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ABSTRACT

Inflammatory bowel disease (IBD) is a serious public health problem in Western society with
a continuing increase in incidence worldwide. Safe, targeted medicines for IBD are not yet
available. Autophagy, a vital process implicated in normal cell homeostasis, provides a potential
point of entry for the treatment of IBDs, as several autophagy-related genes are associated with
IBD risk. We conducted a series of experiments in three distinct mouse models of colitis to test
the effectiveness of therapeutic P140, a phosphopeptide that corrects autophagy dysfunctions
in other autoimmune and inflammatory diseases. Colitis was experimentally induced in mice
by administering dextran sodium sulfate and 2,4,6 trinitrobenzene sulfonic acid. Transgenic
mice lacking both il-70 and iRhom2 — involved in tumor necrosis factor O secretion — were also
used. In the three models investigated, P140 treatment attenuated the clinical and histological
severity of colitis. Post-treatment, altered expression of several macroautophagy and
chaperone-mediated autophagy markers, and of pro-inflammatory mediators was corrected. Our
results demonstrate that therapeutic intervention with an autophagy modulator improves colitis
in animal models. These findings highlight the potential of therapeutic peptide P140 for use in
the treatment of IBD.
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1. Introduction

IBD is a public health challenge with a high incidence in Western countries, but is also
increasing sharply in newly-industrialized countries. Crohn’s disease (CD) and ulcerative colitis
(UC), the main forms of inflammatory bowel disease (IBD), were the first chronic disorders in
which autophagy dysfunctions were suggested to play a potentially major etiopathogenic role
[1,2]. Population-based studies provide compelling evidence that genetic factors contribute to
the pathogenesis of IBD, and many IBD risk loci have been identified. However, IBD has
multifactorial triggers, including genetic, microbial, and environmental factors, causing
dysregulation of the innate and adaptive immune system in the intestine [3—6].

IBD has high recurrence, and low cure rates [7], and we currently lack effective treatment
options, primarily due to either limited efficacy or unsustainable side effects [8§—10]. Today,
therapies are largely limited to treatment of symptoms with the aim of improving the patient's
quality of life. However, even with this limited scope, the effectiveness of treatment varies
dramatically between patients [11-13]. More ambitious therapies, including cytokine blockers,
such as therapeutic monoclonal antibodies (mAb) adalimumab and infliximab, directed against
tumor necrosis factor-alpha (TNF-a), or ustekinumab, targeting interleukin (IL)-12 and IL-23,
were recently tested in patients with severe, active CD [14]. Therapeutic mAbs targeting
integrins (e.g., vedolizumab, natalizumab) have also been tested. All these treatments produce
heterogeneous patient responses [11], added to which, their cost and high potential for serious
toxicity limit their long-term clinical use. Strategies based on small molecules, such as
molecules in the Janus kinase (JAK) pathway, have also been explored, and numerous
compounds, including herbal extracts are under clinical evaluation, alone or in combination
[15,16]. Many have only shown limited effectiveness to date [9,10,17,18].

P140 is a 21-mer phosphopeptide derived from the cognate sequence 131-151 of the Ul-
70K spliceosomal protein [19]. It contains a phosphoserine residue at position 140 that is
inserted during synthesis. Using lysosomes purified from the liver of untreated or P140-treated
MRL/lpr lupus-prone mice, we previously showed that P140 regulates chaperone-mediated
autophagy (CMA) — a process that contributes to degradation of intracellular proteins in
lysosomes — at the lysosomal substrate uptake step [20]. P140 downregulates hyperactive
autophagy processes and (probably as a direct consequence) decreases expression of major
histocompatibility complex-1I molecules, which is relevant in its action on lupus [20-22]. P140

has since been shown to be effective in murine models of primary and secondary Sjogren’s



syndrome [23,24], chronic inflammatory demyelinating polyneuropathy [25], and chronic
house dust mite-induced airway inflammation [26].

The potential of P140 in the IBD context is based on its targeting of autophagy. Indeed, in
addition to barrier functions and immune responses, numerous risk loci for IBD are situated in
regions containing genes encoding proteins involved in autophagy [5,27-30]. Specifically,
polymorphisms in autophagy-related (Atg) genes, such as ATGI6LI, sequestosome
(SOSTM 1)/p62, serine/threonine-protein kinase ULK 1, immunity-related GTPase M (IRGM),
nucleotide-binding oligomerization domain 2 (NOD2)/CARDI15 are associated with an
increased risk of developing CD [1,31-36] or IBD [8,37]. Functional studies [5] have
emphasized the pivotal role played by dysfunctional autophagy in intestinal homeostasis
functions, leading to pathogenic hallmarks of IBD. Autophagy was found to be indispensable
in the maintenance of intestinal epithelial barrier integrity by protecting intestinal epithelial
cells against TNF-induced apoptosis [38,39] or via the degradation of tight junction barrier
proteins such as Claudin-2 [40]. Paneth and goblet cells are specialised cell types of the
intestinal epithelium involved in the secretion of antimicrobial peptides and mucins,
respectively, to protect against pathogenic microbes; autophagy deficiency in these cells
severely impacts their secretory functions [41,42]. In addition, the loss of autophagy in immune
cells has been associated with elevated inflammasome activation [43] as well as impaired
antigen presentation responses against pathogens [44] and therefore an increased susceptibility
to colitis. Various studies have also demonstrated that autophagy dysfunctions lead to altered
gut microbial composition or gut dysbiosis [45,46]. We hypothesized that P140 could correct
these defects, reducing the extent of molecular and cellular inflammation, and could delay the
development of the disease.

