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Abstract

Treatments of colitis, inflammation of the intestine, rely on induction of immune suppression associated with systemic adverse
events, including recurrent infections. This treatment strategy is specifically problematic in the increasing population of patients
with cancer with immune checkpoint inhibitor (ICl)-induced colitis, as immune suppression also interferes with the ICl-treatment
response. Thus, there is a need for local-acting treatments that reduce inflammation and enhance intestinal healing. Here, we
investigated the effect and safety of bacterial delivery of short-lived immunomodulating chemokines to the inflamed intestine in
mice with colitis. Colitis was induced by dextran sulfate sodium (DSS) alone or in combination with ICI (anti-PD1 and anti-CTLA-4),
and Limosilactobacillus reuteri R2LC (L. reuteri R2LC) genetically modified to express the chemokine CXCL12-1o (R2LC_CXCL12,
emilimogene sigulactibac) was given perorally. In addition, the pharmacology and safety of the formulated drug candidate,
ILP100-Oral, were evaluated in rabbits. Peroral CXCL12-producing L. reuteri R2LC significantly improved colitis symptoms already
after 2 days in mice with overt DSS and ICl-induced colitis, which in benchmarking experiments was demonstrated to be supe-
rior to treatments with anti-TNF-o, anti-a04p7, and corticosteroids. The mechanism of action involved chemokine delivery to
Peyer’s patches (PPs), confirmed by local CXCR4 signaling, and increased numbers of colonic, regulatory immune cells express-
ing IL-10 and TGF-B1. No systemic exposure or engraftment could be detected in mice, and product feasibility, pharmacology,
and safety were confirmed in rabbits. In conclusion, peroral CXCL12-producing L. reuteri R2LC efficiently ameliorates colitis,
enhances mucosal healing, and has a favorable safety profile.

NEW & NOTEWORTHY Colitis symptoms are efficiently reduced by peroral administration of probiotic bacteria genetically modi-
fied to deliver CXCL12 locally to the inflamed intestine in several mouse models.

colitis; drug delivery; ILP100; immunotherapies; Limosilactobacillus reuteri

INTRODUCTION

The anatomy of the gastrointestinal (GI) tract allows for
specific interactions between the intestinal microbiota and
the numerous immune cells of the lamina propria. These bac-
terial-immune cell interactions are known to be important for
host health, susceptibility to disease, and treatment response
to immunotherapies (1-8). The Peyer’s patches (PPs), lymph-
oid tissues in the distal small intestine, are in contrast to the
rest of the GI tract covered by only a thin mucus layer, which
allows for efficient sampling of the luminal content by subepi-
thelial immune cells. As a consequence, luminal antigens
activate B lymphocytes in the PPs, and the majority of the in-
testinal IgA important for shaping the intestinal microbiome
is induced at this site (9). We have previously reported that
peroral administration of Limosilactobacillus reuteri R2LC
(L.reuteri R2LC), but not other L. reuteri strains, upregulates
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sphingosine-1-phosphate receptors (S1PRs) on subepithelial B
lymphocytes in the PPs of mice, which results in strong IgA
induction. Consequently, the population of IgA-producing B
cells increases in the mucosa of both colon and ileum, result-
ing in more IgA released to the lumen, which shifts the gut
microbiota of healthy and dextran sulfate sodium (DSS)-coli-
tic mice into one associated with health when administered
prophylactically (10-12).

Colitis encompasses several different forms with different
etiologies and prevalences, including inflammatory bowel
disease (IBD), as well as ischemic-, infectious-, and drug
therapy-induced enteropathies. General treatment strategies
rely on dampening immune cell activity or interfering with
their trafficking to the intestine and include corticosteroids,
which may be escalated to biologics such as anti-TNF and
anti-a4p7 therapies (13-15). The biologics are administered
intravenously and are associated with severe systemic side
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effects (16, 17). Despite gut-selective claims, the adverse event
profile of even the most recent addition on the market mainly
reports immune-related events in the lung as well as in addi-
tional organs outside of the GI tract (Vedolizumab, an anti-
a4p7 therapy, 18). Recently, an S1P modulator (Ozanimod)
was repurposed from the original indication for multiple scle-
rosis and approved for ulcerative colitis (UC) treatment, where
inflammation is reduced by retaining immune cells in the
lymphoid tissues. However, this treatment is associated with
adverse events, of which those reported as common (1/100-
1/10) include lymphopenia, bradyarrhythmia, and elevated
liver enzymes (19-21). In addition, all systemic immunosup-
pressive therapies are associated with systemic side effects,
including infections, and approaches to acquire only local
effects as well as to promote mucosal healing without sup-
pressing the immune system would be a very attractive choice
to patients (13, 16, 17, 22). Peroral administration of probiotics
to patients with colitis has shown mixed outcomes, where
some evidence indicates reduced disease activity but not
remission in UC (23) even though the underlying mechanism
remains elusive. Of interest, we recently found that peroral
pretreatment with specifically L. reuteri R2LC reduced dis-
ease activity in an S1P- and IgA-dependent manner in mice
with DSS-induced colitis (10).

Immune checkpoint inhibitors (ICIs) have transformed
treatment options for patients with cancer and produce ro-
bust and durable remissions in a variety of malignancies,
such as skin, breast, bladder, and colon cancers (24). As ICI
therapy acts by blocking the inherent regulation of the
immune system, immune-related adverse events are com-
mon and force up to 25% of patients to discontinue treat-
ment (25). The most common immune-related adverse event
is colitis (referred to as ICI-induced colitis), which occurs in
up to 57% of all patients where 10% develop severe colitis
necessitating interruption of ICI treatment (26, 27). For these
individuals, local-acting therapies to ameliorate inflamma-
tion and increase mucosal healing without impairing the
therapeutic effect of tumor-targeting immunotherapy would
widen the therapeutic window and allow continued anti-
cancer treatment.

