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Abstract

Background and Aims: Exacerbated immune activation, intestinal dysbiosis and a disrupted intestinal barrier are common features among in-
flammatory bowel disease [IBD] patients. The polyamine spermidine, which is naturally present in all living organisms, is an integral component
of the human diet, and exerts beneficial effects in human diseases. Here, we investigated whether spermidine treatment ameliorates intestinal
inflammation and offers therapeutic potential for IBD treatment.

Methods: \We assessed the effect of oral spermidine administration on colitis severity in the T cell transfer colitis model in Rag2~- mice by en-
doscopy, histology and analysis of markers of molecular inflammation. The effects on the intestinal microbiome were determined by 16S rDNA
sequencing of mouse faeces. The impact on intestinal barrier integrity was evaluated in co-cultures of patient-derived macrophages with intes-
tinal epithelial cells.

Results: Spermidine administration protected mice from intestinal inflammation in a dose-dependent manner. While T helper cell subsets re-
mained unaffected, spermidine promoted anti-inflammatory macrophages and prevented the microbiome shift from Firmicutes and Bacteroides
to Proteobacteria, maintaining a healthy gut microbiome. Consistent with spermidine as a potent activator of the anti-inflammatory molecule
protein tyrosine phosphatase non-receptor type 2 [PTPN2], its colitis-protective effect was dependent on PTPN2 in intestinal epithelial cells and
in myeloid cells. The loss of PTPN2 in epithelial and myeloid cells, but not in T cells, abrogated the barrierprotective, anti-inflammatory effect of
spermidine and prevented the anti-inflammatory polarization of macrophages.

Conclusion: Spermidine reduces intestinal inflamsnmation by promoting anti-inflammatory macrophages, maintaining a healthy microbiome and
preserving epithelial barrier integrity in a PTPN2-dependent manner.
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1. Introduction

Spermidine is a polyamine naturally present in all living or-
ganisms. Levels of spermidine in the body depend on en-
dogenous biosynthesis from putrescine and the conversion of
spermine. Spermidine is also produced by intestinal microbes,
and is an integral component of the human diet, with particu-
larly high levels in soybeans, wheat germ and aged cheese.!"
Physiologically, spermidine is essential for cell growth, survival
and proliferation.'? It modulates and enhances autophagy
and has been described to promote longevity.* Furthermore,
it has been shown that spermidine exerts anti-hypertensive
properties in vivo,” provides cardio- and neuroprotective
effects, and stimulates anti-cancer immunosurveillance.?
Several studies have demonstrated that spermidine mediates
anti-inflammatory effects, in particular in sepsis,® lipopoly-
saccharide [LPS]-stimulated microglia,” autoimmune enceph-
alomyelitis,® LPS-treated macrophages, LPS-treated zebrafish
larvae,’ skin inflammation,'* interferon [IFN]-y-stimulated
epithelial cells,'" and in respiratory allergic inflammation,'?
but its mode of action has not been fully elucidated. We have
previously demonstrated protective effects of spermidine
in a mouse model of acute dextran sodium sulphate [DSS]-
induced colitis'® and demonstrated that the protein tyrosine
phosphatase non-receptor type 2 [PTPN2] might be a key
player in mediating the anti-inflammatory effects of spermi-
dine.'>!* Notably, variants in the gene locus encoding PTPN2
confer an increased risk for the development of inflamma-
tory bowel disease [IBD], while silencing PTPN2 in THP-1
monocytes and intestinal epithelial cells [IECs] abrogates the
protective effects of spermidine. Nevertheless, the exact mech-
anisms by which spermidine exerts its anti-inflammatory ef-
fects in intestinal inflammation are still not understood, and
it is unclear whether spermidine can prevent disease in more
relevant, chronic and immune cell-mediated models of IBD.
IBD is a chronic, relapsing inflammatory disorder of the
gastrointestinal tract, classified mainly into Crohn’s disease
[CD] and ulcerative colitis [UC].'!¢ The prevalence of IBD is
increasing worldwide, especially in industrialized, developing
countries, rendering IBD a global disease of the 21* century, af-
fecting nearly 7 million people worldwide.'”!® Epithelial barrier
impairment, excessive immune response and altered intestinal
microbial composition are key events that drive IBD pathogen-
esis.'*?" Although great efforts have been made to understand
the pathogenesis and the complexity of IBD over recent decades,
there is still no cure for IBD. Thus, IBD poses a life-long burden
on patients and often requires treatment for decades. Current
therapeutic options, such as corticosteroids or biologicals, do not
provide a causal treatment approach and are frequently not sus-
tainably effective while exerting severe side effects. Surprisingly,
targeting cytokines involved in the pathogenesis of IBD, such as
IFN-y, interleukin [IL]-17 or IL-13, failed to show significant
clinical improvement in randomized, controlled clinical trials.?'-2*
On the other hand, most commonly used therapeutics such as
anti-tumour necrosis factor [TNF]-a and anti-a4f7-integrin dis-
play great effectiveness in inducing remission, although efficacy
varies significantly between IBD patients,*** and almost half of
all patients eventually lose therapy response during the disease
course.?*?” Therefore, it is undisputed that the development of
safe and more effective therapeutic options is urgently needed.
Here we aimed to investigate the anti-inflammatory poten-
tial of spermidine in preclinical colitis models, explore its thera-
peutic potential and learn about spermidine’s mode of action as
a potential novel therapeutic approach for the treatment of IBD.

