

Cytokine quantification

Cytokine levels in serum samples and cytokine
secretion of in vitro cultured murine colonic
explants were assessed using polystyrene bead-
based Luminex technology (R&D Systems), accord-
ing to the manufacturer’s instructions. The assay
was carried out on a Luminex 200 system and
cytokine concentrations were quantified using the
Luminex IS software (Luminex Corporation).

Isolation of splenocytes

Spleens were rinsed with an erythrocyte lysis buffer
(containing 0.15 M NH,CI, 10 mM KHCO;, and
0.5 M EDTA), meshed through a 100-pum cell strai-
ner, and washed with PBS containing 2 mM EDTA
and 2% fetal calf serum.

Isolation of lamina propria lymphocytes from the
colon

Lamina propria (LP) lymphocytes were isolated
as described previously,’” with minor modifica-
tions. Colons were flushed with PBS to remove
feces, opened longitudinally, and cut into 1-cm
pieces. Tissue pieces were washed twice in PBS
containing 3 mM EDTA for 10 min at 37°C
with rotation. EDTA was removed by washing
colon pieces twice in Roswell Park Memorial
Institute (RPMI) medium containing 1% FCS,
1 mM EGTA, and 1.5 mM MgCl, for 15 min at
37°C with rotation. Colon pieces were then
subjected to intense vortexing, washed with
PBS, and digested in RPMI containing 20%
FCS and 100 U/mL collagenase (Clostridium
histolyticum; Sigma-Aldrich, St. Louis, MO) for
90 min at 37°C. Remaining tissue was separated
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from cells by passing the cell suspension
through a 40-um cell strainer and washing it
with culture medium.

Magnetic purification of splenic CD8" T cells

For the specific enrichment of CD8" T cells, the
autoMACS® Separation System and the CD8" T cell
isolation kit (Miltenyi Biotec, Bergisch Gladbach,
Germany) were used according to the manufac-
turer’s instructions.

In vitro CD8* T cell proliferations assay

After magnetic separation, the cells were washed
in IMDM medium, resuspended in 4 ml fresh
IMDM medium and incubated with 2.5 uM car-
boxyfluorescein diacetate succinimidyl ester
(CFDA-SE, CFSE purchased from Invitrogen,
Karlsruhe) for 8 minutes at 37°C. After adding
4 ml of prewarmed FCS and re-incubating for
5 minutes at 37°C, the cells were washed with
PBS. Afterward, 2.5 x 10° cells per well were plated
into anti-CD3 antibody coated 96 well flat bottom
plate. The proliferation capacity was measured
daily by flow cytometry.

Antibodies and flow cytometry

LP lymphocytes were stained with fluorochrome-
labeled anti-mouse CD4 (RM4-5), CD8 (53-6.7),
CTLA-4 (UC10-4F10-11), CD62 L (MEL-14), CD3e
(145-2 C11), PD-1 (RPM1-30), GzmB (GB11) and
CD69 (H1.2F3) antibodies. All antibodies used in this
study were obtained from either BD Biosciences
(Heidelberg, Germany) or eBioscience (Frankfurt,
Germany). For analysis of intracellular cytokines,
lymphocytes (0.5 x 10° cells per well) isolated from
LPLs were stimulated for 4 h with 10 ng/mL PMA and
1 pyg/mL Ionomycin in the presence of 5 pug/mL
Brefeldin A (all from Sigma-Aldrich). After the cell
surface staining, cells were fixed with the Fixation/
Permeabilization buffer set (eBioscience) according to
the manufacturer’s instructions and stained for intra-
cellular cytokines IL-17A (TC11-18H10.1) and IFN-y
(XMG1.2).
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Results