The aim of the current study was to test if we could de-
velop a local-acting immunotherapy that ameliorates colitis
by enhancing mucosal healing without interfering with the
systemic immune responses for the most relevant target
population. Thus, the therapeutic potential of L. reuteri
R2LC genetically modified to express and locally deliver the
chemokine CXCLI12-1a (referred to herein as R2LC_CXCL12
and emilimogene sigulactibac) to ameliorate overt colitis
was investigated in animal models of chemically induced
(DSS) and immunologically induced colitis (using ICIs). We
found that treatment with R2LC_CXCLI12 in mice with colitis
ameliorated the disease activity index (DAI) through local
actions in the intestine, as no systemic effects or exposure of
the bacteria or CXCL12 could be detected. Of importance, the
effect size on DAI was demonstrated to be greater with
R2LC_CXCLI12 when compared with corticosteroids, anti-TNF,
and anti-a4p7 therapies, and the onset of effect following the
start of treatment was noted earlier. In addition, product fea-
sibility and safety were further confirmed in rabbits using a
formulated product with lyophilized R2LC_CXCLI12 filled in
capsules (ILP100-Oral).

MATERIALS AND METHODS
Study Design

The mice were divided into groups, where group of mice
that presented the highest disparities in body weight at the be-
ginning of the experiment was selected to be the healthy group
receiving the vehicle only. Colitis was induced using 3% DSS
(TdB laboratories)-water solution for 5 days (day 1 to day 6), fol-
lowed by normal tap water. The groups were evaluated based
on DAI on day 6 to ensure that the severity of colitis was simi-
lar between all groups exposed to 3% DSS solution when the
different treatments started. The mice were then treated pero-
rally with vehicle (freezing solution), WT_R2LC, R2LC_CXCLI12,
or prednisolone (PDS), or by intraperitoneal injections (anti-
TNF-o or anti-a4p7) for 6 days (Figs. 1, A and E, and 2A).

In some experiments, DSS-treated mice were cotreated
with ICI: anti-PD-1 (100 pg/mouse) (no. BE0146, BioXCell)
and anti-CTLA-4 (100 pg/mouse, no. BE0164, BioXCell) or re-
spective isotype controls IgG2a (no. BEO089, BioXCell) and
IgG2b (no. BE0086, BioXCell) administered intraperitoneally
every third day and started 3 days before DSS treatment (Fig.
3A). These mice were then treated perorally with vehicle,
WT_R2LC, or R2LC_CXCLI12 for 6 days.

To test the immediate effects of R2LC_CXCL12 on anti-PD1-
induced colon ulcers, female BALB/c mice were inoculated
with 4T1 cells in the mammary glands on day 1 and thereafter
treated with intraperitoneal injections of anti-PD1 or IgG2a
isotype control on days 8, 15, and 21, followed by 7 days of a
single-dose oral gavage with vehicle or R2ZLC_CXCLI12. The
4T1 cells are highly metastasizing cancer cells known to have
a weak response to anti-PD1 monotherapy.

To investigate the ability of R2ZLC_CXCLI12 to induce IgA,
healthy mice were treated with vehicle, WT_R2LC, or
R2LC_CXCLI12 once a day for 7 days.

Experimental Animals

Male C57Bl/6 mice (Taconic, Denmark or Charles River,
Germany) and female BALB/c mice (Janvier Labs, France)
were used at an age of 7-8 wk. All mouse experiments were
approved by a Local Ethical Committee (no. C6/16, no. C03569/
21, or no. M4392/2018 with amendment no. 5.8.18-17188/2018).

Male and female New Zealand white rabbits (Charles River)
were used. Male rabbits were housed individually, and female
rabbits were housed in socially compatible groups and only to-
gether with other animals belonging to the same treatment
group. All rabbit experiments were approved by the Danish
Veterinary and Food Administration (no. 2015-15-0201-00713).

Evaluation of Colitis

Disease progression was assessed using DAI, which is
defined by loss of body weight, stool consistency, and blood
in the stool or rectal bleeding following the criteria already
established by Cooper et al., with some adjustments includ-
ing a more extensive description of scores 2 and 4 for stool
consistency and blood in feces (28). The percentage of body
weight loss was defined by considering the weight on day 1 as
100% of the body weight. Intestinal bleeding was evaluated by
Hemoccult (positive signal: + ) (TrioLab). Each mouse received
a score corresponding to the average values of the three criteria
as depicted in Table 1.
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Figure 1. R2LC_CXCL12 ameliorates dextran sulfate sodium (DSS)-induced colitis. A: a schematic overview of the experimental design. Vehicle, WT_R2LC,
and R2LC_CXCL12 were given by oral gavage (100 L per dose; 2 x 10° CFU per dose; three times a day, and in four independent experiments). Arrow
indicates start of treatment and red circle indicates the time point when mice were terminated. B: disease activity index (DAI) over time in all groups (n = 23
animals per group). C: representative images of hematoxylin and eosin-stained colonic tissue. D: colon length (n = 22 or 23 animals per group). E: weight-
to-length ratio on day 12 (n = 17 or 18 animals per group). F: schematic overview of the experiments designed to reveal exposure and gastrointestinal per-
sistence of R2LC_CXCL12 in mice, as well as translocation to blood and inner organs [lungs, kidney, liver, spleen, and mesenteric lymph node (MLN)].
Vehicle, WT_R2LC, and R2LC_CXCL12 were given by oral gavage (100 pL per dose; 2 x 10° CFU per dose; three times a day in one independent experi-
ment). G: persistence of R2LC_CXCL12 in feces of healthy and DSS-treated mice (n = 5 animals per group. Red outlined dots indicate samples where the
plates had too many colonies to count, details in MATERIALS AND METHODS. H: long-term DAl follow up (n = 5 animals per group). I: plasma CXCL12 at 2 and 6
h post a single dose (n = 4 or 5 animals per group). Healthy groups are only shown for reference and were not included in statistical analysis. Data are
shown as means + SE, and comparisons made were DSS vs. DSS + WT_R2LC by two-way ANOVA multiple comparations followed by Dunnett’s test (B, H)
or Kruskal-Wallis test, followed by Dunn’s multiple comparisons test (D, E, and /), + P < 0.05, and DSS vs. DSS + R2LC_CXCL12, *P < 0.05.
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Treatments