A. Niechcial et al.

2. Materials and Methods

2.1. Animal experiments

Wild-type CS57BL/6] mice were obtained from Janvier,
Rag2~~ mice were obtained initially from Taconic and bred
in house, while Rag2-- PTPN2%1 VilCre and Rag2-- PTPN2¥
1 LysMCre mice were generated and bred in-house [described
in detail in Supplementary methods]. For T cell transfer col-
itis, naive T cells were isolated from the spleens of wild-type
mice or in-house bred PTPN2%" CD4Cre mice,*® enriched
using a CD4* T cell isolation kit [Stemcell Technologies]
and sorted by fluorescence-activated cell sorting [FACS]
[BD Aria III cell sorter, BD Bioscience] for CD4*CD62L"
i8hCD44"ovCD25- cells, which subsequently were injected
intraperitoneally [0.5 x 10°¢ cells per mouse] into Rag2~"- re-
cipients. Chronic colitis was induced in C57BL/6] mice by
administration of four cycles of 2% DSS [MP Biomedicals] in
drinking water, each lasting for 7 days, followed by 10 days of
recovery with drinking water. Sterile-filtered spermidine solu-
tion [Sigma Aldrich] was administrated via oral gavage [200
uL of a 44.7 mM solution, equivalent to the amount ingested
when spermidine was supplemented at 3 mM in the drinking
water; pharmacokinetics experiments] or supplied in drinking
water [11.5 uM, 0.3 mM, 3 mM, 10 mM]. All studies were
performed with 8-12-week-old mice receiving either standard
chow or a low polyamine diet [M/R EXP AIN 93M, Granovit
AG] as indicated.

2.2. Spermidine pharmacokinetics

Spermidine content was assessed in serum and faecal samples
of C57BL/6] mice by ultra-performance liquid chromatog-
raphy [UPLC] [as described in the Supplementary methods],
as a collaborative effort at the Swiss Institute of Allergy and
Asthma Research SIAF in Davos. Measurements were per-
formed 15 min, 30 min, 1 h, 2 h, 4 h, 8 h and 24 h after a
single administration of spermidine via oral gavage.

2.3. Assessment of colitis and immune cell
infiltrates

Colonoscopy was performed using a mouse endoscope [Karl
Storz| and evaluated using the murine endoscopic index of
colitis severity [MEICS] according to Becker et al.** For histo-
logical assessment, paraffin-embedded, 5-um sections of the
most distal part of the colon were stained with haematoxylin-
eosin [H&E] according to standard protocols and scored for
epithelial damage and inflammatory infiltration as described.?
For the evaluation of immune cell infiltrates, colonic tissue
was digested, and the immune cells obtained were stained for
flow cytometry analysis [as indicated in the Supplementary
methods]. Immunofluorescence staining was performed on
paraffin-embedded colonic sections for CD3 and Ki67 evalu-
ation [as described in the Supplementary methods].