Ceacam1™~ mice are strongly susceptible to
C. rodentium infection

To obtain insights into the function of
CEACAMI1 during infectious colitis, we infected
wildtype (WT) and Ceacaml™™ mice via oral
gavage with ~ 2x10° CFU C. rodentium per
mouse and characterized the inflammatory
response in the colon. First, we determined the
bacterial burden in the fecal pellets of infected
mice. C. rodentium infected Ceacaml™~ mice
exhibited significantly higher bacterial numbers
at day 3 and 5 post infection than did infected
WT mice Figure la, suggesting a faster coloniza-
tion of the pathogen. Of note, the reduced bac-
terial eradication in Ceacaml™~ mice at day 10
was associated with exaggerated inflammation,
which  was characterized histologically by

a higher inflammation score and more severe
crypt elongation compared to infected WT mice
(Figure 1b). To determine the specific localization
of C. rodentium in the colonic tissue, we infected
WT and Ceacaml™~ mice with C. rodentium and
stained colonic biopsies for CEACAMI1 and
C. rodentium at day 10 post infection. In line
with the CFU in feces, we detected a higher bac-
terial burden in Ceacaml™~ mice compared to
WT mice with a strong accumulation at the
epithelial cells Figure 1c. Interestingly, the immu-
nofluorescence analysis revealed a co-localization
of epithelial CEACAMI1 and C. rodentium in WT
mice Figure 1c. It is well established that human
CEACAMI1 serves as cellular receptor for
a variety of Gram-negative bacterial pathogens.*
To rule out that a potential binding of
C. rodentium to CEACAM1 could be responsible
for the severe pathological phenotype seen in
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Figure 1. CEACAM1 deficiency leads to enhanced susceptibility to C. rodentium induced colitis. Ceacam1™~ and C57BI/6 mice were
orally infected with ~ 2 x 10° colony forming units (CFU) of C. rodentium. (a) At indicated days post infection (days p.i.), fecal pellets
were collected to determine the colony forming units (CFU) per gram feces. (n = 31 each group). (b) Representative H&E staining of
colon sections from PBS or C. rodentium infected WT or Ceacam1™~ mice 10 days post infection. Inflammatory score and crypt length of
uninfected WT or Ceacam1™~ mice, and infected WT and Ceacam1™~ mice 10 days post C. rodentium infection. (c) Frozen section
(5 um) of the rectal colon tissue harvested from mice 10 days post infection. C. rodentium (red), CEACAM1 (green) and DAPI (blue). (One
representative of n = 4 is shown, scale bar = 20 um.) (d) The potential interaction of C. rodentium to human and mouse CEACAMs were
analyzed by pull down experiments followed by western blot analysis. CEACAM8-Fc and the CEACAM1dN-Fc lacking the N-domain
served as negative controls for this experiment. Ponceau Red staining was used to demonstrate loading of the bacterial extracts. One
representative of three independent experiments is shown. All data are presented as mean + SEM. Statistics were performed using the
one-way ANOVA test followed by Bonferroni’s multiple comparison test (¥, p < .05; **, p < .01; ***, p < .001).



Ceacaml™~" mice, we performed a bacterial pull-
down approach. As shown in Figure 1d neither
mouse CEACAMI1-Fc nor human CEACAMI1-Fc
was pulled down by C. rodentium. Thus, the
phenotypical differences in mice with and without
CEACAMI expression were not caused by direct
interaction of C. rodentium with CEACAMI
expressed on epithelia, endothelia and leukocytes.
In summary, these findings indicate that
CEACAM1 expression is involved in the eradica-
tion of C. rodentium and important for the con-
trol of infection-associated inflammation.

CEACAM1 provides host resistance to bacterial
dissemination

CEACAMI1 overexpression was described to
enhance the intestinal barrier function.”” Thus, we
tested whether CEACAM1 deficiency affects the
intestinal permeability under homeostasis or
whether a stress signal such as a pathogen is
involved. WT and Ceacaml ™~ mice were gavaged
with FITC-labeled dextran beads and intestinal per-
meability was assessed as concentration of serum
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FITC-dextran. Detection of FITC concentrations in
the serum of Ceacaml™ mice was significantly
increased when compared to evaluated WT con-
trols Figure 2a. Moreover, the difference between
WT and Ceacaml™~ mice was even stronger when
mice were infected for 10 days with C. rodentium
before oral gavage of FITC-labeled dextran beads
Figure 2b.