We, therefore, evaluated the effectiveness of P140 in three distinct but complementary
murine models of colitis — two chemically-induced models, and one that spontaneously
develops chronic intestinal inflammation with UC-like features due to a double mutation in il-
10 and rhomboid 2 (IRhom?2) genes [47]. Analysis of these three independent models revealed
that treatment with P140 attenuates inflammation and disease at the clinical and histological
levels. Expression levels for several pro-inflammatory mediators were significantly diminished
in colonic tissues. Mechanistically, we found that P140 corrected autophagy defects in the target

tissues (colon) and spleens from mice with colitis.

2. Methods



2.1. Peptides

P140 (RIHMVYSKRpSGKPRGYAFIEY) and Sc140 (YVSRYFGpSAIRHEPKMKIYR)
phosphopeptide (where pS represents phosphoserine residues) were synthesized using classical
N-[9-fluorenyl] methoxycarbonyl solid-phase chemistry, and purified by reversed-phase high-
performance liquid chromatography (RP-HPLC) [19,48]. Peptide homogeneity was checked by
analytical HPLC, and their identity was assessed by liquid chromatography-mass spectrometry
(LC-MS) on a Finnigan LCQ Advantage Max system (Thermo Fischer Scientific, Courtaboeuf,

France).
2.2. Mouse models of colitis

Three independent experiments (A, B, C) were performed in the DSS model with distinct
protocols (Figure 1). Following these experiments, mice were sacrificed by exsanguination
through direct cardiac puncture under isoflurane anesthesia. All mice were housed under
specific pathogen-free conditions in the respective animal care facilities. Mice were weighed
daily, and stool consistency, diarrhea, or blood in the stools were monitored to calculate the
disease activity index (DAI).

In Exp. A, 7-week-old C57BL/6 male mice (Charles River Laboratories, France) were
induced with DSS from day 0 (2.0% w/v; MP Biomedicals 160110 added to the animals’
drinking water). They were treated with either P140 (4 mg/kg mouse body-weight,
intravenously (i.v.)) or vehicle (NaCl) on days -2 and -1, and then at days +2, +5 and +7
(preventive and curative experimental design). The control peptide ScP140 was not
administered in this experiment. Mice were sacrificed on day +9.

In Exp. B, 8-week-old C57BL/6 female mice (Japan SLC, Japan) received 2.5% w/v DSS
(MP Biomedicals) for 5 days [49]. They were treated with P140 and ScP140 peptides (i.v.) on
days 0 and +2, and sacrificed on day +5. A group of DSS-induced mice was also treated orally
with 100 mg/kg mesalazine (Kobayashi Kako) once daily for 4 days (day O to day +4). Total
volume of mesalazine: 10 mL/kg in 0.5% w/v carboxymethyl cellulose [50].

In Exp. C, 6-week-old C57BL/6 male mice (Janvier Laboratories, France) received 2.0%
w/v DSS (MP Biomedicals) for 7 days (replaced by sterile water on day +7). Peptides were
administered i.v. in curative mode, every two days from day +7 to day +14, and mice were
sacrificed on day +21.

Two distinct protocols (D, E) were evaluated with the TNBS model (Figure 1). In Exp. D,

8-week-old BALB/c female mice (Janvier Laboratories) maintained in standard cages and fed
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with classic standard chow and tap water ad libitum, received TNBS (Sigma-Aldrich, 2508-19-
2; 100 mg/kg mouse body-weight) intrarectally (i.r.) on day O (instillation of 50 uL 50% v/v
ethanol under anesthesia with 3% isoflurane via nose cone). P140, ScP140, or vehicle were
administered i.v. on days +1, +3 and +5. Control mice received an intrarectal instillation of
50 puL 50% ethanol. As above, clinical parameters were monitored daily. Mice were sacrificed
on day +8 by isoflurane overdose followed by cervical dislocation.