The mice were treated by gavage (100 pL) three times a
day (unless stated otherwise) with suspensions of either ve-
hicle (freezing solution), WT_R2LC, R2LC_murine CXCL12, or
R2LC_human CXCLI12, with treatment starting on day 6. The
CXCL12 sequence of human and murine R2LC_CXCLI12 only
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differs by one amino acid (29), and similar efficacies
were observed. Thus, either treatment is referred to as
R2LC_CXCLI12 and was given at a dose of 2 x 10° CFU/dose in
all experiments. Right before administration of bacterial sol-
utions, the bacteria were activated by the addition of the
SppIP peptide. The mice either received one dose before
being euthanized, 2, 6, or 8 h postdose, or three doses a day
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Figure 3. R2LC_CXCL12 ameliorates colitis symptoms in a mouse model of immune checkpoint inhibitor (ICl)-colitis. A: schematic overview of the experi-
mental design of ICI-colitis where mice receiving both anti-PD-1 and anti-CTLA-4 (ICls) treatment were challenged by dextran sulfate sodium (DSS). Anti-PD-
1and anti-CTLA-4, or their respective isotype controls (Isotype), were given on the days indicated with the syringe symbol. Red circle indicates the time point
when mice were terminated. Disease activity index over time (arrow indicates start of treatment) (B), colon length (C), and colon weight-to-length ratio (D) on
day 12 (n = 4 or 5 animals per group, one independent experiment) are presented. Representative image of colonic tissue stained with CD74 (green) and
DAPI (blue) (E), percentage (%) of CD74 + area (F), and CD74 mean fluorescence intensity (MFI) (n = 4 animals per group) (G) are presented. Healthy group
was only included as a reference in the graph and was not part of the statistical test. Data are shown as means + SE, and comparisons made were DSS +
IClvs. DSS + ICI + WT_R2LC, and DSS + IClvs. DSS + IClI + R2LC_CXCL12 by two-way ANOVA multiple comparations followed by Dunnett’s test (B)

or Kruskal-Wallis test, followed by Dunn’s multiple comparisons test (C and D,

(at ~7-8 AM, 15-16 PM, 23-24 AM) for a total of 6 days.
Rabbits were treated by oral administration of a capsule con-
taining either control treatment or lyophilized R2LC_human
CXCL12 together with the activation peptide SppIP.

Tissue Collection for Inmunohistochemistry and Flow
Cytometry

At the end of the experiments, the length and weight of
the colons were recorded, and tissues [mesenteric lymph

G144

Fand G), *P < 0.05.

node (MLN), spleen, colon, small intestine, or ileum] were
collected. Colon length and weight were used to assess colon
shortening and the length-to-weight ratio, which is an indi-
cator of inflammation and edema (30, 31). The tissues were
analyzed using flow cytometry or histology.

Flow Cytometry

The expression of cell surface and intracellular markers
on immune cells was determined by FACS analysis (BD LSR
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Table 1. Criteria for defining disease activity index score

Score Weight Loss Stool Consistency Intestinal Bleeding

0 None Normal Normal

Occult negative
1 1-5% Normal/loose Slight bleeding detected

Occult blood barely positive (1)
2 5-10% Loose Bleeding detected occult blood +
3 10-20%  Loose/diarrhea Trace of bleeding detectable

by eye in feces

Occult + +.

4 >20% Diarrhea Rectal bleeding, gross bleeding

Fortessa, BD Biosciences) after surface staining or intracellu-
lar staining with specific antimouse antibodies. Cells were
then stained using antibodies in Supplemental Table
S1 to identify macrophages (CD45+ MHCII +CD64 + or
CD45 + MHCII + F4/80 +), dendritic cells (DCs) (CD45+
MHCII + CD11c + ), B cells (CD45 + CD19 + ), innate lymphoid
cells (ILCs) (CD45+ CD90 + CD3-), neutrophils (CD45 +
CD11b +Ly6G +), monocytes (CD45 +CD11b +Ly6C +),
T cells (CD45 + CD90 + CD3 + ), IL-10 + cells, TGF-B (LAP) +
cells, CXCL12 + cells, and CXCR4 + cells, as well as in com-
bination for specific analysis.

Immunohistochemistry

Paraffin-embedded ileum Swiss roll sections were stained
with primary antibodies anti-GL7 PE (1:300; 561530, BD
PharMingen), anti-CXCR4"%® (1:300, 53-9991-80, Thermo
Fisher), and anti-CXCR4"™F (nonphosphorylated) (1:300,
ab124824, Abcam) or control antibodies Rat IgM, K conju-
gated to PE (1:300, 400808, Biolegend), Rat IgG2b k conju-
gated to Alexa Fluor 488 (1:300, 53-4031-80, Thermo Fisher),
and rabbit monoclonal IgG (1:188, ab172730, Abcam). Paraffin-
embedded colon Swiss roll sections were stained with anti-
CD74 (1:100; ABIN7072640, Antibodies-Online), anti-MUC2
(1:500, ABIN2854828, Antibodies-online), anti-occludin (1:100,
71-1500, Abcam), IgG isotype (1:830, 910801, Biolegend), or
IgGl isotype control (1:70, 400432, Biolegend). For details, see
Supplemental Methods.

Statistical Analysis

Data are presented as means * SE, and analysis was per-
formed using GraphPad Prism 9 (GraphPad Software, La
Jolla, CA). The healthy groups have been included in the de-
scriptive statistics for reference only. Outliers were identified
using Grubb’s test (o = 0.05).

DAI were analyzed by two-way ANOVA multiple compara-
tions followed by Dunnett’s test. All data with more than two
groups in the same time point were analyzed using Kruskal-
Wallis test, followed by Dunn’s multiple comparisons test (if
the previous test P < 0.05).

RESULTS

Peroral Treatment with CXCL12-Expressing
Limosilactobacillus Reuteri R2ZLC Ameliorates Colitis in
Mice

The therapeutic potential of peroral administration of
CXCLI12-expressing L. reuteri R2LC (R2LC_CXCLI12) was eval-
uated in mice where colitis was chemically induced by the

addition of DSS to their drinking water. Of importance and
in contrast to other models of colitis, DSS-induced colon
inflammation develops in immune-competent mice, which
is a prerequisite for the current study evaluating the efficacy
of local immune modulation. During overt colitis (5 days fol-
lowing DSS onset), vehicle, wild-type R2LC (WT_R2LC), or
R2LC_CXCLI12 was administered by gavage three times daily
(2 x 10° CFU/dose) (Fig. 14). As a result, clinical symptoms
(DAI score) were significantly improved 2 days after the first
dose of R2LC_CXCLI12 and continued to improve throughout
the experiment, whereas no consistent improvement was
observed following treatment with the wild-type bacteria
(WT_R2LC) (Fig. 1, B and C). As a result, treatment with
R2LC_CXCL12 prevented colon shortening when compared
with vehicle treatment, as well as reduced colon weight-to-
length ratio (Fig. 1, D and E), demonstrating less inflamma-
tion and edema formation.