As a consequence, we hypothesized that
CEACAMI deficiency in intestinal epithelial cells
may lead to bacterial dissemination from the gut to
the systemic organs of a host. Thus, we infected WT
and Ceacam1™~ mice with C. rodentium, harvested
livers 10 days post infection and analyzed the pre-
sence of viable bacteria. Interestingly, a higher bac-
terial burden was observed in the liver of infected
Ceacam1™~ mice compared to infected WT mice
Figure 2¢ The production of cytokines is a hallmark
of immune responses being mounted toward the
infection. To assess whether the systemic distribu-
tion of C. rodentium in Ceacaml™~ mice altered
the cytokine profile, we infected WT and
Ceacam1™™ mice and measured cytokine levels in
the sera. Of note, we found significantly elevated
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Figure 2. CEACAM1 deficiency impairs the intestinal permeability. (a) Naive Ceacam1™~ and WT mice were orally administrated with
FITC-labeled dextran beads. Serum was collected five hours later, and fluorescence intensity was determined (n = 7). (b) Ceacam1™~
and WT mice were orally gavaged with ~ 2 x 10° CFU of C. rodentium. At day 10 post infection FITC-labeled dextran beads were orally

administrated, and the fluorescence intensity was determined 5 h later. (c) Mice were orally gavaged with PBS or ~

2 x 10° CFU of

C. rodentium. Bacterial load (CFU/g) in the liver 10 days post infection. (d) Concentration of the cytokines IL-6, IFNy and TNFa were

measured in the sera of Ceacam1™

7~ and WT mice 10 dpi using Luminex technologies. All data are presented as mean + SEM. Statistics
were performed using the Student’s t-test (¥, p < .05; **, p < .01).
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levels of IL-6 and IFNy, and a trend of more TNFa
in the serum of infected Ceacaml ™ mice 10 days
post infection compared to infected WT mice
(Figure 2(d)), demonstrating a systemic immune
response in infected Ceacarml ™" mice.

The data clearly indicate that CEACAMI1 expres-
sion is essential for an intact intestinal barrier, and
CEACAMI deficiency results in an enhanced sys-
temic bacterial distribution.

CEACAM1 deficiency does not alter CD4" T cell
immunity but boosts CD8" T cell activity

Infection with C. rodentium and clearance of the
pathogen are associated with the induction of T} 1
and T17 adaptive immune responses.”* To deter-
mine the CD4" T cell response during infection of
WT and CeacamI™~ mice, colonic lamina propria
(LP) cells were isolated and characterized by flow
cytometry. As reported before, slightly enhanced
frequencies of CD4" T cells were detected in
Ceacaml™™ mice compared to WT mice Figure
3a. However, neither differences in the frequencies
of IFNy and IL-17 producing CD4" T cells nor in
the production level of IFNy and IL-17 were
observed between infected WT and Ceacaml ™~
mice Figure 3b,c. By analyzing the frequencies and
the phenotype of CD8" T cells in the LP of non-

infected and infected WT and Ceacaml ™~ mice we
detected a significant alteration in the T cell activ-
ity. Even though, no differences in the colonic
CD8" T cell frequencies were detected Figure 4a,
CD8" T cells isolated from the LP of non-infected
Ceacaml™~ mice expressed significantly more
CD69 and less CD62L compared to CD8" T cells
isolated from the LP of WT mice Figure 4b,c. In
addition, CD8" T cells from non-infected
Ceacaml™™ mice seem to produce more GzmB
than WT mice under homeostasis. Importantly,
these differences in the phenotype were even stron-
ger during infection, suggesting that CD8" T cells
in the colonic LP of Ceacaml™~ mice exhibit
a more hyperactive phenotype than the CD8"
T cells in the WT mice.

CEACAMT1 deficiency inhibits the expression of
inhibitory receptors

CEACAMI1 was described previously as an activa-
tion-induced inhibitory molecule on T cells similar
to PD-1 and CTLA-4.">°° Thus, we analyzed
whether the absence of CEACAMI interferes with
the expression of PD-1 or CTLA-4. We infected
WT and Ceacaml ™~ mice with C. rodentium and
determined the frequencies and the expression
levels of PD-1 and CLTA-4 on CD8" T cells isolated
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Figure 3. CD4" T cell activation in the lamina propria of Ceacam1™~ mice is not altered. Ceacam1
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2 x 10° CFU of C. rodentium or gavaged with PBS. At day 10 post infection, lamina propria cells of the colon were isolated and
characterized by flow cytometry. (a) Percentage of living CD8" T cells and MFI of (b) activation marker CD69, (c) L-Selectin (CD62L) and