Exp. E included C57BL/6 mice - less susceptible to TNBS than BALB/c mice [51]. Eight-
week-old male mice (Charles River laboratories, France) were anesthetized with a subcutaneous
injection of xylazine/ketamine, and TNBS (Sigma-Aldrich, 92822) dissolved in 50% ethanol
(40 uL) was administered intrarectally at 150 mg/kg mouse body-weight. Control mice
received an intrarectal instillation of 40 uL. 50% ethanol. Mice were treated i.v. with P140,
ScP140, or vehicle on days +1, +2 and +3 (4 mg peptide/kg body-weight). Animals were
sacrificed on day +4 by cervical dislocation.

il10~~/iRhom2™~ mice [47] were used as a genetic model of IBD in Exp. F. P140 therapy
was initiated at 8 weeks of age (onset of the disease in these mice). P140, ScP140 (both at
100 pg peptide/mouse), or vehicle was administered i.v. twice a week for 11 weeks. Mice were
sacrificed 11 weeks after initiating treatment.

The scores used to evaluate the disease intensity are described in Supplementary Tables
1 and 2. At the time of sacrifice, the gastrointestinal tract was collected and weighed, opened
longitudinally, and washed several times according to standard procedures. Colon sections were

isolated as shown in Supplementary Figure 1.
2.3. Histological analysis

Colons were immediately fixed in 4% w/v paraformaldehyde and embedded in paraffin. 5-
mm-thick tissue sections were stained with hematoxylin and eosin (H&E) and observed under
a light microscope. Histological damage was assessed based on the criteria described in

Supplementary Table 3.
2.4.  Immunofluorescence

Paraffin-embedded colonic tissues were cut into 7-mm-thick sections. Non-specific
binding was blocked with phosphate-buffered saline containing 5% w/v bovine serum albumin
and 0.2% Tween-20. Primary antibodies were incubated at 4 °C overnight and the

corresponding secondary antibodies at room temperature for 4 h. The following antibodies were



used: SQSTM1/p62 (Abcam, ab109012), Alexa Fluor 488 goat anti-rabbit IgG (H+L) cross-
adsorbed secondary antibody (Invitrogen, A-11008). Nuclei were labeled with Hoechst 33258
(Invitrogen, H1398). Slides were mounted with Fluoromount-G (ThermoFisher Scientific, 00-
4958-02). Confocal (Carl Zeiss) images were acquired, and fluorescence intensity was

measured using Fiji software.
2.5. Western blotting

Autophagy protein expression was measured in colon or spleen tissue homogenates by
western blotting, as described [25,52]. Antibodies were: MAP1LC3B (Novus Biologicals,
NB100-2220), SQSTM1/p62 (Abcam, ab109012), BECLINI/BECN1 (Abcam, ab207612),
ATGS (Cell Signaling Technology, 12994S), lysosomal-associated membrane protein
(LAMP)2A (Abcam, ab18528), and HSPAS8 (Abcam, ab51052), HSP90 (Abcam, ab203126).
Secondary antibodies were horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit
IgG antibody (Jackson ImmunoResearch, 115-035-008 and 111-035-008; 50 ng/mL). Signal
was detected using Clarity western ECL Substrate (Bio-Rad, 1705061). Expression levels of
autophagy markers were normalized by densitometry relative to the total protein level, using

Image Lab (Bio-Rad) software.
2.6. MPO activity assay

Granulocyte infiltration into the colon was quantified by measuring MPO activity. Briefly,
selected colon sections (Supplementary Figure 1) were homogenized using a Mixer Mill MM
400 (Retsch) and resuspended in 50 mM phosphate buffer (pH 6.0) containing 0.5%
hexadecyltrimethyl ammonium bromide (Sigma-Aldrich, 57-09-0; 50 mg/mL). The
homogenate was sonicated for 10 s and centrifuged at 13,400 x g for 6 min. An aliquot (25 UL)
of supernatant was used for the assay following appropriate dilution. The final reaction was
visualized by adding H>O, as peroxidase substrate and 3,3',5,5'-tetramethylbenzidine as
chromogen, and incubating for 30 min at 37 °C. The reaction was blocked by the addition of
1 M HCI, before measuring absorbance at 450 nm using a plate reader (Thermo Scientific

Multiskan GO). Results were expressed as absorbance per mg of tissue.
2.7. qRT-PCR