To evaluate the intestinal presence and engraftment of
R2LC_CXCL12 following peroral administration for 6 days,
selective anaerobic culturing of fecal samples was performed
using deMan, Rogosa, Sharpe (MRS) agar plates containing
erythromycin and vancomycin. The samples were collected
before treatment started (day 6), on the last day of treatment
(day 11), and up to day 24 or 72 in healthy and colitic mice
(Fig. 1F). The L. reuteri R2LC identity and presence of the
CXCL12-expressing plasmid were investigated by PCR of
some of the R2LC-like (yellow) and non-R2LC-like (white)
colonies (Supplemental Fig. S1, A and B). All tested R2LC-like
colonies were confirmed to be R2LC_CXCL12, whereas the
non-R2LC-like colonies were not L. reuteri R2LC and did not
contain the CXCL12-expressing plasmids. Shortly after treat-
ment, R2LC-like colonies were detected in feces from all
R2LC_CXCL12-treated healthy mice (8 h after the last
R2LC_CXCLI2 dose, day 11, mean value 8.4 x 10* + 4.7 x 10*
CFU/g of feces), whereas a significant drop was observed 18 h
after the last dose (day 12, 6.5 x 10° = 2.2 x 10° CFU/g of feces)
(Fig. 1G). In mice with DSS-induced colitis, R2LC-like colo-
nies were detected in feces for a longer period following
R2LC_CXCLI12-treatment, even though they declined consid-
erably in numbers when assessed at 19 days (day 30) or at
later time points after the last dose (day 24: 1.3 x 10° = 8.5 x
10° CFU/g of feces, less than 0.1% of the administered daily
dose, day 30: 1.4 x 10° = 6.0 x 10* CFU/g of feces, less than
0.01% of the daily dose). In some individuals, the R2LC-like
colonies remained for a longer time point (3,000 CFU/g of
feces at day 37, n = 1, and 500 CFU/g of feces at day 58, Fig.
1G). This observation likely reflects the inflammation-induced
shift of the microbiota previously demonstrated (10). No colo-
nies were detected after this time point, which demonstrates
that R2LC_CXCLI12-engraftment does not occur. Of interest,
long-term DAI revealed that R2LC_CXCL12 treatment in coli-
tic mice resulted in complete remission on day 24, which was
nearly twice as fast as compared with the vehicle-treated mice
(Fig. 1H) and coincided with the reduction of R2LC_CXCL12 in
feces.

Exposure and translocation to tissues were evaluated at
treatment start, after a completed cycle of treatment (three
doses per day for 6 days) and when R2LC_CXCL12 was no
longer detected in feces (Fig. 1F). As peroral R2LC has an in-
testinal transit time of 3 h in mice (32), exposure and translo-
cation were investigated at 2 and 6 h postadministration to

AJP-Gastrointest Liver Physiol - doi:10.1152/ajpgi.00022.2024 - www.ajpgi.org G145
Downloaded from journals.physiology.org/journal/ajpgi at Swedish University of Agricultural Sciences (193.010.098.235) on September 25, 2024.


http://www.ajpgi.org

(}) EMILIMOGENE SIGULATIBAC AMELIORATING COLITIS

allow for the highest probability of detection. However,
R2LC_CXCLI12 could not be detected in blood by selective
culturing, and no changes in plasma levels of CXCL12 were
observed at 2 or 6 h post single dose (Fig. 11, Supplemental
Table S2). Furthermore, selective culturing of blood samples
and draining or highly perfused organs (liver, MLN, and
spleen, respectively) collected after 6 days of treatment was
performed, whereafter colonies were detected based on their
R2LC-specific yellow color and characteristics and referred
to as R2LC-like. Although no translocation of R2LC could be
detected in circulation or spleen (Supplemental Table S3),
R2LC-like colonies were detected in the liver of colitic mice
(DSS + WT_R2LC: 5/14 mice and DSS + R2LC_CXCL12—
mice: 10/14 mice), which was expected considering the portal
drainage from the GI tract. Selective culturing of MLNs also
revealed R2LC-like colonies in colitic mice treated with
R2LC_CXCL12 (3/5) but not WT_R2LC (Supplemental
Table S3). However, in mice with DSS-induced colitis, no
R2LC_CXCL12 could be detected in blood, spleen, kidneys,
liver, or lungs at day 72 (61 days post last R2ZLC_CXCLI12 dose)
(Supplemental Table S4). These results confirm that peroral
treatment with R2LC_CXCL12 does not result in systemic ex-
posure and that the bacteria do not translocate to the tissues
and remain in the GI tract only until amelioration of colitis.

R2LC_CXCL12 Induces Stronger and Faster Resolution
of Symptoms than Approved Biologics

The efficacy of R2ZLC_CXCL12 treatment in ameliorating
colitis was benchmarked in a head-to-head study, where the
anti-TNF-o and anti-a4f7 demonstrating the highest po-
tency in mice were selected (Fig. 2A). In agreement with the
results presented in Fig. 1B, R2LC_CXCLI12-treated mice
showed consistent improvement of DAI score after 2 days of
treatment (day 8 and beyond, Fig. 2B), whereas anti-TNF-o
and anti-a4p7 treatments improved DAI score after 4 days
(from day 10, Fig. 2, C and D). No improvement was observed
in mice receiving the corresponding control treatments:
WT_R2LC, IgGl isotype, or IgG2ax isotype (Fig. 2, B-D).
Treatment with R2ZLC_CXCLI12 and anti-a47, but not anti-
TNF-a, reduced the colon shortening and the colon
weight-to-length ratio compared with vehicle-treated mice
(Fig. 2, E-J), demonstrating reduced inflammation and edema
formation of the two former therapies. Furthermore, R2LC_
CXCL12 had reduced mean DAI by —1.20 compared with con-
trol treatment (WT_R2LC) at the end of treatment, which is
almost twice the effect size as for anti-TNF-o and anti-o4f37
when compared with their respective matched control treat-
ments (IgG1 and IgG2ax) (Fig. 2K, Supplemental Table S5). Of
importance, these differences were observed even though
the mean DAI at the start of treatment was highest for the
group receiving R2LC_CXCL12 (day 6). When compared with
the corticosteroid prednisolone (PDS), the currently most
common first line of treatment for IBD and ICI-colitis,
R2LC_CXCLI12-treated mice showed a consistent improve-
ment in DAI score after 2 days of treatment (from day 8,
Fig. 2L), whereas PDS only transiently improved DAI after 2
days and at the end of the experiment (Fig. 2A). In addition,
only R2LC_CXCL12 showed reduced colon shortening (Fig. 2M),
whereas both treatments showed a reduction in ratio of colon
weight to length (Fig. 2N). Together, these data demonstrate
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that R2LC_CXCL12 efficiently ameliorates DSS-induced co-
litis in mice and that resolution of symptoms in response to
R2LC_CXCLI12 occurs faster when compared with approved
biologic therapies and the current first line of treatment.