(d) GzmB. All data are presented as mean + SEM. Statistics were performed using the Student’s t-test (

p < .001).

from the LP 10 days post infection. As expected,
PD-1 and CTLA-4 expression were strongly upre-
gulated on CD8" T cells, isolated from infected WT
mice Figure 5a,b. In contrast, no upregulation of
these molecules was observed on CD8" T cells of
infected Ceacam1 ™~ mice, neither in the frequency
nor in the expression level per cell. These results
suggest that either CD8" T cells in the LP of
infected Ceacaml™" mice are not activated, or the
cells are hyperactive due to a defect in T cell
exhaustion.

CEACAM1 controls CD8" T cell activity

To get more insight into the function of
CEACAM1 on CD8" T cells, we performed
in vitro stimulation studies. CD8" T cells from
the spleen of WT and Ceacaml™’~ mice were
purified and stimulated with plate-bound anti-

% p < 05 %, p< 01;**

CD3 antibody for at least 3 days. Interestingly,
we observed no differences in the proliferation

capacity of CD8" T cells between WT and
Ceacaml™™ mice Figure 6a. However, CD8"
T cells from Ceacaml™™ mice showed

a significant delay in the upregulation of PD-1
expression Figure 6b but an enhanced secretion
of proinflammatory cytokines such as IL-6, IL-
17 and TNFa Figure 6¢c. These data suggest that
CEACAM1 deficiency on CD8" T cells might
lead to intestinal inflammation as observed with
other checkpoint inhibitors.””*® To determine

the impact of CD8" Ceacaml™™ T cells on
infectious colitis, we infected WT and
Ceacaml™~ mice with C. rodentium and

depleted the CD8" T cells during the course of
infection Figure 7a. Interestingly, depletion of
CD8" T cells neither reduced the bacterial bur-
den in the feces of infected WT mice nor in the
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Figure 6. CD8" T cells from Ceacam1™" mice show an enhanced activity in vitro. CD8" T cells were isolated from the spleen of naive
Ceacam1™~ or WT mice, CFSE-labeled and stimulated with anti-CD3 antibody. (a) Proliferation of CD8* T cells was determined at
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indicated time points. (c) Concentration of IL-6, IL-17A and TNFa in the cell culture supernatants was analyzed at indicated time points
using Luminex technology (n = 9-10). All data are presented as mean + SEM. Statistics were performed using the Student'’s t-test for

individual time points (*,p< .05; ** p< .01; *** p< .001).

feces of infected Ceacam1™ mice Figure 7b. As
seen before, we observed an enhanced spleen
weight, higher colon weight to length ratio
and stronger crypt hyperplasia in Ceacaml™’~
mice compared to infected WT mice Figure 7c-

e. Of note, depletion of CD8" T cells in WT
mice during infection did not alter the inflam-
matory response. In contrast, depletion of
CD8" T cells from Ceacaml™~ mice normalized
the disease activity to the level seen in infected
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CD8™ T cell depletion in the colonic lamina propria at day 10 post infection was measured. (b) CFU/g feces at day 10 of infection. (c)
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or WT mice either with or without CD8" T cell depletion. All data

are presented as mean + SEM. Statistics were performed using the Student’s t-test (¥, p < .05; **, p < .01; ***, p < .001).

WT mice Figure 7c—e. These data clearly show
that CEACAMI1 expression is essential to con-
trol CD8" T cells immunity during infectious
colitis.

To check whether we can transfer the pheno-
type of infected Ceacaml™™ mice to WT mice or
if a smaller population of CD8" Ceacaml™’~
T cells in WT mice may enhance the defense
against C. rodentium infection and protect from
severe infectious colitis we isolated CD8" T cells
from the spleen of either naive WT or Ceacaml™
" mice. 5 x 10° purified CD8" T cells were
adoptively transferred into WT mice (WT CD8",
Ceacaml™~ CD8") prior to infection with ~
2 x 10° CFU of C. rodentium Figure 8a. First,
the expression of PD-1 and CEACAMI1 was
determined in the colon of infected mice.
Interestingly, the expression of PD-1 in the colo-
nic tissue was strongly upregulated when infected
recipient mice were adoptively transferred with
CD8" T cells from WT mice compared to non-
infected WT mice. In contrast, in infected mice
that received Ceacaml™  CD8" T cells the

