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Abstract

Background and Aims: The topically applied Toll-like receptor 9 [TLR9] agonist cobitolimod is a
first-in-class DNA-based oligonucleotide with demonstrated therapeutic efficacy in clinical trials
with ulcerative colitis [UC] patients. We here characterized its anti-inflammatory mechanism in UC.
Methods: Luminal cobitolimod administration was evaluated in an experimental dextran
sodium sulfate [DSS]-induced colitis model. Cultured blood and mucosal cells from UC patients
were treated with cobitolimod and analysed via microarray, quantitative real-time PCR, ELISA
and flow cytometry. Intestinal slides of cobitolimod-treated UC patients were analysed by
immunohistochemistry.

Results: Cobitolimod administration markedly suppressed experimental colitis activity, and
microarray analyses demonstrated mucosal IL10 upregulation and suppression of IL17 signalling
pathways. Cobitolimod treatment was associated with significant induction of mucosal IL10+Tr1
andTreg cells and suppression ofTh17 cells. TLR9 knockout mice indicated that cobitolimod requires
TLR9 signalling for IL10 induction. In UC patients, mucosal TLR9 levels correlated with severity of
inflammation. Cobitolimod inhibited IL17A and IL17F, but increased IL10 and FoxP3 expression
in cultured intestinal UC T cells. Cobitolimod-mediated suppression of intestinal IL17+T cells
was abrogated by IL10 blockade. Furthermore, cobitolimod led to heightened IL10 production by
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wound healing macrophages. Immunohistochemistry in intestinal biopsies of cobitolimod-treated
UC patients indicated increased presence of IL10+mononuclear and regulatory T cells, as well as

reduction of IL17+cells.

Conclusion: Activation of TLR9 via cobitolimod might represent a novel therapeutic approach in
UC, as it suppresses Th17 cells and induces anti-inflammatory IL10+macrophages and regulatory T
cells, thereby modifying the dysregulated intestinal cytokine balance.

Podcast: This article has an associated podcast which can be accessed at https://academic.oup.com/ecco-jcc/pages/podcast
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1. Introduction

Inflammatory bowel disease [IBD] encompasses chronic inflamma-
tory disorders of the gastrointestinal tract whose phenotypic spec-
trum mainly comprises Crohn’s disease [CD] and ulcerative colitis
[UC]. UC is characterized by a superficial, continuous mucosal and
submucosal inflammation, which is mainly limited to the large intes-
tine."? The development of targeted therapies, such as anti-tumour
necrosis factor [anti-TNF] antibodies [infliximab, adalimumab,
golimumab], anti-adhesion molecule antibodies [vedolizumab] and
recently JAK-inhibitors [tofacitinib], has significantly improved
therapeutic options in UC. Nevertheless, a large proportion of pa-
tients remain primarily unresponsive or show loss of response to
these therapies.? There is therefore urgent clinical need for the devel-
opment of novel therapies with an alternative mode of action.

A perturbed homeostasis between commensal bacteria and mu-
cosal immunity has been identified as a critical determinant in UC
pathogenesis. Specifically, aberrant modulation of Toll-like receptors
[TLRs] has been implicated in driving mucosal inflammation.* It has
been shown that TLRs not only control innate immunity but also
critically regulate subsequent adaptive immunity, such as T cell acti-
vation, indicating that TLR signalling plays a pleiotropic role in the
induction of intestinal inflammation.>¢

The intracellular receptor TLRY recognizes the unmethylated
dinucleotide CpG, which has been identified as the main
immunostimulatory component in bacterial and viral DNA. TLR9
is expressed in antigen-presenting cells such as macrophages, den-
dritic cells and B cells but also on intestinal epithelial cells, where
it is expressed on both the apical and the basolateral sides of the
cell.” Whereas apical stimulation of TLRY results in tolerance, acti-
vation on the basolateral side stimulates NFkB and induces the se-
cretion of IL8.% Interestingly, TLR9-deficient mice developed more
severe colitis following challenge with dextran sodium sulfate [DSS],
compared to wild-type controls.”!® Severity of colitis was signifi-
cantly attenuated after the transfer of T cells into immunosuppressed
RAG-mice, when donor mice were treated with a TLR9 agonist
prior to the transfer, indicating that a regulatory T cell pool was in-
duced via TLRY signalling."" Correspondingly, CpG-site-containing
oligodeoxynucleotides [ODNs] suppressed immune cell activation
and protected barrier function in experimental colitis via TLR9
signalling.'> Additionally, an increased production of the anti-inflam-
matory cytokine IL10 by regulatory dendritic cells and macrophages
was observed after stimulation with TLR9 agonists i vitro, which is
in line with the constitutive interaction of CD14+macrophages with
the MyD88-dependent TLR7 and TLR9 pathways."

Consistent with these data obtained in experimental colitis
models, a pivotal role of TLR9 signalling could similarly be dem-
onstrated in UC patients, as there was a positive correlation be-
tween the severity of endoscopic and histological inflammation and

mucosal TLR9 mRNA expression.'* In inflammatory circumstances,
TLRY agonists act by both decreasing the enormous immune ac-
tivation, especially in IBD, and setting the balance of the Th1/Th2
immune response. Due to complex signalling of ODN binding TLRs
[including TLRY] a dynamic regulation of pro- and anti-inflamma-
tory cytokines is present. Although the ability of TLR activation to
exert a protective effect against intestinal inflammation has been
noted, there are also contrasting data that indicate a CpG-dependent
perpetuation of chronic mucosal inflammation.!*!

The role of regulatory T cells [Tregs] in the maintenance of in-
testinal homeostasis is supported by the demonstration that a lack
of Tregs is associated with development of intestinal inflammation.
Several studies have demonstrated that Tregs were reduced in blood
and colonic mucosa of UC patients while IL17/Th17 levels were sig-
nificantly upregulated compared to healthy controls. Together, the
dysregulation of the Th17/Treg balance has been shown to play a
crucial role in the development and perpetuation of UC.'¢""

The single stranded DNA-based immunomodulatory sequence
[DIMS] cobitolimod, which contains an unmethylated CpG motif,
has been shown to activate the TLR9 on target cells such as lympho-
cytes or antigen presenting cells [APCs] i vitro with potent induction
of anti-inflammatory cytokines, such as IL10 and type I interferons.?

Cobitolimod showed therapeutic efficacy upon topical appli-
cation in refractory UC patients in a proof of concept study and
in a recently published clinical trial.?'??> Cobitolimod application
was well tolerated. These results prompted an ongoing phase IIb
trial, in which cobitolimod is repeatedly administered over 3 weeks
[NCT03178669].

Based on the above described findings, we investigated the mo-
lecular mechanism of action of the TLR9 agonist cobitolimod in
intestinal inflammation, as it might represent a unique novel thera-
peutic approach in UC patients.