Total RNA was extracted using the NucleoSpin RNA isolation kit (Macherey Nagel,
740955.250) from a portion of colon (Supplementary Figure 1) following homogenization in



a Mixer Mill MM 400 (Retsch). RNA was reverse-transcribed using the iScript gDNA Clear
cDNA Synthesis Kit (Bio-Rad, 172-5035). qRT-PCR was performed using Sso Advanced
Universal SYBR Green Supermix (Bio-Rad, 172-5274) with the CFX C1000 Touch™ Real-
Time PCR detection system (Bio-Rad, 1855195). Primers used are listed in Supplementary
Table 4. A GeNorm study was performed using Bio-Rad’s CFX Maestro 1.1 software with ten
housekeeping genes (Actb, B2m, G6pd, Gusb, Hprtl, Rpll3a, Rpsl8, Taf8, Tfrc, Ywhaz), to
determine which were the most stable in our conditions. The three most stable, or acidic
ribosomal phosphoprotein PO (36b4) in some experiments, were used for data normalization.
Data were analyzed by the AACt method, as follows: AACt = (Cr, target—CT, reference) test—(Cr,

target_CT, reference) calibrator, and the flnal data were del‘lVed fI‘Ol’n 2_MCT,

2.8.  Ex-vivo colon culture and ELISA-based cytokine quantification

Segments of the distal colon (0.5 cm-long; Supplementary Figure 1) were dissected and
washed in PBS containing penicillin and streptomycin. Segments were then placed in 24-well
flat-bottomed culture plates containing 500 uL. complete RPMI 1640 medium and incubated at
37 °C under 5% CO; for 24 h. Culture supernatants were harvested and assayed for
keratinocyte-derived chemokines [53] using a commercial ELISA kit (KC/CXCLI1; Mouse
CXCLI1/KC DuoSet ELISA, DY453, R&D Systems). Serum samples prepared from blood
samples collected at the time of sacrifice were also assayed for cytokines/chemokines — IL.-6
(DY406-05), IFN-gamma (DY485-05), IL-12 p70 (DY419-05), TNF-a (DY410-05), and IL-
1B (DY401-05) — using commercial kits (R&D systems) according to the supplier’s protocols.
Standard curves were generated by titration with recombinant protein calibrators provided in

commercial kits.
2.9. Statistical analysis

All values are expressed as mean + SEM. Statistical analyses were performed using
GraphPad Prism (Version 8.0). Statistics are described in the corresponding figure legends. P

values < 0.05 were considered statistically significant.
2.10. Ethics statement

Experiment protocols involving animals were approved by the local Institutional Animal
Care and Use Committee and the French ministry for higher education, research and innovation

(APAFIS #20654-2019061116549343; APAFIS #2171-2019092716434837; APAFIS #26681-



2020072115122312). In line with these agreements, and taking into account the best European
practices in the field (3-R rules), we took the necessary measures to avoid pain and minimize
distress and pointless suffering of mice during experiments and at the time of sacrifice. Animals
were maintained under controlled environmental conditions (20 + 2 °C) in either specific
pathogen-free or conventional husbandry conditions (as specified above). A 12 h/12 h light-
dark cycle (lighting 7:00 a.m.-7:00 p.m.) was maintained. Mice were housed in large
polycarbonate cages, with 8 to 10 mice per cage on bedding made from spruce wood chips
(Safe) and enriched with play tunnels which were changed weekly. Mice monitored in Japan
(Exp. B) were housed and cared for in accordance with the Japanese Pharmacological Society
Guidelines for Animal use. Animals (a maximum of 4 per cage; TPX cages, CLEA Japan) were
maintained under controlled environmental conditions of temperature (23 + 3 °C), humidity
(50 + 20%), and lighting (8:00 a.m.-8:00 p.m.). Experiments with il/0™~/iRhom2™~ mice
(Exp. F) were conducted according to the institutional regulations for animal care and use of

the University of Iowa.
3. Results

3.1. The autophagy modulator P140 ameliorates disease progression in three murine models

of colitis

We first investigated the effect of P140 in a mouse model of dextran sodium sulfate (DSS)-
induced colitis. In the three DSS protocols tested (Figure 1; Exp. A, B, C), mice developed
colitis, as indicated by the clinical parameters measured (Figure 2; Supplementary Figures 2
and 3). No effect was observed in Exp. B (mesalazine that is commonly used to treat patients
with IBD, was also inactive) or Exp. C (Figure 2 and Supplementary Figures 2 and 3).
However, beneficial clinical effects of P140 were observed in Exp. A, where P140 was
administered according to both preventive and curative protocols, P140-treated mice had longer
colons, less blood in stools, and decreased DAI scores (Figure 2 A-C).