2.4. Microbiota analysis

For 16S rDNA sequencing, DNA was extracted from the
faeces and sequenced for the V4 region of the 16S rDNA
by Microsynth AG. The QIIME2 pipeline was used for data
analysis.’! After initial quality assessment, DAAD2 was used
to merge the paired reads and denoise them, selecting a fea-
ture depth of 8000. The alpha rarefaction module in QIIME2
was used to ensure that sufficient depth was obtained to
capture most of the features. Alpha and beta diversity were
calculated using the core-metrics-phylogenetic module. For
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analysis of alpha diversity, the Faith’s phylogenetic matrix
was used to compute the richness and incorporate the fea-
tures’ phylogenetic relationships. For beta diversity, a
weighted UniFrac distance matrix was used to quantify the
dissimilarity between communities. Principal coordinate ana-
lysis [PCoA] was used for better visualization of beta diver-
sity. The pre-trained Naive Bayes silva-132-99-nb-classifier
trained against Silva [release 132] full-length sequences was
applied to explore the taxonomic composition. The taxa-bar
plot module was used for visualization of the different taxo-
nomic compositions.

2.5. Co-culture experiments

IEC-macrophage co-cultures were performed as described
previously.?? In brief, 500 000 CaCo-2 cells wild-type for
PTPN2 [WT] or knock-down [KD, generated as described3?
were grown for 9 days on transwell inserts [Merck Millipore]
to form a tight epithelial barrier. THP-1 monocytes or CD14+
monocytes, obtained from the blood of IBD patients from the
Swiss Inflammatory Bowel Disease Cohort Study [SIBDCS],
WT or single nucleotide polymorphism [SNP] rs1893217
for PTPN2 [isolated as described previously,*? patient char-
acteristics are summarized in Supplementary Table S1], were
cultured with macrophage colony stimulating factor [M-CSF,
20 ng/mL, Peprotech] for 8 days to differentiate into macro-
phages. CaCo-2-monolayers containing cell culture inserts
were then transferred onto macrophage-containing wells. For
the experiment, LPS [100 ng/mL, InvivoGen], spermidine [100
uM, Sigma Aldrich] or a combination of both was added to
the apical side of the CaCo-2 monolayers, and transepithelial
electrical resistance [TEER] and 4-kDa FITC-dextran [FD4]
translocation were measured after 24 h as described previ-
ously®? and RNA was collected for gene expression analyses
as described.®

2.6. RNA isolation and RT-PCR

Colon tissue was disrupted in Homogenization Solution
[Promega] containing 1-thioglycerol [Promega] using a
gentleMACS Octo Dissociator [Miltenyi Biotec]. Cells were
washed twice with phosphate-buffered saline [PBS],and RNA
isolation was performed using the Maxwell RSC simplyRNA
Tissue Kit [Promega] and the Maxwell RSC Instrument
[Promega] according to the manufacturer’s instructions. RNA
concentration was determined by measuring absorbance at
260 nm using a microplate reader [Synergy H1, BioTek] and
Gene5 V1.11 [BioTek] software. cDNA was synthesized using
the High-Capacity cDNA Reverse Transcription Kit [Thermo
Fisher Scientific] following the manufacturer’s instructions.
Real-time polymerase chain reaction [PCR] was performed
using Tagman Gene Expression Assays and FAST gqPCR
MasterMix for Tagman Assays on a QuantStudio 6 System
[all Thermo Fisher Scientific]. Each sample was measured in
triplicate, mouse Actb was used as endogenous control and
results were analysed by the AACT method.