2. Material and methods

2.1 Patients

In total, 112 UC patients were analysed across all experiments. In
some patients, intestinal tissue as well as blood samples were taken
for analysis. Intestinal biopsies or gut specimens from UC patients [
= 83; 45 female, 23-71 years and 38 male, 19-74 years| were used
for cell culture [ = 70] or RNA isolation [ = 13] studies. Peripheral
blood mononuclear cells [PBMCs] were isolated from blood of 47
UC patients [24 female, 24-56 years; 23 male, 22-59 years] and
from buffy coats of nine healthy donors.

In addition to above described non-cobitolimod-treated UC pa-
tients, histological slides of colon biopsies were obtained from UC
patients who had participated in the placebo-controlled, double-blind,
randomized multi-centre clinical study CSUC-01/10 [NCT01493960],
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where the efficacy and safety of cobitolimod was assessed. In this clin-
ical trial, 131 UC patients with treatment-refractory UC were included
with active clinical [Clinical Activity Index score > 9] and endoscopic
[Mayo endoscopic subscore > 1] disease. Cobitolimod [30 mg] was
administered on weeks 0 and 4 proximal to the site of the most se-
vere inflamation or, in the case of pancolitis, in the transverse colon
via topical endoscopic application. Biopsies were taken from the area
of most severe endoscopic inflammation at week 0 and in the same
area again at week 4. Histological slides of colon biopsies from base-
line [week 0] and week 4 were obtained from placebo- [ = 4] and
cobitolimod-treated patients responding [# = 7] or not responding [
= 6] to cobitolimod treatment [see Figure 8]. The placebo patients
had an unchanged endoscopic Mayo subscore [> 2] at weeks 0 and
4, and did therefore not respond endoscopically to placebo treatment.
The cobitolimod patients were endoscopic responders to cobitolimod
application at baseline, as they demonstrated endoscopic response
[endoscopic Mayo subscore of 0 or 1] in the follow-up endoscopy
at week 4. Samples were included in the study after obtaining prior
written informed consent from each patient, and sample collection
was previously approved by the ethical committee and the institu-
tional review board of the University of Erlangen-Niirnberg.

2.2 Disease classification of UC patients

A pathologist blinded to all clinical and endoscopic data of the re-
spective patient performed histological classification of the intestinal
biopsies from UC patients [Figure 1A]. Severity of inflammation was
determined by histopathological grading that included absent [score
0], mild [score 1], moderate [score 2] and severe [score 3] inflamma-
tion. The currently available validated histopathological scores for
UC [Nancy-Index and Robarts Histopathology Index] were not used
for evaluation by the pathologist. The endoscopic Mayo score was
used for the assessment of the severity of endoscopic inflammation
in the examined UC patients.? The partial Mayo score was used for
the assessment of the clinical disease activity of the UC patients at
the time of endoscopic examination.”* The clinical, endoscopic and
histological activity scores of the UC patients from Figure 1A are
depicted in Supplementary Table 1.

2.3 Mice

Balb/c mice were obtained from Charles River Laboratories,
Research Models and Services. TLR9 knockout mice were originally
obtained from Hermann Wagner and kindly provided by Thomas
Winkler. Eight-week-old female Balb/c mice were used for the ex-
periments and were kept in individually ventilated cages in compli-
ance with the Animal Welfare Act. Water and food were available ad
libitum. Mice were randomly mixed per cage before initiation of the
experiment to ensure comparable experimental conditions. Animal
experiments were performed in accordance with German laws for
the protection of animals, after approval by the animal welfare com-
mittee [Regierung von Unterfranken].

2.4 DSS-induced colitis

For DSS-induced colitis, 3% [w/v] DSS [MP Biomedicals| was added
to the drinking water of 8-week-old female Balb/c mice for 10 days.
An additional control group of three mice which were not given DSS
[untreated] was also part of the experimental set up.

2.5 Rectal administration of cobitolimod or placebo
Groups of seven mice were rectally administered with 40, 84 or 250
ng cobitolimod on days 4 and 8. The respective concentration of

cobitolimod was diluted with sterile water and 100 pL was used for
rectal administration per mouse. Mice in the placebo group [# = 7]
were treated with 100 pL sterile water only. The three mice from
the untreated group [no DSS] were not given cobitolimod or water
rectally.

2.6 Evaluation of DSS-induced colitis

Food uptake and body weight were monitored on days 0, 2, 4, 6, 7,
8 and 10. The Disease Activity Index [DAI] is the combined score of
body weight loss compared to initial body weight, stool consistency
and visible blood in faeces. The maximum score per mouse is 12.22¢
DAI was assessed on days 0,2, 4, 6,7, 8 and 10. In addition, colonic
inflammation was studied iz vivo using the Coloview endoscopic
system consisting of a miniature endoscope [scope 1.9 mm outer
diameter], a xenon light source, a triple chip camera and an air pump
[all from Karl Storz] to achieve regulated inflation of the mouse
colon. For endoscopy, mice were anaesthetized with 4% isoflurane
in 100% oxygen at a rate of 0.2-0.5 L/min [2% isoflurane was used
for maintenance]. The modified murine endoscopic score of colitis
severity [MEICS] were used to determine endoscopic signs of in-
flammation.?” The endoscopic colitis grading [MEICS score] consists
of the following five parameters: thickening of the colon, change of
the normal vascular pattern, presence of fibrin, mucosal granularity
and stool consistency. Endoscopic grading was performed for each
parameter [score 0-3] leading to an accumulative score between 0
and 15.%” Endoscopic grading was analysed on days 0, 2, 4, 6, 7, 8
and 10. Histological severity of inflammation was assessed by histo-
pathological analysis of intestinal sections. The histological score
encompassed 0 = no inflammation, 1 = remission, 2 = mild inflam-
mation, 3 = moderate inflammation and 4 = severe inflammation.?

2.7 lIsolation of RNA and qRT-PCR

For quantitative real-time PCR [qRT-PCR] RNA was isolated from
intestinal biopsies of mice treated with DSS or from UC patients
using the Nucleo Spin II kit [Macherey-Nagel]. In total, 1 pg RNA
was reverse transcribed into ¢cDNA [iScript, BioRad] according to
the manufacturer’s instructions. For quantitative expression analysis,
quantitect primers [Qiagen] were used. Data were normalized to the
housekeeping-gene HPRT.