R2LC_CXCL12 Ameliorates Colitis in Mice on ICI
Treatment

Although colitis is a common side effect of ICI therapies
in humans, this is not observed to the same extent in mice
(33, 34). To evaluate if R2ZLC_CXCLI12 treatment would also
be beneficial for ICI-colitis, mice were treated with a com-
bination of anti-PD-1 and anti-CTLA-4 before and during
DSS-induced colitis (Fig. 3A). This protocol resulted in DAI
similar to DSS-induced colitis (Supplemental Fig. S2, A-C),
whereas the levels of mucosal CD74, known to be upregu-
lated in colitis (35) were increased and therefore indicates
aggravated mucosal inflammation by the combination
therapy (Supplemental Fig. S2, D-E). Treatment with
R2LC_CXCL12 in mice with overt ICI-DSS colitis resulted in
an improved DAI score after 3 days (from day 9, Fig. 3B),
whereas the wild-type bacteria had no therapeutic effect.
In addition, R2LC_CXCL12 treatment resulted in reduced
colon shortening and reduced colon weight-to-length ratio
when compared with DSS-ICI mice treated with vehicle
(Fig. 3, C and D), demonstrating reduced inflammation
and edema formation. Furthermore, the CD74 " area in the
mucosal tissue shows a tendency toward reduction in
R2LC_CXCLI12-treated animals (Fig. 3, E-G). Thus, these
results suggest that treatment with R2LC_CXCL12 also
ameliorates colitis in mice on ICI treatment.

In another set of experiments, 4T1 breast tumor-bearing
BALB/c mice received anti-PD-1 treatment for 3 wk, where-
after changes in colon length as well as erosions and ulcers
in the colonic epithelia could be detected (Supplemental
Fig. S3A). Of interest, in the group receiving oral treatment
with R2LC_CXCLI12 for the last week, fewer erosions and
ulcers were detected in the colon of the tumor-bearing
mice (Supplemental Fig. S3, B-C). None of the treatments
had any effect on tumor size (Supplemental Fig. S3D) but
indicates local promotion of mucosal healing following
peroral R2LC_CXCLI12.

Limosilactobacillus Reuteri R2LC-Delivered CXCL12
Induces Transient CXCR4 Signaling in Inmune Cells in
PPs

To determine the site of action of the bacteria-delivered
CXCL12, ileum was collected at 8 h following oral gavage of
either vehicle, WT_R2LC, or R2LC_CXCL12 to mice with DSS-
induced colitis. Using immunohistochemistry, intracellular
and surface levels of CXCR4 (CXCR4'°®), as well as nonphos-
phorylated CXCR4 (CXCR4"°"P) were analyzed (Fig. 4A), as
CXCR4 undergoes COOH-terminal phosphorylation upon
binding of CXCL12 and reduced CXCR4"™"® therefore indi-
cates ligand binding and activation (36). In the ileal mucosa
as well as in the PPs, the CXCR4™®! signal was distributed
throughout the cytoplasm and cell surface. In contrast, the
CXCR4™"? signal was distributed in a more speckled pat-
tern (Fig. 4A), which previously has been reported to occur
in response to CXCLI12 signaling (37). CXCL12 is known to be
abundantly expressed in the PPs, predominantly in the dark
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Figure 4. Oral administration of R2LC_CXCL12 induces CXCR4 signaling in Peyer’s patches, reduces surface expression of CXCR4 in small intestinal
immune cells, and induces tolerogenic immune cell subsets in colon. A: representative immunofluorescent image of nuclei (blue), GL7 (red), CXCR4™
(green), and CXCR4™"™ (magenta) staining in the Peyer’s patches (PPs) and ileal mucosa of mice with dextran sulfate sodium (DSS)-induced colitis 8 h after
administration of vehicle. GL7 signal marks the germinal center (GC) of the B-cell follicles (BFs) in PPs. B-cell follicles (BFs) are separated by less dense T-
cell-rich interfollicular regions (IFs) and include the subepithelial dome (SED) covered in follicle-associated epithelium facing the gut lumen. Areas positive
for CXCR4"™ (green) and CXCR4™"F (magenta) in the PPs (n = 3 or 4 animals per group (B and C) and ileal mucosa (n = 3 or 4 animals per group, one in-
dependent experiment) (D) at 8 h after administration are presented. £: number of CXCR4 " macrophages, T cells, neutrophils, and ILCs in the small intes-
tine lamina propria in healthy mice treated with vehicle, and mice with DSS-induced colitis treated with vehicle, WT_R2LC, or R2LC_CXCL12 for 6 days (n =
4 animals per group). Number of DCs, macrophages, and T cells in colonic lamina propria (F), number of IL-10 " immune cells, DCs, and T cells (G), and num-
ber of TGF-B1" DCs and T cells (H) in the colonic lamina propria in healthy mice treated with vehicle and mice with DSS-induced colitis treated with vehicle,
WT_R2LC, or R2LC_CXCL12 for 6 days, three doses per day (n = 12—14 animals per group, four independent experiments) are shown. Healthy group is
only shown for reference and was not included in statistical analysis. Data are shown as means + SE, and comparisons made were DSS vs. DSS +
WT_R2LC and DSS vs. DSS + R2LC_CXCL12 by Kruskal-Wallis test, followed by Dunn’s multiple comparisons test (B—H), *P < 0.05.
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zone of the germinal center (GC) (38-41). Distinct CXCR4 "
and CXCR4 ™ regions could be detected within the GC of the
PPs, and to a much lower extent in the non-GC part (includ-
ing the subepithelial dome and interfollicular zone) (Fig.
4A). At 8 h following treatment with R2LC_CXCLI2 but not
WT_R2LC in colitic mice, the areas positive for CXCR4"°"P
and CXCR4™% were significantly reduced (both GC and
non-GC) when compared with vehicle treatment (Fig. 4, B
and C). This suggests phosphorylation (reduced CXCR4""F)
and degradation of CXCR4 (decrease of CXCR4™%?) at 8 h.
Long-term exposure to CXCL12 (overnight) has been reported
to result in degradation of the CXCR4 receptor (36), and the
altered CXCR4 levels in the PPs following R2LC_CXCLI12 treat-
ment demonstrate delivery of the bacterial-produced CXCL12
to this site. In the mucosa (epithelium and lamina propria),
the levels of CXCR4™"® were low irrespective of treatment,
and a trend toward reduction in CXCR4™% levels could be
detected following treatment with R2LC_CXCL12 compared
with vehicle (Fig. 4D). In summary, these results indicate that
oral administration of a single dose of R2LC_CXCLI12 activates
CXCR4 ™ cells predominantly in the PPs.