2.7. Statistical analysis

All data are presented as means = standard deviation [SD].
Statistical analyses were performed using GraphPad Prism
8 [GraphPad Software], with Student’s t-test or analysis
of variance [ANOVA], followed by Tukey post hoc test or
non-parametric Kruskal-Wallis test followed by multiple
comparison test with Benjamini-Hochberg correction. Values
of p below 0.05 were considered significant.
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2.8. Ethical statement

All animal experiments were approved by the local animal
welfare commission [Veterinary Office of the Canton Zurich,
licence number ZH019/2018] and performed according to
Swiss animal welfare legislation. All patients donating blood
for isolation of peripheral blood mononuclear cells signed
an informed consent prior to enrollment in the Swiss IBD
cohort.

3. Results

3.1. Spermidine ameliorates experimental colitis
in a dose-dependent manner

To assess whether spermidine treatment can ameliorate T
cell-mediated colitis and to determine the most effective
dosage, we supplemented drinking water with spermidine
at concentrations of 3 mM, 0.3 mM and 11.5 uM based
on previous reports'? and corresponding to concentrations
used in dietary supplements,’ respectively. Colitis was in-
duced in Rag2~~ mice by transfer of naive T cells from WT
mice. Supplementation of 3 mM and 0.3 mM spermidine in
drinking water protected from T cell-induced colitis, as evi-
denced by reduced weight loss when compared to untreated
mice or mice receiving 11.5 pM spermidine in drinking water
[Figure 1A]. Administration of spermidine at 3 mM clearly
reduced mucosal damage, as evidenced by mouse endoscopy
and reduced MEICS scores [Figure 1B], as well as less severe
signs of inflammation in H&E-stained sections of the ter-
minal colon [Figure 1C]. In contrast, supplementation of 11.5
M spermidine, which corresponds to the level recommended
in food supplements for humans, did not affect colitis severity,
while a concentration of 0.3 mM showed intermediate effects.
Colon length was unaffected by any spermidine treatment
[Figure 1D].

3.2. Spermidine does not have adverse effects
upon extended administration in mice

Next, we assessed potential adverse effects of prolonged
spermidine administration by supplementing the drinking
water of C57BL/6] mice with the most effective spermidine
dose [3 mM, as determined in our previous experiment]| or
with even higher spermidine concentration [10 mM] over a
period of 12 weeks. Serum levels of the liver markers ala-
nine aminotransferase [ALT] and aspartate aminotransferase
[AST], as well as the renal function marker creatinine [CRE],
were not affected in mice after spermidine administration
[Figure 2A]. Histological assessment of colon and kidney
tissue showed no morphological abnormalities after extended
spermidine administration [Figure 2B and C]. Furthermore,
we observed no signs of enhanced proliferation or abnormal
colon growth [Figure 2B]. Interestingly, mice fed with a low
polyamine diet showed moderate lipid accumulation in the
liver, an effect that was reverted upon spermidine supple-
mentation [Figure 2D]. These data indicate that in mice, con-
tinuous administration of 3 mM spermidine in drinking water
is safe and effective in preventing intestinal inflammation and
does not lead to adverse effects upon extended administration.

When evaluating the pharmacokinetics of spermidine
uptake, we observed that spermidine reached the highest
serum concentration within 30 min after administration
and returned to baseline levels within 4 h [Figure 2E],
whereas the highest levels in faeces were observed 4 h
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Figure 1. Administration of spermidine prevents colitis development in a dose-dependent manner. Splenic CD4* CD62L" CD44" CD25- naive T cells

were injected intraperitoneally into Rag2~- immunodeficient mice, and 3 mM, 0.3 mM or 11.5 uM spermidine [SPD] was administered in the drinking

water from the day of the transfer. [A] Weight development, [B] MEICS score and representative images, [C] overall histology score, epithelium score,
infiltration score and representative sections of H&E-stained distal colon tissue, and [D] colon length. *p < .05, **p < .01, ***p < .001.

post-administration, returning to baseline levels after 24 h
[Figure 2E].