2.8 Microarray experiments

Intestinal biopsies were taken from DSS-induced colitis mice that
were treated with placebo [7 = 4] or cobitolimod [# = 4] as men-
tioned above. Lamina propria mononuclear cells [LPMCs] were
isolated and RNA was extracted. Its integrity was verified using a
Nano Chip [RNA 6000; Agilent Technologies] on a BioAnalyzer
[vB.02.03 BSI307; 2100; Agilent Technologies] as recommended by
the manufacturer’s protocol [RNA 6000 Nano Assay Protocol2].
Sample labelling and preparation for microarray hybridization was
performed according to a standard protocol. The RNA replicates of
four placebo and four cobitolimod-treated mice in DSS colitis were
each hybridized onto a 4 x 44k array [design-ID 026655; Agilent
Technologies]. Data were extracted with the feature extraction soft-
ware package [v.11.7.1; Agilent Technologies] using a standard
protocol.” The text files generated by the feature extraction software
were imported into GeneSpring GX [v.12.5; Silicon Genetics]. Data
were log -transformed followed by normalization to the 75th per-
centile and corrected to the median of all samples. Features passing
the quality check [flags detected in at least one condition] and showing
changes in expression levels equal to or greater than two-fold were
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A TLR9 expression in UC patients
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Figure 1. TLR9 expression levels in ulcerative colitis [UC] patients and activation of the TLR9 pathway by cobitolimod. [A] gRT-PCR was performed on intestinal
biopsies from UC patients with absent [score 0, n = 8], mild [score 1, n = 8], moderate [score 2, n = 10] or severe [score 3, n = 10] inflammation. Severity of
inflammation was determined by histopathological grading. Data were normalized to the housekeeping-gene HPRT and compared to the control group without
mucosal inflammation [score 0]. Every symbol represents a single patient. Median value is indicated as a line. [B] Sensograms of in vitro binding of cobitolimod to
the humanTLR9. A polystyrene surface [PS] with TLR9 and liposomes were docked in channel A [upper left], whereas a PS surface with a control mock protein and
liposomes were docked in channel B [lower left]. Cobitolimod was injected in duplicate at different concentrations [200, 100, 50, 25 pg/mL] into both channels. The
sensograms obtained from channel A were subtracted from the signal obtained from the reference surface in channel B. [C] LPMCs isolated from colon of UC patients
[n= 8] were untreated or treated for 48 h with different concentrations of cobitolimod. Release of different cytokines in the supernatant was determined by ELISA. [D]
PBMCs isolated from healthy donors [n = 4] were stimulated for 48 h with different concentrations of cobitolimod or GpC cobitolimod [cobitolimod with GpC instead
of a CpG motif]. Release of IL10 was determined by cytometric bead array [CBA]. [E] PBMCs isolated from healthy donors [n = 5] were pre-incubated for 45 min either
with medium alone or with 1, 10 or 50 pg/mL chloroquine. After pre-incubation, 100 pM cobitolimod was added to each well. Release of IL10 was determined using the
CBA method. [F] Isolated splenocytes from wildtype [wt, n=6] orTLR9 knock-out mice [TLR9 ko, n= 6] were untreated or treated for 48 h with different concentrations
of cobitolimod. Release of IL10 was determined by ELISA. Data in C-F represent mean values + SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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selected for further analysis. A volcano plot was applied to identify
statistically significant [p > 0.05], more than two-fold differentially
expressed genes, between two conditions, including the Benjamini-
Hochberg multiple test correction. Pearson and Ward analyses were
used to generate hierarchical clustering of the experimental condi-
tions [placebo or cobitolimod-treated mice in DSS-induced colitis].
The heatmap depicts genes that have been described in the literature

to be susceptible regarding DSS-induced colitis.?*-3?

2.9 Immunofluorescence

Cryo-frozen intestinal cross sections from patient colonic biopsies
were fixed with 4% paraformaldehyde and stained using the TSA
plus kit [Perkin Elmer] according to the manufacturer’s instructions.
Alternatively, slides were fixed with methanol at -20°C for 10 min,
blocked with 10% fetal calf serum [FCS]/1% bvine serum albumin
for 1 h and incubated overnight at 4°C with the primary antibody.
Paraffin-embedded tissues were deparaffinized and antigen un-
masking was performed using citrate buffer. Thereafter slides were
incubated with different antibodies.

For DSS-induced colitis mice, immunofluorescence analysis was
performed in intestinal sections, which were taken at the end of the
experiment on day 10 for IL10 [Abcam], IL17 [Abcam] and Foxp3
[eBioscience]. Colon biopsies of UC patients were taken before and
28 days after topical cobitolimod or placebo treatment*'?? and the
corresponding cross sections were stained for IL10 [Abcam], FoxP3
[eBioscience] or IL17 [Abcam]. From each sample, four to six high
power fields [HPFs] per patient were analysed using a 10x objective
magnification. Analysis of images was done with a fluorescence micro-
scope [BZ-8100 or BZ-9000, Keyence] or a confocal microscope
[LSM, Leica Microsystems] and calculated with Image] 1.52a [NIH]

2.10 Isolation of peripheral blood and lamina

propria mononuclear cells

Blood from UC patients [# = 47] or controls [z = 9] was collected
and PBMCs were isolated using density gradient centrifugation.
LPMCs from intestinal biopsies or gut specimens [n = 83] were iso-
lated using the lamina propria kit [Miltenyi Biotec] as previously
described.’* CD4+or CD14+cells were isolated with magnetic beads
according to the manufacturer’s instructions [Miltenyi Biotec].

2.11 Cell culture

Human or murine LPMCs from gut specimens or biopsies were iso-
lated using the lamina propria kit [Miltenyi Biotec]. Cells were cul-
tivated in RPMI 1640 GlutaMax [Gibco] supplemented with 100 U/
mL penicillin/streptavidin [Gibco], 10% FCS [Sigma-Aldrich] and
gentamycin [Gibco]. LPMCs were stimulated for 24, 48 or 72 h with
1 pg/mL lipopolysaccharide [LPS; Sigma-Aldrich], 1 pg/mL LPS in
combination with 100 pM cobitolimod [InDex Pharmaceuticals], 1
pg/mL LPS and anti-IL10 [abcam] or 1 pg/mL LPS and anti-IL17
[abcam]. Stimulated cells were used for flow cytometry analysis,
RNA from stimulated LPMCs was isolated and analysed via qRT-
PCR, supernatants were collected and analysed with an enzyme-
linked immunosorbent assay [ELISA].

In another setting, PBMCs from buffy coats of healthy donors
were isolated and 2 x 10° cells per well were seeded in 400 pL RPMI
complete medium. Directly after seeding, cobitolimod or cobitolimod
with GpC instead of CpG motif was added so that the final concen-
tration in the well reached 0.1, 1 or 10 pM. Cell supernatants were
harvested after 48 h of incubation and were used for cytokine meas-
urement by CBA kits [BD], followed by analysis using FCAP Array
software from BD according to the manufacturer’s instructions.

Isolated splenocytes from wildtype or TLR9 knock-out mice were
untreated or treated for 48 h with 1, 10 or 100 pM cobitolimod.
Release of IL10 was determined by ELISA.

2.12 In vitro generation of macrophages

PBMCs from UC patients were isolated using density gradient cen-
trifugation. CD14+PBMCs were isolated with magnetic beads ac-
cording to the manufacturer’s instructions [Miltenyi Biotec]. In total,
1 x 10° CD14+cells per 24-well were cultured for 8 days either with
100 ng/mL macrophage colony-stimulating factor [M-CSF; R&D],
100 ng/mL LPS and 20 ng/mL IFNY or in combination with 25 pM
cobitolimod to generate pro-inflammatory macrophages. For wound
healing macrophages, 1 x 10¢ CD14+cells per well were cultured for
8 days with either 100 ng/mL M-CSF and 20 ng/mL IL4 or in com-
bination with 25 pM cobitolimod. After 8 days in culture, in vitro
generated pro-inflammatory and wound healing macrophages were
analysed via flow cytometry and qRT-PCR.