To further examine the curative potential of P140, we used another chemically-induced
colitis model, the widely used 2,4,6-trinitrobenzene sulfonic acid (TNBS) mouse model. TNBS-
induced mice developed colitis in the two protocols evaluated (Exp. D, E) (Figure 3;
Supplementary Figure 4). In Exp. D, P140 did not significantly improve any of the clinical
and biochemical parameters assessed (Supplementary Figure 4). In Exp. E, although not
significant, a trend for decreased mortality (with unexplained weight loss; Figure 3A) was

observed in the group of mice treated with P140 (13% mortality versus 39% of TNBS-induced
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mice treated with vehicle, and 40% of TNBS-induced mice treated with a scrambled (Sc)
analogue of the P140 sequence; Figure 3B). This effect was associated with improvement to
colonic lesions at macroscopic and histological levels. Thus, P140 decreased the extent of
inflammatory lesions by 35% according to the Wallace score, compared to only 15% in mice
that received ScP140 (Figure 3C). The Ameho score (grading on a scale from 0 to 6) — which
considers the degree of the inflammatory infiltrate, the presence of erosion, ulceration or
necrosis, and the depth and surface extension of the lesions — was decreased by 41% in the P140
group (3.1320.63 versus 5.2840.41 in vehicle-treated TNBS-induced mice; Figure 3D).
Surprisingly, in this experiment, ScP140 also reduced inflammation in TNBS-induced mice,
although less efficiently (Ameho scores = 3.67+0.78, corresponding to a 31% improvement of
inflammatory lesions).

As part of our analysis of inflammation, we also evaluated myeloperoxidase (MPO)
activity. MPO is one of the best diagnostic biomarkers of inflammation and oxidative stress.
This ancestor of cyclooxygenase helps to defend gut-associated lymphoid tissue against harmful
enteric microbes, while tolerating harmless commensal bacteria and dietary antigens. MPO
activity correlates with the severity of experimentally-induced colitis [54]. Activity of this
enzyme in mice with TNBS-induced colitis was significantly reduced following P140 treatment
compared to vehicle- or ScP140-treatment (Figure 3E).

In the experiments described above, no sign of toxicity of P140 peptide was noticed, even
under inflammatory conditions. Changes in body-weight can be used as an indirect marker of
colonic lesions in mice with chronic colitis [55]. Although we studied acute colitis, this
parameter was used to demonstrate homogeneity of groups before its induction, and to detect
possible toxic effects of the treatments tested. Therefore, animals were weighed before inducing
colitis and daily until sacrifice. No change in body weight with regard to the control groups was
observed following treatment with P140 (4 mg/kg mouse body-weight for each injection in Exp.
A-E) (see Figure 3B; Supplementary Figures 2A, 3A, 3C, 4B).

In addition to the chemically-induced models, we also evaluated the effect of P140 in a
genetic model of spontaneous IBD (Exp. F; Figure 4). Mice lacking both i//0 and iRhom2
(il10~~iRhom2~~) develop early intestinal inflammation followed by accelerated weight loss
within 8 to 12 weeks of birth [47]. Using this novel mouse model, we extended our findings
from the chemically-induced colitis models. At 6-8 weeks of age (onset of the disease), mice
received either P140 or ScP140 twice per week for 10 weeks (Figure 4A). Mortality was
significantly decreased in the group of mice treated with P140, as compared to the ScP140

group and the group of il/0™"iRhom2~~ mice let untreated (Figure 4B). P140-treated mice also

10



showed improved weight gain (Figure 4C) and reduced colon inflammation, as reflected by an
increase in colon length (Figures 4D, 4E). In addition, the size and weight of spleens from
P140-treated mice were significantly decreased with regard to the two other groups of mice
used as controls (Figures 4F).

As the onset of colitis is strongly linked to inflammation and defects in autophagy, we next

investigated the effect of P140 on these processes.

3.2.  PI40 treatment reduces the production of several pro-inflammatory mediators in colons

from DSS-induced mice

Compared to mice with DSS-induced colitis treated with vehicle only, several genes
involved in inflammation were significantly down-regulated in colons collected from mice
treated with P140 (Figure 5; Supplementary Figure 5; Exp. A). These genes included Tnfa,
116, Kc/Cxcll, Mcpl/Ccl2 and Il12a. The level of secreted KC/CXCLI protein remained
unchanged in colon culture supernatants, as measured by ELISA (Supplementary Figure 5F).
No change in IlIB Infy Il-17a, Gm-csf and Mip2 gene expression was detected
(Supplementary Figure S5A-E). Following P140 treatment, no change in gene expression
levels was detected in colon tissues from mice with TNBS-induced colitis in Exp. E
(Supplementary Figure 6), and circulating cytokine levels were below the sensitivity limit of

the commercial ELISA kits used.

3.3. Autophagy processes are defective in colons from mice with colitis and are partially

corrected by P140 peptide

The mRNA and protein expression levels of a series of markers characteristic of
macroautophagy and CMA were evaluated by quantitative reverse transcription PCR (mRNA)
and western blot (protein). In terms of gene expression, no change was observed for several of
them — including Sgstml, Lamp?2, or (at the limit of significance) Mapllc3b — in colon cells
from mice with DSS-induced colitis. However, a statistically significant decrease was detected
for others (Mtor, Ulkl, Becnl, Atgl4, Atg5, Atgl2, And Atgl6ll). The altered expression of
Atgl4, Atg5 and Mapllc3b was clearly compensated following treatment with P140
(Supplementary Figures 7D, 7E, 7H).