upregulation of PD-1 expression was less strong
compared to the infected controls which is well in
line with the phenotype seen in infected
Ceacaml™™ mice Figure 8b. In addition, the
expression of CEACAM1 was reduced in infected
mice, which received CD8" T cells from
Ceacaml™™ mice compared to the control mice.
To assess whether the CD8" T cell transfer also
altered the colonic cytokine secretion, we mea-
sured cytokine levels in the supernatant of colo-
nic explant culture. Interestingly, we found
significantly reduced levels of IFNy and TNFa
in the colon of mice, which were adoptively
transferred with CD8" T cells from Ceacaml ™'~
mice compared to mice transferred with CD8"
T cells from WT mice Figure 8c. Moreover, the
crypt hyperplasia was higher in the mice with
higher cytokine secretion. Thus, the adoptive
transfer of CEACAMI1 deficient CD8" T cells
into WT mice with endogenous CEACAM1 suffi-
cient CD8" T cells mice did not accelerate C.
rodentium colitis but support the fight against
the pathogen.
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Discussion

The gastrointestinal tract is the largest mucosal sur-
face in the body and thus constitute major sites of
contact with bacteria. Therefore, the gastrointest-
inal tract is one route used by pathogens to enter
the body. In this study, we describe the involvement
of CEACAMLI in the control of infectious colitis.
Interestingly, we found that Ceacaml™~ mice are
highly susceptible to C. rodentium induced colitis,
suggesting a protective function of CEACAMI in
the colon.

In humans, CEACAMI is the target of several
Gram-negative commensal and pathogenic bacteria
that inhabit the mucosal surfaces. In particular,
pathogenic Neisseria, Haemophilus influenzae,
Moraxella  catarrhalis,  Helicobacter  pylori,
Escherichia coli and Fusobacterium spp. strains
have been found to associate via a highly specific
protein-protein interaction with CEACAM1.>*"**

Although the CEACAM-binding bacteria differ in
their pathogenic potential, they share the same
ecological niche. Thus, it is likely that CEACAM-
binding promotes colonization of the mucosa.
Interestingly, colons of Ceacaml™~ mice are
much stronger colonized with C. rodentium com-
pared to CEACAMI sufficient WT mice, especially
in the early phase of infection. Our fluorescence
analysis revealed an enhanced accumulation of
C. rodentium at the epithelial cells. However, we
observed that, in contrast to other Gram-negative
bacteria, C. rodentium is not binding to CEACAM1
and therefore CEACAMI is not involved in the
attachment of C. rodentium to intestinal epithelial
cells.

Besides a higher CFU in the feces, infected
Ceacaml™™ mice are prone to bacterial dissemina-
tion to systemic organs, as we found a higher bac-
terial burden in the liver of infected Ceacaml™~
mice compared to infected WT mice. The intestinal



barrier function plays a critical role in the defense
against invading pathogens.”™** Intestinal tight
junction (TJ) proteins are a key component of the
intestinal barrier.””*" TJ] damages lead to an
increase of the intestinal permeability and result
in the access of intraluminal antigens or bacteria
into the mucosa.”®* CEACAM1 overexpression in
the colon was shown to modulate T] protein
expression and strengthen the intestinal barrier.”
Consistently, we detected a defect in the intestinal
integrity in Ceacaml™~ mice under homeostasis
and even stronger during infectious colitis. The
oral gavage of non-infected and infected
Ceacaml™~ mice with FITC-labeled dextran
beads revealed a massive translocation of the
beads to the serum, significantly stronger as seen
in WT mice. Thus, our data clearly indicate that
CEACAMI expression is essential for an intact
intestinal barrier and deficiency of epithelial
CEACAMI pave the way for bacterial translocation
and systemic dissemination.