2.13 In vitro chloroquine assay

PBMCs were isolated from healthy donors using density gra-
dient centrifugation according to standard procedures. Cells were
seeded onto a 96-well culture at 5 x 10° cells per well in complete
RPMI [cRPMI] supplemented with 25 mg/mL gentamicin, 5 mM
L-glutamine, 100 IU/mL penicillin, 100 mg/mL streptomycin, 5 mM
Hepes and 10% [v/v] heat-inactivated fetal bovine serum. Cells were
pre-incubated for 45 min either with medium alone or with 1, 10
or 50 pg/mL chloroquine at 37°C. Cobitolimod was then diluted
with cRPMI and added to the well [100 uM per well]. Cells con-
taining medium alone or cobitolimod alone [without chloroquine
pre-incubation] were used as a control. Cells were incubated for 48
h and supernatants were used for cytokine measurements either via
Luminex or CBA kits, followed by analysis with FCAP Array soft-
ware according to the manufacturer’s instructions.

2.14 In vitroTLR9 binding assay

The interaction between cobitolimod as a CpG-ODN and human
TLRY and their kinetics were studied iz vitro using the Attana A200
system. The Attana A200 is a dual-channel, continuous-flow system
for automated analysis based on the Quartz Crystal Microbalance
[QCM] technology. The two sensor channels are referred to as chan-
nels A and B, where A is used for monitoring of the molecular inter-
action and B serves as a reference. Proteoliposomes with TLR9 or
protein mock control were immobilized by adsorption on polystyrene
[PS] surfaces. A final protein concentration of 250 pg/mL was diluted
into PS buffer [S mM acetic acid pH 5, 50 mM NaCl]. The solution
was incubated over the PS surfaces for 3 h at room temperature.
Equal volume of liposomes were used to prepare the protein mock
control surfaces. The chips were docked in the instrument with the
flow set at 100 pL/min for 10 min. After reducing the flow to 20 pL/
min, running buffer was passed over the surfaces until stabilization
of the baseline [frequency change < 0.2 Hz over 600 s]. Cobitolimod
was injected in duplicates at different concentrations: 200, 100, 50
or 25 pg/mL. The experiment was performed at a flow rate of 20
pL/min. Samples were injected for 60 s and the dissociation was fol-
lowed for 180 s. Sensograms were collected using Attester software
[Attana AB] and analysed with Evaluation software [Attana AB] and
TraceDrawer [Ridgeview]. The sensograms obtained from channel A
were subtracted from the signal obtained from the reference surface in
channel B. To calculate the kinetic parameters [k, and k ] and affinity
constant [K], the experimental data were fitted using a 1:1 model.
In a 1:1 model, the curve fitting describes the interaction between a
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monovalent analyte that binds the target on a single site. The fit gen-
erates an association rate constant (k, [1/M:s]), a dissociation rate
constant [k, [1/s]] and an affinity constant [K) [M]] calculated as the
ratio k /k .

2.15 Enzyme-linked immunosorbent assay

An ELISA was performed using IFNy, TNFa, IL1p, IL6, IL17,
TGFpB, IL4 and IL10 ELISA kits [eBioscience] according to the
manufacturer’s instructions.

2.16 Flow cytometry

For different experiments, LPMCs were isolated from intestinal biop-
sies of mice treated with DSS or from the colon of UC patients and
cultured as described above. Prior to intracellular staining, cells were
treated with a stimulation cocktail containing phorbol 12-myristate-
13-acetate [PMA], Golgi-Stop and Ionomycin [eBioscience] for 4 h at
37°C. Cells were fixed and permeabilized using a transcription factor
buffer set [BD Biosciences] according to the manufacturer’s instruc-
tions. Cells were stained for CD4 [BD Pharmingen], Tbet [Biolegend],
IFNy [BD Pharmingen], GATA3 [BD Pharmingen], IL4 [Biolegend],
IL17A [Biolegend], RoryT [BD Pharmingen] and respective isotype
controls. For other experiments cells were stained with CD4
[Biolegend], CD8 [Biolegend], CD14 [BD Pharmingen], CD15
[Biolegend], CD19 [BD Pharmingen], CD11c [BD Pharmingen],
NK1.1 [Biolegend], CD68 [BD Pharmingen], CD80 [Biolegend],
CD163 [Biolegend], CD206 [BD Pharmingen], CD25 [BD
Pharmingen], FoxP3 [BD Pharmingen], CD49b [Biolegend], LAG3
[Biolegend] and IL10 [Biolegend]. Flow cytometry analysis was per-
formed with FACS Calibur [BD Biosciences]. Cells were analysed
using the Flow]Jo single cell analysis software [v.10.1r5, TreeStar].

2.17 Statistics

Statistical analysis was performed using Graph Pad Prism [Graph
Pad Software]. After testing for normal distribution with the
Shapiro-Wilk normality test, significant differences between sam-

ples were calculated using the unpaired Student’s ¢ test or the Mann-
Whitney U-rank test [*p < 0.05; **p < 0.01; ***p < 0.001].

3. Results

3.1 Intestinal TLR9 expression correlates with

severity of inflammation in UC patients and

activation of TLR9 leads to heightened IL10

production

To determine TLRY expression in UC, we performed qPCR ana-
lysis of colonic biopsies from UC patients with different levels of
histological inflammation. We observed a significant positive cor-
relation between levels of histological inflammation and intestinal
TLRY levels, and highest expression could be demonstrated in UC
patients with severe inflammation [Figure 1A]. Histological, endo-
scopic and clinical assessment scores of UC patients are depicted
in Supplementary Table 1. As these findings indicated a possible
link between TLRY signalling and mucosal inflammation in UC,
we subsequently studied the molecular effects of the TLR9 agonist
cobitolimod. To prove the specific interaction between cobitolimod
as a CpG motif containing ODN and human TLRY, we performed
an in vitro TLRY binding assay. The respective sensograms showed
that cobitolimod specifically binds to TLRY [Figure 1B]. The cal-
culated kinetics parameters indicated medium-fast association rates
[k,] and fast dissociation rates [k,]. Strong binding affinity was

detected for cobitolimod as revealed by the low affinity constant
[K,] [Supplementary Table 2]. After showing that cobitolimod was
able to interact with TLRY in vitro, we next analysed its ability to
impact mucosal cytokine production. We therefore stimulated iso-
lated LPMCs from UC patients with different concentrations of
cobitolimod i vitro. A dose-dependent, significant induction of IL6,
TGFp and IL10 production could be recorded, with IL10 showing
the highest observable levels [Figure 1C].