To understand the effect of multiple-dose treatment
with R2LC_CXCL12 on CXCR4 expression in the small
intestine, flow cytometric analysis of lamina propria
immune cells was carried out after 6 days of daily treat-
ment of healthy and colitic mice (gating strategies:
Supplemental Figs. S4, S5, and S6). Although no changes
were observed in total immune cell count, R2ZLC_CXCL12-
treated mice had a tendency toward a reduced number of
immune cells expressing CXCR4 on the cell surface
(Supplemental Fig. S7A). A more detailed analysis of the
different immune cell subpopulations in the small intes-
tinal lamina propria (SILP) following R2LC_CXCL12-treat-
ment in colitic mice revealed a reduction of neutrophils
and macrophages to similar levels as observed in healthy
mice, as well as of CXCR4 * macrophages, T cells, neutro-
phils, and ILCs (Fig. 4E, Supplemental Fig. S7B). No
reduction was observed for dendritic cells (DCs), T cells,
B cells, monocytes, or innate lymphoid cells (ILCs), nor
for CXCR4™" DCs and monocytes. In addition, no effects
were detected on IL-10", TGF-B (LAP)", or CXCL12*
immune cell counts at this site (Supplemental Fig. S7C).
Of importance, no effects on the number of immune cells,
immune cell subpopulations, or their respective expres-
sion of surface CXCR4 or total CXCL12 were observed in
MLN and spleen (Supplemental Fig. S8, A-D), which sup-
ports a restricted local immune effect induced by the
R2LC_CXCL12 treatment and that a site of interaction is
located within the small intestine. Together, these results
demonstrate that orally administered R2LC_CXCL12 delivers
the CXCLI12 mainly at PPs in the ileum in a true local manner,
as no effects were observed on CXCR4 or CXCLI12 cells in sec-
ondary lymphoid organs.

R2LC_CXCL12 Treatment Induces an Anti-Inflammatory
Phenotype of Inmune Cells in the Colonic Lamina
Propria

To further investigate the mechanism of action by
which colitis is ameliorated by R2LC_CXCL12 treatment,
analysis of immune cells in the colon was performed after
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6 days of treatment (2 x 10° CFU, three times a day). These
experiments revealed a trend toward increased immune
cell numbers by WT_R2LC and R2LC_CXCL12 when com-
pared with vehicle (Supplemental Fig. S9A). Specifically,
the numbers of DCs, macrophages, and T lymphocytes
were significantly increased by the R2LC_CXCL12 treat-
ment, whereas WT_R2LC increased only the T-cell popula-
tion (Fig. 4F, Supplemental Fig. S5). No differences were
found in the total number of B cells, monocytes, neutro-
phils, or ILCs irrespective of treatment (Supplemental
Figs. S5 and S9A). Phenotype profiling revealed a signifi-
cant increase in the number of immune cells expressing
IL-10 following R2LC_CXCL12 but not WT-R2LC-treatment
in mice with overt colitis, which was due to increased
expression of IL-10 in DCs and T lymphocytes (Fig. 4G). In
addition, TGF-B1 expression was increased in DCs and T
lymphocytes by R2LC_CXCLI12 treatment in colitic mice
(Fig. 4H, Supplemental Fig. S6), even though it was not sig-
nificantly elevated in the general immune cell population
(Supplemental Fig. S9B). No treatment-related differences
were observed for CXCR4 " or CXCL12" cells in the colonic
lamina propria (Supplemental Figs. S4 and S9, B-C), con-
firming that bacterial-derived CXCL12 is mainly inducing
CXCR4 signaling at the PPs in the ileum and not in the colon.
In addition, the previous observation of L. reuteri R2LC-
induction of IgA (10) was also confirmed by R2LC_CXCL12
treatment. Thus, an increased proportion of IgA + bacteria
and IgA mean fluorescence intensity (MFI) were observed in
the outer colonic mucus levels as a consequence of WT_R2LC
and R2LC_CXCLI12 treatment in healthy mice, whereas free
IgA levels in the colonic mucus were increased in WT_R2LC-
treated animals (Supplemental Fig. S10, A-D). These results
reveal that R2LC_CXCL12 treatment in mice with overt colitis
induces increased numbers of anti-inflammatory, immunore-
gulating DCs and T cells in the colon mucosa, as well as
increased levels of IgA. Treatment with wild-type R2LC in
healthy mice has previously been shown to upregulate
tight junction proteins, including ZO-1 and occludin in
the colon epithelia, as well as increase mucus thickness
(11). In the current study, the expression of occludin and
Muc2 was assessed at the end of experiments using
immunohistochemistry of the entire colon tissues. A
decrease in occludin expression was observed apically in
the colonic crypts in mice with DSS-induced colitis com-
pared with healthy mice, whereas no difference in MUC2
or occludin was observed between treatment groups
(Supplemental Fig. S11, A-F).