Interestingly, Ceacaml™~ mice do not develop
spontaneous intestinal inflammation but are pre-
disposed to excessive intestinal inflammation upon
initiation of a gut immune response. Several studies
have indicated that the activation of CD4" and
CD8" T cells and the differentiation into effector
T cells initiate intestinal diseases and promote
intestinal inflammation.”””" Furthermore, the
intestinal induction or expansion of regulatory
T cells counterbalance the inflammatory
response.”” Interestingly, CEACAMI was identified
to be involved in regulating T cell-dependent
immunopathology in murine colitis models.”"*
CEACAMI expression is mostly excluded from
naive T cells but is expressed on T cells activated
by stimulation with IL-2 or antiCD3 antibodies.”*
CEACAM1-S expression in CD4" T cells was
shown to enhance Treg induction and stability,
which confers protection from T-cell-mediated
injury.”’ Furthermore, deficiency in CEACAMI
results in the lack ofactivation of CD8" regulatory
T cells in the human mucosa.”””° However, in our
experimental setup we could not detect any differ-
ence in the frequency or phenotype of regulatory
T cells between C. rodentium infected WT and
Ceacaml™™ mice (data not shown). CEACAM1-L,
the dominant isoform expressed in most T cells,
was shown to act as an inhibitory receptor

GUT MICROBES (&) 1801

downregulating T cell activation and suppressing
T cell functions,” similar to the function of the
inhibitory ~receptors CTLA-4 or PD-1."""*
Blocking CTLA-4 and PD-1 signaling by immune
checkpoint inhibitors has been successfully intro-
duced for the reactivation of exhausted T cells and
established as anticancer treatment, which signifi-
cantly improved the survival of patients with
advanced cancer.” Although efficacy and durability
of responses with checkpoint inhibitors has been
well established, one of the major concerns is the
high rate of adverse events that are predominantly
immune related. One of the most common and
severe immune-related adverse events is immune
checkpoint inhibition-related colitis.”**" Thus,
CEACAMI inhibition or ablation might lead to
the same excessive intestinal inflammation as
observed with CTLA-4 or PD-1 inhibitors.””*®

In this study, we show that CD8" T cells in the
lamina propria of Ceacaml™~ do not upregulate
PD-1 or CTLA-4 expression during infection with
C. rodentium, although CD8" T cells from
Ceacaml™™ express higher levels of CD69 and
GzmB compared to WT mice. In general, PD-1
expression is induced after CD8" T cell activation
to avoid uncontrolled cytotoxicity.”*** Our in vitro
studies reveal a delay in the upregulation of PD-1
expression after anti-CD3  stimulation in
Ceacaml™~ mice but an enhanced cytokine pro-
duction. Hence, our data indicate a hyperactive
phenotype of CD8" T cells in Ceacaml™~ mice
compared to WT mice. This is well in line with
a study from Zhang et al., which demonstrates that
co-expression and ligation of CEACAM1 and TIM-
3, another inhibitory receptor expressed on acti-
vated T cells, promotes T cell exhaustion in color-
ectal cancer patients.’® Vice versa, in patients
suffering from multiple sclerosis the percentage
and expression of CEACAMI1 and TIM-3 on
CD8" and CD4" T cells was decreased suggesting
uncontrolled T cells activation.**

In immunocompetent mice, CD8" T cells are
dispensable for the eradication of C. rodentium
and the control of immune pathology. Mice
depleted of CD8" T cells were as competent as
control mice in their ability to eradicate
C. rodentium from mucosal and systemic tissue.
In contrast, mice depleted of CD4" T cells were
shown to be highly susceptible to infection and
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developed severe colitis.”> We found, that the
depletion of CD8" T cells from infected
Ceacaml™~ mice normalized the disease activity
to WT level but the transfer of low numbers of
CEACAMI1 deficient CD8" T cells to WT mice
with CEACAM1 sufficient cells reduced intestinal
inflammation. Thus, in our experimental setting,
CEACAMI1 expression seems to be essential to
control CD8" T cell immunity during infectious
colitis. However, a tightly controlled CD8" T cell
response could be beneficial during bacteria dri-
ven colitis.

Taken together, our results show that
CEACAMI can determine the host susceptibility
to C. rodentium infection. As blocking inhibitory
receptors can render the host more susceptible to
acute infection with enteric pathogens, in some
situations, this could represent an unanticipated
consequence of immune checkpoint inhibitor tar-
geting therapies.
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