To investigate CpG motif-dependent IL10 production, PBMCs
of human controls were treated with either CpG motif-containing
cobitolimod or a control ODN of cobitolimod containing a reverse
CpG [GpC] motif. It could be shown that only PBMCs that were
treated with cobitolimod exhibited significantly elevated IL10 levels,
while PBMCs treated with the control ODN failed to induce IL10
production, thus demonstrating the dependency of an intact CpG
motif for the induction of IL10 production [Figure 1D]. Moreover,
pre-incubation with different concentrations of chloroquine, an
endosomal TLR inhibitor, inhibited IL10 release of cobitolimod-
treated human PBMCs in a dose-dependent manner [Figure 1E], sug-
gesting that cobitolimod induces IL10 production via TLR signalling.

To further prove the specific ability of cobitolimod to activate
IL10 production via the TLR9 pathway, we stimulated splenocytes
from wildtype and TLR9 knockout mice with different concentra-
tions of the TLR9 agonist in vitro. As expected, cobitolimod induced
IL10 production in splenocytes from wildtype mice, whereas the in-
duction of IL10 was absent in TLR9 knockout mice [Figure 1F].
These results underline the ability of cobitolimod to activate the
human and murine TLR9 pathways, resulting in heightened mucosal
IL10 production.

3.2 Rectal administration of cobitolimod

ameliorates DSS-induced colitis in mice

In subsequent studies, we evaluated the in vivo effects of cobitolimod
in a murine model of intestinal inflammation induced by DSS. Four
days after initiation of DSS administration, mice started to lose weight,
indicating the presence of active mucosal inflammation. Rectal appli-
cation of cobitolimod on days 4 and 8 resulted in a significantly re-
duction of body weight loss compared to placebo-treated mice [Figure
2A]. Analysis of DAI values confirmed that cobitolimod ameliorates
DSS-induced colitis.?*?** Cobitolimod-treated mice demonstrated a re-
duced DAI compared to placebo-treated mice from day 6 until the
end of the experiment [Figure 2B]. In addition, the results of the endo-
scopic inflammatory score [MEICS score] confirmed the anti-inflam-
matory effect upon cobitolimod application. All cobitolimod-treated
mice developed diminished signs of endoscopic inflammation com-
pared to the placebo-treated group [Figure 2C]. We also observed a
significantly reduced histopathological score in cobitolimod-treated
animals as compared to placebo-treated mice [Figure 2D]. However,
suppression of mucosal inflammation was higher in the 84 and 250
pg dose groups of cobitolimod compared to the 40 pg dose group,
indicating a dose-dependent therapeutic efficacy of this drug. In sum-
mary, these findings show that rectal cobitolimod administration is
able to ameliorate experimental DSS-induced colitis.

3.3 Upregulation of IL10- and downregulation of
IL17-dependent mucosal signalling pathways upon
cobitolimod treatment in DSS-induced colitis mice

To gain further insights into the effects of cobitolimod on immune cell
modulation, we performed microarray analysis of the differentiated
gene expression profiles in LPMCs isolated from cobitolimod- or
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Figure 2. Impact of cobitolimod treatment on clinical, endoscopic and histological disease activity in the experimental mouse model of DSS-induced colitis. 3%
DSS was added for 10 days to the drinking water of female Balb/c mice. A control group [no DSS] was also part of the experimental set-up [n = 3]. Cobitolimod
[40, 84 or 250 pg] or placebo, was rectally administered on days 4 and 8 [n = 7 mice per group] to DSS-treated mice. [A] Body weight was monitored on days
0, 2, 4, 6,7, 8 and 10. [B] Disease activity index [DAI] is the combined score of body weight loss compared to initial body weight, stool consistency and visible
blood in faeces. The maximum score per mouse is 12. DAl was assessed on days 0, 2, 4, 6, 7, 8 and 10. [C] Endoscopic colitis grade consists of the following five
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was performed for each parameter leading to a final accumulative score, the endoscopic colitis grading, between 0 and 15. Endoscopic grading was analysed
ondays0, 2, 4, 6,7 8 and 10 [left panel]. Representative endoscopic examples for day 0 and day 10 for each group are shown [right panel]. [D] Histopathological
analysis of intestinal sections. A histological score [0 = no inflammation, 1 = remission, 2 = mild, 3 = moderate, 4 = severe colitis] was used to quantify severity
of DSS-induced colitis [left panel] in mice intestinal specimens taken at day 10. Representative intestinal H&E stainings of each group are shown [right panel].
Data represent mean values + SD. *p < 0.05; **p < 0.01; ***p < 0.001 comparing cobitolimod vs placebo-treated animals.
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placebo-treated mice with DSS-induced colitis. There was a signifi-
cant downregulation of pro-inflammatory genes in cobitolimod-
compared to placebo-treated mice [Figure 3A]. Next, Ingenuity
Pathway Analysis of the microarray results was performed re-
garding the IL10 and IL17 signalling pathways. We observed a clear
upregulation of the IL10 signalling pathway and a downregulation
of the IL17 signalling pathway in cobitolimod- compared to placebo-
treated mice [Figure 3B]. These results demonstrate that cobitolimod
application in DSS-induced colitis is associated with an impact on
the mucosal IL10- and IL17-dependent signalling pathways.

3.4 Cobitolimod significantly decreases mucosal
Th17/IL17+cells and increases FoxP3+and IL10+cells

in DSS-induced colitis mice

Next, we characterized the underlying mechanisms of the
anti-inflammatory effect of cobitolimod in DSS-induced colitis.
Accordingly, we performed flow cytometry analysis from LPMCs,
which were isolated from colon specimens taken at the end of the
DSS-induced colitis experiment on day 10. Interestingly, we observed
significantly reduced levels of RoryT+IL17+, RoryT+and IL17+T
cells in cobitolimod- compared to placebo-treated mice. However,
we did not observe differences in Th1 or Th2 cells and their asso-
ciated cytokines and transcription factors [T-bet, GATA3] [Figure
4A]. Moreover, colonic specimens taken at the end of the experi-
ment on day 10 showed significantly reduced levels of IL6, IL17F
and IL17A mRNA and significantly increased levels of FoxP3 in
cobitolimod- compared to placebo-treated mice [Figure 4B]. In this
setting we did not observe differences for IL10 mRNA expression
levels. These results indicated that cobitolimod might also have an
influence on FoxP3+regulatory T cells. To further investigate the
role of cobitolimod in the regulation of Th17 and Treg cells, we per-
formed immunofluorescence analysis of colonic biopsies, which were
taken at the end of the DSS-induced colitis experiment at day 10. We
observed that the number of IL17+cells was significantly decreased
[Figure 4C], while the amount of IL10+[Figure 4D] and FoxP3+cells
[Figure 4E] was significantly increased in cobitolimod- compared to
placebo-treated mice.