Multidose Administration of ILP100 Oral to Rabbits
Confirm Product Feasibility and Tolerability

The R2LC_CXCL12 was formulated as a lyophilized powder
and was, together with the lyophilized activation peptide
SpplIP, filled in capsules designed to dissolve in neutral pH
to deliver the contents in the small intestine, designated as
ILP100 Oral. Intact bioactivity of CXCL12 derived from the
freeze-dried L. reuteri R2LC was demonstrated in vitro using
a B-arrestin cell-based assay (Supplemental Fig. S12). Three
different doses of ILP100 Oral were manufactured and con-
firmed by viable cell count: 108 CFU (low dose),10° CFU (me-
dium dose), and 10'° CFU (high dose). To assess safety and
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tolerability, healthy New Zealand rabbits received daily dos-
ing for 4 wk of either placebo or ILP100 Oral of low or me-
dium dose (Fig. 5A), which did not result in any differences
in daily food intake, body weight, clinical signs, or ophthal-
moscopy. Furthermore, no treatment-related findings in
hematology, coagulation, clinical chemistry, or urinaly-
sis were detected either pretreatment or at the end of
the study on day 29/30 (specification of assessments in
Supplemental Tables S6, S7, and S8). Furthermore, no
findings were reported in the histopathology analyses
carried out at the end of the study for all tissues and
organs in any sample for any group (specification of assess-
ments in Supplemental Table S9). In addition, there were no
differences in plasma levels of CXCL12 between groups at
any time point (Fig. 5B), and no R2LC_CXCL12 colonies were
detected by selective culturing of blood at any of the time
points (Supplemental Table S10). Finally, biodistribution
was assessed following three doses of either placebo or
ILP100 Oral high (at day 1) to healthy New Zealand rabbits,
whereafter exposure to blood, kidneys, lungs, or spleen was
evaluated at day 3 (Fig. 5C). No colonies were detected in any
of the samples in any of the treatment groups (Fig. 5D).
These results confirm that administration in capsules with
the lyophilized formulation is feasible and well tolerated for
delivery of the ILP100 Oral to the gastrointestinal tract with
no systemic detectable exposure.

DISCUSSION

Current therapies targeting colitis rely on dampening
inflammation by suppressing the immune system and are
associated with systemic adverse effects, including increased
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susceptibility to infections. In the current study, means to
locally stimulate the intestinal immune system to heal mu-
cosal injuries without inducing systemic immune effects
were investigated in different models of colitis. We found
that oral administration of L. reuteri R2LC engineered to
express CXCL12 (R2LC_CXCL12) (42) ameliorated overt DSS-
induced and DSS-ICI-induced colitis through local immuner-
egulatory actions induced in the PPs. As a result, the num-
bers of IL-10- and TGF-B1-producing cells increased in the
colon lamina propria, and clinical symptoms were reduced.
Of importance, no systemic effects on immune cells could be
found, and no R2LC bacteria or elevated levels of CXCL12
were detected in circulation, spleen, or lungs, but R2LC
were found in the liver and MLN directly following admin-
istration to diseased mice. Furthermore, the efficacy of the
R2LC_CXCLI12 treatment on clinical symptoms was supe-
rior when benchmarked to current treatments of choice,
anti-TNF-q, anti-a4p7, and corticosteroids. Finally, thera-
peutic feasibility was proven as lyophilized bacteria pro-
duced CXCLI12 with maintained bioactivity, and capsules
with lyophilized bacteria and the activation peptide were
well tolerated, whereas no systemic effects were demon-
strated in rabbits following peroral treatment.

The involvement of intestinal microbiota in gastrointesti-
nal health is increasingly recognized, and several studies
demonstrate associations between distinct bacterial strains
and clinical symptoms in animal models of colitis and in
patients (1-8). However, the importance of the microbiota
composition, site of interactions between the bacteria and
the host immune cells, as well as the consecutive down-
stream host mechanisms have not yet been clarified. We
have previously found that wild-type L. reuteri R2LC pre-
vents the development of colitis when given prophylactically
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Figure 5. Summary of product feasibility and tolerability studies of ILP100 Oral in New Zealand rabbits. A: schematic overview of the experimental design
for a 4-wk multidose study in New Zealand rabbits. B: plasma CXCL12 levels of placebo, ILP100 Oral (low), and ILP100 Oral (medium) rabbits (n = 6 ani-
mals per group, one independent experiment). C: schematic overview of the experimental design of biodistribution study in New Zealand rabbits (n = 3
animals per group, one independent experiment). D: number of colonies in blood, spleen, kidneys, and lungs (n = 3 animals, N = 6 culture plates per
group). Data are shown as means * SE, and comparisons made were placebo vs. ILP100 Oral low_R2LC and vs. ILP100 Oral medium by two-way

ANOVA multiple comparations followed by Dunnett’s test (B).
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before DSS induction of colitis (10, 11). L. reuteri is a com-
mon, nonpathogenic, Gram-positive bacterial organism
found naturally in the gut of humans and other warm-
blooded animals and has a history as a food additive to
improve mouth and gut health (43, 44). Recently, we
revealed that the mechanism by which L. reuteri R2LC con-
veys the anti-inflammatory effects in the gut involved
enhanced induction of IgA in B lymphocytes at the PPs, fol-
lowed by increased trafficking of IgA-producing B lympho-
cytes to the ileal and colonic mucosa and concomitant
augmented IgA levels in the gut lumen. As a consequence,
the gut microbiota shifted toward more health-associated,
and clinical symptoms during DSS-induced colitis were sig-
nificantly improved (10). In contrast, when administered
during overt colitis, no treatment effect of WT_R2LC could
be detected in the current study. PPs are the most intense
site of IgA induction in the entire body, and they thereby
regulate the intestinal microbiota and are important for pre-
venting the growth of pathogenic microbes (9). Of interest,
the CXCR4/CXCL12 axis is critical for proper cell trafficking
and the production of antibody-producing plasma B lym-
phocytes within PPs (39-41). When R2LC_CXCL12 was
administered to mice with overt DSS-induced colitis in the
current study, the clinical symptoms were significantly
ameliorated in parallel with reduced numbers of distinct
CXCR4 ™" immune cell populations in the small intestine
and increased populations of immuneregulatory, tissue-
healing immune cells in the colon. Of importance, no
changes were observed on CXCR4 or CXCL12 levels in the
secondary lymphoid organ spleen and MLN nor in the co-
lon, demonstrating that the site of action of bacteria-pro-
duced CXCL12 is exerting its effects in the small intestine.
Furthermore, the previously reported R2LC-dependent
induction of IgA resulting in increased colonic IgA levels
(10) was also confirmed by the R2LC_CXCLI12 treatment.
Tissue restorative and anti-inflammatory actions of oral
administration of R2ZLC_CXCL12 were demonstrated in the
colon of colitic mice, as the number of TGF-p1* and IL-
10" dendritic cells and T cells were increased after 6 days
of treatment when compared with vehicle-treated mice.
Both of these cytokines are known to be major suppressors
of intestinal inflammation (45-47).