At the protein level, in Exp. A, equivalent levels of ATG5-ATGI12, MAPILC3BIl/I,
BECNI1, HSPAS, and HSP90 were measured in DSS-induced and control (healthy) mice.
SQSTM1 and LAMP2A expression was increased in DSS-induced mice, but was corrected by
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P140 treatment (Figures SH, S5I; Supplementary Figure 8). Results from Exp. B were less
conclusive, with similar levels of protein markers ATG5-ATG12 and BECNI, but also
SQSTMI, and LAMP2A detected in colon tissues from DSS-induced and healthy mice. In this
experiment, expression of MAP1LC3BII/I and HSPAS decreased upon exposure to DSS, but
no compensation was observed following treatment with P140.

In colon tissues from TNBS-induced mice (Exp. E), no change in ATG5/12, BECNI,
MAPILC3B, SQSTM1, HSPAS, HSP90, or LAMP2A protein expression was detected. We
also had access to spleens from these animals. Once again, expression levels for ATG5/12,
SQSTMI1, HSPAS, and LAMP2A were equivalent in TNBS-induced and healthy mice.
However, a trend for an increasing ratio between cytosolic MAP1LC3B-I and autophagosome
membrane-bound MAPILC3B-II (MAP1LC3B puncta) —indicating active autophagy — was
observed in mice with colitis (Figures 3F, 3G), and corrected upon treatment with P140, with
a return to the basal ratio (Figure 3G). No significant effect was observed with the control

peptide ScP140.

4. Discussion

The aim of this study was to determine whether the phosphopeptide P140, which has been
shown to influence autophagy linked to several human diseases, could have a positive impact
on IBD.

Using two chemically-induced mouse models of colitis and a genetic model that
spontaneously develops early intestinal inflammation, we demonstrated for the first time the
protective potential of P140 in an intestinal inflammatory disorder. In the three murine models
evaluated, P140 treatment attenuated the clinical and histological severity of colitis and, in the
DSS-induced model, expression levels for several pro-inflammatory mediators were decreased.
From a mechanistic point of view, our results confirmed that — as in MRL/Ipr lupus-prone mice,
where the mode of action of P140 was initially identified [20-22] — P140 affected
macroautophagy and CMA in colon cells and splenocytes from mice with colitis, as indicated
by decreased expression of biomarkers.

The chemically-induced models of colitis selected for this investigation are commonly used
to assess the efficacy of candidate pharmacological treatments. DSS is a chemical colitogenic
with anticoagulant properties. It causes epithelial cell death, leading to compromised intestinal
barrier function and inflammation [50,55,56]. TNBS promotes transmural colitis with severe

diarrhea, weight loss, and rectal prolapse, as found in patients with CD [57,58]. The genetic
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model of colitis was important in this investigation due to its clinical relevance, particularly as
it allows long-term study. IL-10 plays a key role in both innate and adaptive immunity, through
its regulation of inflammatory responses in the intestine. A small proportion (5%) of mice
lacking IL-10 spontaneously develop colitis at 2-8 months of age. Disease onset can be
accelerated by exposing mice to piroxicam, a nonsteroidal anti-inflammatory drug in the oxicam
class. Histologically, colitis in i//0-/- mice is similar to human IBD [59]. iRhom?2 is a crucial
regulator of TNFa secretion in myeloid cells. Recently, we reported that mice lacking both
iRhom?2 and IL.10 developed severe colitis [47] at 8 weeks of age, with significantly increased
colonic inflammation, gut dysbiosis and permeability.

The use of several distinct experimental mouse models strengthens the results presented
here. Indeed, IBD is particularly difficult to study as models can be inconsistent, potentially
presenting a high degree of variability from one experiment to another. This variability is linked
to several parameters, e.g., the method used to induce colitis, doses administered and duration
(acute or chronic model), the sex and strain of mice used, the conditions in which animals are
housed. In addition, due to the severity of the disease and the associated pain, it is often
necessary to limit the period over which animals are observed [50,57]. In addition to the
different models, various induction designs (strain and sex of experimental animals,
concentration of inducer, duration of the experiment until sacrifice) and treatment protocols
(number of injections, timeframe between peptide doses) were tested to fully explore the
efficacy of P140, delivered via the route validated previously in several studies of inflammation
[21,23-26].

In terms of the course of disease progression, our results show a clear favorable outcome
following P140 treatment. Curative therapy was applied with the TNBS model; both
prophylactic and curative treatments were used with the DSS model; and il10~~/iRhom2™~
mice were successfully treated preventively for 10 weeks. Translation to patients will require
additional studies to precisely determine the optimal conditions for use, including prevention,
but also treatment of established IBD conditions as part of disease control.