3.5 Cobitolimod influences theTh17/Treg immune

cell response in vitro in UC patients

To confirm our findings from the murine DSS-induced colitis model
in humans, we first isolated LPMCs from the colon of UC patients
and stimulated them in vitro for different time periods with LPS
alone, or in combination with cobitolimod. Cobitolimod application
led to suppressed mRNA levels of IL6, IL17A and IL17F, whereas
IL10 and Foxp3 expression were markedly increased. Only a ten-
dency but no significant differences could be observed for FoxP3
expression after 72 h of in vitro stimulation [Figure SA]. Analysis
of the supernatants of the treated LPMCs confirmed that in vitro
cobitolimod application significantly decreased the production of
the pro-inflammatory cytokine IL17 [Figure 5B|, while it signifi-
cantly increased the production of the anti-inflammatory cytokine
IL10 in LPMCs from UC patients after 24 and 72 h in vitro. We did
not observe significant differences after 48 h [Figure 5B].

In functional studies, we next investigated the specificity of
cobitolimod-induced downregulation of IL17. We treated isolated
LPMCs from UC patients with LPS, LPS and cobitolimod or together
in combination with a blocking anti-IL10 antibody and analysed the
amount of CD4+IL17+cells via flow cytometry. Cobitolimod de-
creased the number of CD4+IL17+cells in vitro, while the addition

of an inhibitory anti-IL10 antibody completely abrogated the
downregulatory effect of cobitolimod [Figure 5C]. These results in-
dicate that mucosal upregulation of IL10 upon iz vitro cobitolimod
treatment causes subsequent downregulation of IL17 expression.

3.6 Cobitolimod application induces IL10-producing
mucosal wound healing macrophages and Tregs in
vitro in UC patients

To investigate which cell types are the main producers of IL10 fol-
lowing in vitro cobitolimod application, we treated LPMCs and
PBMCs of UC patients in vitro with LPS or LPS in combination
with cobitolimod and analysed IL10 expression via flow cytometry.
CD4+T cells and CD14+monocytes/macrophages were the main
inducers of IL10 after in vitro cobitolimod application in both
LPMCs [Figure 6A] and PBMCs [Figure 6B]. In contrast, we did
not detect differences in IL10 release in CD8+, CD15+, CD19+,
CD11c+or NK1.1+cells [Figure 6A and B]. To further characterize
the IL10-producing CD14+macrophages, we next distinguished
cobitolimod effects on CD14+CD68+CD80+pro-inflammatory
macrophages [‘classical activated M1-like macrophages’] and
CD14+CD163+CD206+wound healing macrophages [‘alterna-
tively activated M2-like macrophages’]. The in vitro treatment of
CD14+PBMCs with cobitolimod resulted in downregulation of
pro-inflammatory macrophages [Figure 6C, upper left panel] and
also led to diminished expression of the pro-inflammatory cytokine
IL12 by these pro-inflammatory macrophages [Figure 6C, lower left
panel]. A representative gating strategy for IL12-expressing pro-
inflammatory macrophages after application of LPS or LPS with
cobitolimod is shown [Figure 6C, right panel]. Moreover, the in vitro
treatment of CD14+PBMCs from UC patients with cobitolimod
caused an upregulation of CD14+CD163+CD206+wound healing
macrophages [Figure 6D, upper left panel] and also increased IL10
expression by these cells [Figure 6D, lower left panel]. A represen-
tative gating strategy for IL10-expressing wound healing macro-
phages after application of LPS or LPS with cobitolimod is shown
[Figure 6D, right panel]. These data indicate that CD4+T cells and
wound healing macrophages are the main producers of IL10 upon
cobitolimod administration in vitro.

To analyse whether cobitolimod also influences the polariza-
tion and differentiation of macrophages, we isolated CD14+cells
from PBMCs of UC patients, polarized them to pro-inflammatory
or wound healing macrophages and applied cobitolimod in vitro.
Flow cytometry analysis of in vitro generated macrophages re-
vealed that cobitolimod influenced the polarization of these cells.
The addition of cobitolimod to the in wvitro generated macro-
phages resulted in reduced mean fluorescence intensity [MFI] of
CD14+CD68+CD80+pro-inflammatory macrophages [Figure 7A]
and elevated MFI levels of CD14+CD163+CD206+wound healing
macrophages [Figure 7B] compared to in vitro generated macro-
phages without subsequent stimulation with cobitolimod. qRT-PCR
analysis of the mRNA level in these in vitro generated macrophages
demonstrated that application of cobitolimod results in signifi-
cantly decreased expression of CD80 [Figure 7C] and increased ex-
pression of CD163 and CD206 [Figure 7D]. We next analysed the
supernatants of the in vitro generated macrophages. Cobitolimod
treatment resulted in lower production of IL12 by the in vitro gen-
erated pro-inflammatory macrophages and higher production of
IL10 by the in vitro generated wound healing macrophages. These
results indicate that cobitolimod influences the polarization of
CD14+monocytes towards wound healing macrophages in vitro
[Figure 7E]. Similar results could be observed in mice [Supplementary
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Figure 4. Flow cytometry, qRT-PCR and immunofluorescence analysis of mucosal cells in cobitolimod-treated DSS colitis mice. 3% DSS was added for 10 days to
the drinking water of female Balb/c mice. A control group [no DSS] was also part of the experimental set-up [n = 3]. Cobitolimod [84 ng] or placebo were rectally
applied on days 4 and 8 [n = 7 mice per group] to DSS-treated mice. [A] Flow cytometry analysis for Th1,Th2 and Th17 cells from LPMCs isolated from colon
specimens taken on day 10 [left panel]. Representative fluorescence-activated cell sorting plot images for Th17 staining of untreated, placebo- or cobitolimod-
treated mice [right panel]. [B] gqRT-PCR analysis of cytokine expressions from RNA isolated from colon specimens taken on day 10. Data were normalized to the
housekeeping gene HPRT. Immunofluorescence analysis of intestinal sections taken on day 10. Mean number and representative immunofluorescence staining
of [C] IL17+[left panel], [D] IL10+[middle panel] and [E] FoxP3+cells [right panel]. In all cases, positive cells were counted in five or six high power fields [HPFs]
per slide [n =7 mice per group]. Data represent mean values + SD. *p < 0.01; **p < 0.01; ***p < 0.001.