To be relevant as interventional therapy for colitis, safety
and efficacy profiles need to be competitive and offer added
value and a new pathway should be provided for patients
not responding to current treatments. Today, patients with
IBD are treated with systemic corticosteroids and biologics,
including, for example, anti-TNF-o and anti-04p7, as well as
JAK inhibitors. When treating these chronic diseases, rota-
tion of biologics is often done as resistance to therapy devel-
ops and the effect is lost due to the development of anti-drug
antibodies (ADAs). This is reflected by the large total market
size of the approved biologics and the vast pipeline com-
pared with the number of eligible patients with UC. Local-
acting alternatives to the above-mentioned systemically act-
ing biologics should provide a more acceptable safety profile
and less risk of ADA development, and thereby reduce the
proportion of patients becoming refractory nonresponders.
Drug candidates aiming for local-acting effects that are or
have been investigated for therapeutic efficacy include the
peptide melanocortin receptor agonist PL-8177, administered
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orally, where resolution of inflammation was reported, to-
gether with adverse events such as abdominal pain, nausea,
and vomiting, and dizziness already at subclinical levels of
dosing (48). Furthermore, the SIP modulator Zeposia has
been repurposed and approved for UC, and another S1P1
agonist is currently being investigated [APD334/Etrasimod
(NCT02447302)] (48, 49). Local targeting of TLRY (e.g.,
Cobitolimod) is evaluated in late-stage clinical develop-
ment (NCT04985968). Furthermore, as a natural develop-
ment of clinical fecal transplantations, a number of drug
candidates aim to change the microbiota in patients with
UC using consortia-type products such as VE202 and SER-
287.

The use of bacteria as vectors to deliver recombinant
therapeutic proteins is emerging, as this approach allows
for a continuous and local production of short-lived pro-
teins and peptides (50, 51). There are currently at least
three types of drug candidates in clinical development,
and the research pipeline is expanding to include multiple
species and strains of bacteria, proteins, and RNA delivered
through different routes of administration. Lactococcus lactis
delivering recombinant IL-10 (AGO11) to the intestine of
patients with UC has been evaluated in clinical trials, but no
efficacy was reported, and the programs were discontin-
ued (NCT00729872). The engineered bacteria of the cur-
rent study (ILP100) have previously been demonstrated
to increase healing of induced cutaneous wounds follow-
ing topical delivery in mice, pigs, as well as in a first-in-
human study designed to primarily assess safety and tol-
erability (29, 52, 53). In these studies, the chemokine
CXCL12 is locally delivered to induced skin wounds,
which results in accelerated healing through an increased
population of TGF-B-expressing macrophages at the wound
edge. Of importance, the levels of systemic CXCLI12 in
plasma were not increased by the treatment, and no differ-
ence in tissue levels at 48 h following a single dose adminis-
tration was detected by ELISA. However, an increase in
CXCL12* cells was detected in the ILP100-treated skin
wounds at 48 h posttreatment. Together with no systemic
detection or skin colonization of the administered, engi-
neered bacteria, topical treatment of ILP100 was consid-
ered both safe and tolerable, as well as revealed biological
effect on healing, and clinical development is now further
warranted in patients.

Although immune checkpoint inhibition offers a novel
strategy to treat cancer, it also causes serious immune-
related adverse effects, of which those affecting the GI tract
(e.g., ICI-induced colitis) are among the most common in
patients receiving dual anti-CTLA-4 and anti-PD-1 therapy.
These adverse effects often necessitate dose reduction or dis-
continuation of anticancer treatment altogether (54, 55).
Although there may be overlapping features of UC and ICI-
induced colitis, it is important to recognize that distinct dif-
ferences are actively being identified and delineated.
Despite these differences, ICI-colitis is currently treated
with therapeutics developed for UC, including immuno-
suppressive steroids, anti-TNF-o, and anti-a4p7, which all
act systemically and can reduce the antitumor efficacy of
the ICIs (54). Experimental, short-term mouse studies sug-
gest that anti-TNF-o helps against anti-PD-1 resistance in
melanoma and reduces ICI-induced toxicities if given
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prophylactically; however, this has not yet been reported
in clinical prospective studies (33, 56). Thus, the need for
local-acting anti-inflammatory new treatments is cur-
rently most pronounced in ICI-induced colitis. In the cur-
rent study, colitis was not aggravated by the immune
checkpoint inhibitors when assessed by macroscopic dis-
ease activity measurements, as previously described (33).
However, histopathological changes were confirmed, sug-
gesting that the local environment in the colon tissue is altered
by the ICI therapy during DSS treatment. Of importance,
R2LC_CXCLI12 also improved DAI in mice with DSS- and ICI-
induced colitis, demonstrating the feasibility of therapeutic
R2LC_CXCLI2 to ameliorate colitis also during ICI therapy.

The limitations of the current study include those associ-
ated with the experimental models of DSS- and ICI-induced
colitis and their relevance for human disease, as well as the
relevance of the investigated bacterial strain in humans.
However, mechanistic therapeutic insights are important to
acquire from in vivo studies of experimental models but cer-
tainly require confirmation in humans and patients during
clinical development. As first steps toward translation of the
drug candidate, we developed capsules containing lyophi-
lized R2LC_CXCLI12 and activation peptide, SppIP, whereafter
maintained bacterial viability and activity of the bacteria-
produced chemokine were demonstrated. Furthermore, two
safety studies in rabbits reported no systemic distribu-
tion of bacteria or altered levels of plasma CXCL12, simi-
lar to the findings in mice and in line with the previous
reported data from the development of the ILP100-
Topical (52, 53). These results provide evidence for feasi-
bility and low-risk profile of the formulated drug product,
ILP100 Oral, for continued developments in a first-in-
human clinical trial.

In summary, this study reports that therapeutic oral
administration of R2LC_CXCL12 effectively ameliorates
colitis in two experimental mouse models through local
effects on the intestine, as the bacteria deliver CXCL12 to
the PPs and shift the colonic immune cell profile toward
tolerogenic phenotypes. Furthermore, both feasibility
and low-risk profile of the formulated ILP100 Oral were
demonstrated in rabbits and together with the efficacy
data support a competitive positioning of the ILP100
Oral for clinical development as an interventional ther-
apy in colitis.
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