Through its disruption of the intestinal epithelial barrier, DSS allows entry of luminal
bacteria or bacterial antigens into the mucosa, leading to enterocolitis [50,55,56]. Inflammation
is known to be involved in the pathogenesis of IBDs, including through the recruitment
(migration and infiltration) of monocytes/macrophages to inflamed intestinal tissues. Following
P140 treatment, inflammation was significantly reduced in colonic mucosa from DSS-induced
mice. In TNBS-induced mice, where an excessive cell-mediated immune response involving

acute Thl inflammation develops, P140 treatment reduced macroscopic and colon damage
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scores, as well as excessive MPO activity. In this model, no visible effect of P140 on
cytokine/chemokine production was observed. Differences in cytokine levels between the two
colitis models have also been reported and discussed elsewhere [60—62]. However, this result
could also be linked to the duration of the experiment (4 days), or the fact that several mice in
this group died before the end of the experiment, and consequently tissue samples were
unavailable.

In support of our results, orally-administered 5-aminosalicylic acid compounds such as
mesalazine or olsalazine, as well as the corticosteroid budesonide have been reported to display
limited efficacy in DSS-induced mice [50]. This lack of effect seems to be related to the
pharmacokinetics and metabolism of these compounds, and their capacity to reach inflamed
colon tissues before being metabolized in the liver.

Dysfunctional autophagy has been reported in intestinal biopsies from IBD patients, and
other mouse models [5,63], and an important result from this investigation was the
demonstration that autophagy is dysfunctional in colon cells and splenocytes from mice with
colitis, and the evidence that it could be at least partially restored by P140. The autophagic flux
is classically used to represent the dynamic process of autophagy, but due to the experiment
design, we were unable to assess its intensity. In the two chemically-induced models of colitis
used here, compared to control mice, several key autophagy markers were expressed at
equivalent levels. These results could be due to experimental parameters, in particular the
timing of tissue sampling, and/or to inherent difficulties detecting autophagy markers in colon
tissues (as highlighted by Klionsky et al. [64]). However, since colon samples were isolated
following a precisely established dissection procedure, we are confident that biases were
avoided.

In DSS-induced mice, the expression of other autophagy markers, including ATG14,
ATGS, and ATG12 (mRNA level; decrease), as well as SQSTM1 and LAMP2A (protein level,
increase), was altered.

SQSTM1 is a classical autophagic cargo adaptor which can itself become degraded during
the autophagy process. Accumulation of this protein suggests that autophagy is either decreased
or inhibited in DSS-induced colitis. As SQSTMI transcription is known to be sensitive to many
factors, including prolonged starvation and endoplasmic reticulum stress, it is important to
verify its mRNA levels if its protein level is used as an indicator of autophagy [65]. We found
no change in SQSTMI transcript levels in mice with colitis. Increased accumulation of
SQSTMI1 protein combined with a decrease in ATG14, ATGS, and ATGI12 transcription,

suggests dysfunctional autophagy in the intestines of DSS-induced mice — like that observed in
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patients — P140 treatment restored basal expression levels for all five markers identified,
suggesting that autophagy had recovered.

The functional role played by CMA is relatively poorly understood in IBD. LAMP2A acts
as the receptor for CMA substrates at the lysosomal membrane, and determines the rate of CMA
activity. In patients with colorectal cancer, increased LAMP2A expression has been described
to promote proliferation of cancer cells [66]. The increased LAMP2A (protein) level observed
here could reflect an increase in CMA activity in the colon of DSS-induced mice. Except in
some specific circumstances such as oxidative stress, the lysosomal level of LAMP2A is
regulated by decreasing its degradation rate, with transcription remaining stable [67]. As we
only measured total LAMP2 transcription, we cannot conclude that there was no change in
transcription of the LAMP2A isoform.

BECNI plays a critical role in regulating autophagy, and is also involved in tumor and
metastasis formation, particularly in colorectal cancer, through an autophagy-independent
pathway [68]. BECNI1 protein expression was unchanged here, despite a moderate decrease in
its mRNA expression. However, autophagy-dependent phosphorylation of BECNI1 is strongly
dependent on ATG14, which promotes BECNI1 translocation from the trans-Golgi network to
autophagosomes while also enhancing phosphatidylinositol 3-kinase catalytic subunit type 3
activity in a BECN1-dependent manner [69]. ATG14 is therefore pivotal in autophagosome-
endolysosome fusion [70]. Expression of ATG14 was strongly reduced in colon cells from DSS-

induced mice.