Figure 1]. We also characterized two distinct CD4+regulatory T cell We observed that both types of Tregs contribute to the enhance-
populations, namely CD4+CD25+Foxp3+classical regulatory T cells ment of IL10-producing cells after cobitolimod application in vitro
and CD4+CD49b+LAG3+FoxP3- type 1 T regulatory [Trl] cells. [Supplementary Figure 2].
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Figure 5. mRNA expression levels and cytokine production of cobitolimod-treated mucosal cells from ulcerative colitis [UC] patients. LPMCs isolated from colon
biopsies of UC patients [n = 10] were stimulated for 24, 48 or 72 h with LPS [1 pg/mL], or LPS [1 pg/mL] and cobitolimod [100uM]. [A] qRT-PCR was performed to
analyse mRNA expression levels of different cytokines or FoxP3. Data were normalized to the housekeeping gene HPRT. [B] Supernatants of stimulated LPMCs
were collected and concentrations of total IL17 [left panel] and IL10 [right panel] were determined by ELISA. [C] Isolated LPMCs from colon biopsies of UC
patients [n = 7] were unstimulated or stimulated for 48 h with LPS, LPS and 100 pM cobitolimod, or LPS and 100 uM cobitolimod and anti-IL10. Expression levels
of CD4+IL17+cells were determined via flow cytometry. Data represent mean values = SD. *p < 0.05; **p < 0.01; ***p < 0.001. n.s.: not significant.
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Figure 6. Analysis of IL10-producing cells of ulcerative colitis [UC] patients after in vitro application of cobitolimod. [A] Isolated LPMCs from the colon of UC patients
[n = 8] were stimulated for 48 h with LPS [1 pg/mL] or LPS [1 ng/mL] and cobitolimod [100 uM] after which the percentages of IL10-producing cells of different cell
populations [CD4+, CD8+, CD14+, CD15+, CD19+, CD11c+and NK1.1+] were determined via flow cytometry. [B] Isolated PBMCs from UC patients [n = 8] were stimulated
for 48 h with LPS [1 pg/mL] or LPS [1 pg/mL] and cobitolimod [25 pM]. Expression levels of IL10-producing cells were determined via flow cytometry. [C] CD14+PBMCs
from UC patients [n = 8] were stimulated for 48 h with LPS [1 pg/mL] or LPS [1 pg/mL] and cobitolimod [25 uM] and IL12-producing pro-inflammatory macrophages
were analysed by flow cytometry. CD14+cells were gated and within CD14+cells the percentage of CD68+CD80+cells was determined. IL12-producing cells out of
CD14+CD68+CD80+cells were analysed. [D] CD14+PBMCs from UC patients [n= 8] were stimulated for 48 h with LPS [1 pg/mL] or LPS [1 ng/mL] and cobitolimod [25 pM]
and IL10-producing wound healing macrophages were analysed by flow cytometry. CD14+cells were gated and within CD14+cells the percentage of CD163+CD206+cells
was determined. IL10-producing cells out of CD14+CD163+CD206+cells were analysed. Data represent mean values + SD. **p < 0.01; ***p < 0.001
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Figure 7. Analysis of in vitro generated macrophages from ulcerative colitis [UC] patients after cobitolimod application. CD14+PBMCs ['M0-d0’] from UC patients
were cultured for 8 days [d8] either with 100 ng/mL M-CSF, 100 ng/mL LPS and 20 ng/mL IFNy or in combination with 25 ptM cobitolimod to generate pro-
inflammatory macrophages ['M1-d8’]. CD14+PBMCs ['M0-d0’] were cultured for 8 days [d8] either with 100 ng/mL M-CSF and 20 ng/mL IL4 or in combination
with 25 pM cobitolimod to generate wound healing macrophages [‘M2-d8’]. [A] After 8 days in culture, in vitro generated pro-inflammatory macrophages
['M1-d8'] were analysed via flow cytometry. Therefore, CD14+CD80+or CD14+CD68+cells were gated and within the positive cells mean fluorescence intensities
of CD68 or CD80 were quantified. Shown are bar graph summaries of averages of mean fluorescence intensities of CD68 [respective left panel] and CD80
[respective left panel] from all UC patients [n = 9] and representative histogram overlays from isotype, M0-d0, M1-d8 and M1-d8 plus cobitolimod [respective
right panel]. [B] After 8 days in culture, in vitro generated wound healing macrophages ['M2-d8’] were analysed via flow cytometry. Therefore, CD14+CD206+or
CD14+CD163+cells were gated and within the positive cells mean fluorescence intensities of CD163 or CD206 were quantified. Shown are bar graph summaries
of averages of mean fluorescence intensities of CD163 [respective left panel] and CD206 [respective left panel] from all UC patients [n = 9] and representative
histogram overlays from isotype, M0-d0, M2-d8 and M2-d8 plus cobitolimod [respective right panel]. [C] qRT-PCR was performed to analyse mRNA expression
levels of CD68 and CD80 from in vitro generated pro-inflammatory macrophages. Data were normalized to the housekeeping gene HPRT [D] qRT-PCR was
performed to analyse mRNA expression levels of CD163 and CD206 from in vitro generated wound healing macrophages. [E] IL12 ELISA was performed in the
supernatants of in vitro generated pro-inflammatory macrophages [left panel] and IL10 ELISA was performed with the supernatants of in vitro generated wound
healing macrophages [right panel]. Data represent mean values + SD. *p < 0.05; **p < 0.01.

3.7 Readjusting theTh17/Treg balance in UC
patients responding to cobitolimod therapy
Finally, we investigated the presence of IL17, FoxP3 and IL10 in
colon biopsy sections obtained from UC patients before [screening]
and after [week 4] application of cobitolimod [responder and non-
responder] or placebo in a controlled clinical trial. IL17+mucosal

cells were significantly reduced [Figure 8A], whereas IL10+[Figure
8B] and FoxP3+[Figure 8C] cells were significantly increased in the
colon of cobitolimod-treated UC patients that showed clinical and
endoscopic signs of response at week 4 as compared to the screening
time point [responder]. In contrast, there were no significant differ-
ences between weeks 0 and 4 for placebo-treated UC patients and
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Figure 8. Mucosal immunofluorescence cell analysis of cobitolimod-treated ulcerative colitis [UC] patients. Expression of IL17, IL10 and FoxP3 in colon
biopsy sections obtained from UC patients before [screening] and after [week 4] topical treatment with 30 mg cobitolimod [shown are results for cobitolimod
responders and non-responders] or placebo. [A] Statistical analyses of IL17+[left panel] cells [placebo n = 3; cobitolimod responder n = 5; cobitolimod non-
responder n = 6] and representative immunofluorescence staining of IL17 [right panel]. [B] Statistical analyses of IL10+cells [left panel] [placebo n = 4; responder
n=5; cobitolimod non-responder n = 6] and representative immunofluorescence staining of IL10 [right panel]. [C] Statistical analyses of FoxP3+cells [left panel]
[placebo n = 4; responder n =7; cobitolimod non- responder n = 4] and representative immunofluorescence staining of FoxP3 [right panel]. Positive cells were
counted in five or six high-power fields (HPFs) per slide. White arrows indicate positive cells. Data represent mean values + SD. *p < 0.05; **p < 0.01.

cobitolimod-treated UC patients who did not show clinical and
endoscopic signs of response at week 4 as compared to the screening
time point [non-responder]. Only for FoxP3, also the non-responders
showed a significant difference between screening and week 4
but the increase of FoxP3 was more pronounced in responders to
cobitolimod therapy. These results indicate that the TLR9 agonist
cobitolimod modulates the intestinal immune system in UC patients

responding to cobitolimod by modifying the dysregulated Th17/Treg
cell response.

4. Discussion

The TLRY agonist cobitolimod represents a potentially novel thera-
peutic approach in the treatment of therapy-refractory UC patients
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and has shown promising therapeutic effects in early clinical trials.?*->2

However, its exact mechanism of action has not yet been defined. In
this study, we characterized the underlying immunomodulatory ef-
fects upon cobitolimod application. Our findings demonstrate that
cobitolimod modulates the Th17/Treg cell immune imbalance in in-
testinal inflammation and drives IL10 production by macrophages
and T cells, thereby defining a unique mechanism of action for this
drug that may be beneficial for UC therapy.

We first found a correlation between intestinal TLR9 expres-
sion and severity of inflammation in UC patients, which is in
line with previous observations.'*** In this study, we tested the
immunomodulatory effect of the TLR9 agonist cobitolimod in an
experimental DSS colitis mouse model and showed that rectal ap-
plication of cobitolimod influences the IL10 and IL17 pathway and
thereby ameliorates mucosal inflammation in treated mice. It were
able to shown that IL10 signalling in Tregs is required for suppres-
sion of Th17 cell-mediated inflammation.***® Immunhistochemical
analysis revealed significant increases of IL10+and FoxP3+mucosal
cells and, by contrast, a significant decrease of IL17+cells in
cobitolimod- compared to placebo-treated mice, which in re-
gard to IL17 was also confirmed by flow cytometry and qRT-
PCR analysis. We observed differences regarding IL10 mRNA
gene expression [Figure 4B] and protein levels [Figure 4C] after
cobitolimod application. We observed increased IL10 expression
of cobitolimod-treated mice on the protein level, but not on the
mRNA gene expression level. It has previously been shown that
the degree of correlation between gene expression and protein
levels varies across different cytokines and experimental settings.’”
From our point of view, IL10 expression on a protein level is more
relevant in the examination and interpretation of cell function. To
confirm our findings from the murine DSS-induced colitis model,
we performed in vitro stimulation experiments with LPMCs from
UC patients. Interestingly, we observed that cobitolimod also in-
fluences the Th17/Treg cell response in LPMCs from UC patients,
as demonstrated by a significant upregulation of IL10 and FoxP3
and a significant downregulation of IL6, IL17A and IL17F in vitro.
Moreover, addition of a blocking anti-IL10 antibody completely
abrogated IL17 downregulation by cobitolimod, indicating that
cobitolimod-induced upregulation of IL10 leads to downregulation
of IL17. These findings indicate that the suppression of colitis ac-
tivity by cobitolimod is at least partially due to the induction of
IL10 production. The relevance of IL10 in chronic intestinal in-
flammation is well documented, as IL10- and IL10R-deficient
mice have been shown to develop spontaneous chronic colitis.?*°
Moreover, IL10-producing T regulatory type 1 cells and Tregs are
essential for amelioration of experimental colitis and inhibit gut
inflammation by CX3CR1+macrophages and T cells.*"*?> Finally,
genetic studies in humans have revealed that mutations in IL10 and
IL10R genes may cause monogenic forms of IBD.##

We observed that CD4+and CD14+cells are the main producers
of IL10 after cobitolimod treatment of LPMCs or PBMCs from UC
patients. Depending on the surrounding environment, macrophage
differentiation can lead to the development of M1-like macro-
phages secreting pro-inflammatory cytokines such as IL12, 1L.23
or TNFa or of alternatively activated M2-like macrophages, char-
acterized by producing anti-inflammatory mediators such as IL10
or TGEf.*+*¢ M1-like macrophages have been shown to contribute
to active inflammation, whereas M2-like wound healing macro-
phages are deemed important for tissue remodelling, homeostasis
and wound healing.*”*® To further characterize the IL10-producing

CD14+monocytes/macrophages after cobitolimod stimulation, we
distinguished between CD14+CD68+CD80+pro-inflammatory
macrophages and CD14+CD163+CD206+wound healing macro-
phages. The addition of cobitolimod to the culture of in vitro gen-
erated macrophages resulted in reduced levels of IL12-producing
CD14+CD68+CD80+pro-inflammatory macrophages and ele-
vated levels of IL10-producing CD14+CD163+CD206+wound
healing macrophages, compared to in vitro generated macrophages
without subsequent treatment with cobitolimod. Recently pub-
lished data suggest that CpG and R848 may drive the macrophages
to an M2-like state [IL12lo/IL10hi] in the later phase of activa-
tion.* Several models have demonstrated that TLR9 ligands may
switch macrophages into an ‘M2-like’ phenotype.’*=? Our experi-
ments suggest that the TLR9 agonist cobitolimod influences the
polarization and differentiation towards IL10-producing, wound
healing macrophages. We observed that not only macrophages, but
also Tregs, are the main producers of IL10 after cobitolimod treat-
ment. Several studies have reported that expanded Tregs have the
capacity to induce phenotypic and functional changes in mono-
cytes and can drive monocytes toward an alternatively activated
state. 5 Our findings demonstrate that there might be an inter-
action between induced mucosal Tregs and macrophages after
cobitolimod treatment.

Two distinct CD4+Treg populations, Foxp3+Tregs and Foxp3- T
regulatory type 1 cells [Tr1], suppress colitogenic T cell responses
through the production of IL10 and trigger the anti-inflammatory
macrophage phenotype.’7 Our data suggest that both types of Tregs
contribute via high production of IL10 to the immunomodulatory
effect of cobitolimod. It has previously been shown that Tr1 cells
cannot express FoxP3 constitutively, but following activation, they
upregulate FoxP3 expression to levels such as those expressed in acti-
vated T cells. A different study demonstrated that inhibition of FoxP3
expression leads to Tr1 conversion to a Th2-like phenotype and loss
of suppressive function, indicating that a conditional microenviron-
ment is a decisive factor for the function and behaviour of Tregs.**-¢°
Thus, further analysis needs to be done to distinguish which types
of regulatory T cells contribute to the immunomodulatory effect of
cobitolimod.

We also investigated the presence of IL17, FoxP3 and IL10
in colon biopsy sections obtained from UC patients with UC be-
fore and 4 weeks after topical treatment with cobitolimod or pla-
cebo. IL17+cells were significantly decreased, whereas IL10+and
FoxP3+cells were significantly increased in the colon of cobitolimod
responders. These findings confirm the immunomodulatory effect of
cobitolimod. Together, our results from iz vivo and in vitro studies
in both humans and mice have shown that cobitolimod treatment
decreases the number of Th17 cells and increases Tregs producing
IL10, thus correcting the Th17/Treg imbalance. Moreover, there is
induction of IL10-producing wound healing macrophages. In con-
clusion, the TLR9 agonist cobitolimod emerges as a key regulator
of IL10-producing macrophages and T cells in the mucosa of UC
patients. The immunomodulatory effect of cobitolimod provides a
unique novel therapeutic approach in UC and warrants further clin-
ical testing.
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