5. Conclusions

In conclusion, our results show that P140 alleviates colitis in murine models, as
characterized by decreased DAI or clinical and histological scores, reduced colon shortening,
lower levels of MPO activity, and down-regulated pathogenic cytokine and chemokine
expression in colonic mucosa. In the patho-physiologically relevant tissues (colon cells), P140
regulated markers of both macroautophagy (ATG14, ATGS, ATG12, SQSTM1) and CMA
(LAMP2A), suggesting that as shown in lupus, it might affect both upstream and downstream
elements of the endo-lysosomal autophagy pathway. The molecular mechanisms through which
P140 controls autophagy in IBD will need to be further investigated, and head-to-head trials
with drugs that are currently used to treat patients with IBDs or other proposed treatments
[10,50,71-73] should be performed. Nevertheless, our results strongly suggest that the

phosphopeptide P140 — which has been demonstrated to be safe in clinical trials involving
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patients with SLE [74,75] — could also be used, alone or in combination with other medication

[15,16,63,76,77], to treat patients with IBD, either preventively, or as part of disease control.
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Legends to Figures

Figure 1. Experimental protocols. Schematic representation of experimental protocols and
treatment regimens applied with the DSS-induced (Exp. A, B and C) and TNBS (Exp. D and
E) mouse models of colitis. A-E show Exp. A to E, as referenced in the text. ScP140 was not
used in Exp. A. Vehicle was NaCl 0.9% w/v. % DSS is expressed as w/v. EtOH, ethanol.

Figure 2. Therapeutic effects of P140 on DSS-induced colitis. Animals were treated with
P140, ScP140, or vehicle alone (Exp. A, B, C). The clinical parameters shown in the figure are
DAI (A, D, G), colon length (B, E, H; post-mortem measurement) and the presence of blood in
stools (C, F, I). In Exp. A histophatological score could not be defined. Histology is shown for
Exp. B (supplementary figure 2). Data are mean + SEM. P values were calculated using a Mann-
Whitney U test (A, B, C), one-way (E), or two-way ANOVA (D, F, G, I) followed by Holm-
Sidak’s multiple comparisons; or a Kruskal-Wallis test followed by Dunn’s multiple
comparisons (E). Vehicle, NaCl 0.9% w/v; ns, non-significant.

Figure 3. Therapeutic effects of P140 on TNBS-induced colitis. Animals were treated with
P140, ScP140, or vehicle alone (Exp. E). A. body-weight percentage; B. Percent mortality; C.
Wallace’s score; D. Representative images of H&E staining. Black arrows indicate
inflammatory cell infiltration and arrowheads indicate disrupted epithelium; scale bars 100 pm.
E. Ameho score; F. MPO activity. G. Representative western blot images for MAP1LC3B and
SQSTMI in spleen tissue. H. Quantification of protein expression levels normalized relative to
total protein. Data are shown as mean + SEM. P values were calculated using a one-way (F)
or 2-way ANOVA (A) followed by Holm-Sidak's multiple comparisons, a permutation test for
two independent samples (C, E), or a Kruskal-Wallis test followed by Dunn’s multiple
comparisons (H). Vehicle, NaCl 0.9% w/v; ns, non-significant. EtOH, ethanol.

Figure 4. Therapeutic effects of P140 treatment in il10~-iRhom2~~ mice. Mice were let
untreated or treated with either P140 or ScP140 for 11 weeks (twice per week); A. Experimental
design; B. Survival (n = 4-8 per group); C. Body-weight measured over the course of treatment;
D. Representative photomicrographs of colons from untreated and P140- and ScP140-treated
il107~iRhom2~~ mice; E. Colon length. F. Spleen weight and representative images of spleens
from P140 and ScP140-treated il107~iRhom2™~ mice. P values were calculated using log-rank
(Mantel-Cox) test (B), Mann-whitney test (C) and two tailed unpaired Student's t test (E,F).

Figure 5. Effect of P140 on pro-inflammatory mediator production and selected
autophagy markers in the colon from DSS-treated mice. Data are from Exp. A. A-E. mRNA
expression levels for Tnfa, 116, Kc/Cxcll, Mcp1/Ccl2 and 1112 measured by qPCR. Results were
normalized relative to levels of housekeeping reference 36b4 or Pgkl, Actb and Ywhaz; n =7-
9 per group. Data are mean + SEM. Statistical analysis: Mann-Whitney U test. F-J. Western
blots and quantification of autophagy markers present in uninduced colon cells, or following
DSS-induction and treatment with either vehicle or P140. F. Results from three representative
mice. Signals were normalized relative to total protein content measured directly on the
membrane (stain-free procedure). K,L. Representative immunofluorescence images, and
quantification of SQSTMI1 expression. Scale bars 50 pum. Results are expressed as
mean + SEM; Statistical analysis: one-way ANOVA followed by Holm-Sidak’s multiple
comparisons. Vehicle, NaCl 0.9% w/v; ns, non-significant.
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