3.3. Spermidine has a prominent effect on
myeloid cells and promotes anti-inflammatory
[M2-like] macrophage differentiation

We next aimed to unravel the molecular mechanisms in-
volved in mediating the anti-inflammatory effect of spermi-
dine in the setting of experimental colitis. Thus, we repeated

the transfer colitis experiment with the most effective
spermidine dose [3 mM]. As before, spermidine treatment
prevented disease-associated weight loss [Figure 3A] and
colon shortening [Figure 3B]. Furthermore, spermidine
administration had a drastic effect in ameliorating endo-
scopic and histologic colitis scores [Figure 3D]. In line with
reduced immune cell infiltration into the colonic mucosa,
myeloperoxidase activity within the colonic tissue was
also significantly decreased, indicating lower infiltration/
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received splenic CD4+ CD62L" CD44°~ CD25" naive T cells and normal drinking water [T cells] or drinking water supplemented with 3 mM spermidine
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score and representative images, [D] histology score and representative sections of H&E-stained distal colon, and [E] myeloperoxidase activity [MPQO] in

the colonic tissue. *p < 0.05, **p < 0.01, ***p < 0.001.

activation of myeloid cells [Figure 3E]. Confirming our spermidine alleviates experimental colitis and has no ad-

safety studies described above, spermidine administration  verse effects in control animals.

had no adverse effects in control animals that did not re- To determine the mode of action, we evaluated intestinal
ceive naive T cells [Figure 3A-E]. These data confirm that  immune cell populations by flow cytometry analysis. We
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found that spermidine mediated a significant overall reduc-
tion of CD3* T cells in the colonic lamina propria [Figure
4A], which might result from their reduced proliferation rate
[Figure 4B]. However, no changes were observed in the pro-
portion of CD4* T helper [Th] subsets known to be involved
in the pathogenesis of colitis, such as IFN-y* Th1,IL-17* Th17,
or double-positive [FN-y* IL-17* T cells [Figure 4C, gating in
Supplementary Figure S1A]. In contrast, noteworthy changes
were observed within the myeloid cells: spermidine supple-
mentation resulted in a significant reduction of infiltrating
neutrophils, monocytes and, albeit not significant, dendritic
cells, while the relative proportion of natural killer [NK] cells
was elevated [Figure 4D, gating in strategy Supplementary
Figure S1B]. Most notably, we observed a relative reduc-
tion of macrophages, especially pro-inflammatory, M1-like
macrophages, while anti-inflammatory M2-like macro-
phages were increased in the spermidine-treated mice [Figure
4D]. In line with the flow cytometry data, mRNA expres-
sion of genes coding for the intestinal macrophage markers
F4/80 and CD64 were decreased in the colonic tissue of
spermidine-treated mice that received naive T cells [Figure
4E]. Furthermore, the marked increase in mRNA expression
of the pro-inflammatory macrophage marker gene coding for
iNOS observed upon colitis induction was absent in mice re-
ceiving spermidine [Figure 4E]. In contrast, expression of the
M2-specific marker Mrcl, which encodes CD206 protein,
was increased upon spermidine supplementation. Taken to-
gether, this indicates that spermidine exerts its anti-inflam-
matory effects probably via modulating innate immune cells
and in particular via acting on macrophages, while direct ef-
fects on T cells seemed to play a subordinate role. Following
this observation, we further investigated the effect of spermi-
dine on macrophage polarization in vitro. For this, we po-
larized bone marrow-derived macrophages [into classically
activated [M1] and alternatively activated, anti-inflammatory
[M2] macrophages using [FN-y and LPS or IL-4 and IL-10,
respectively. Spermidine was added during the polarization
period. In line with our iz vivo findings, spermidine admin-
istration significantly decreased mRNA expression of genes
coding for MHCII, CD86 and iNOS in M1 macrophages
and upregulated the expression of CD206. However, in M2
macrophages, there was no effect on the expression of MHCII
and CD206 molecules [Figure 4F].

3.4. Spermidine normalizes intestinal dysbiosis

Our data suggest a prominent role of macrophages in
mediating the anti-inflammatory effect of spermidine in ex-
perimental colitis. Intestinal macrophages control bacterial
infections by acting as the first line of defence against inva-
sive bacterial species.’** In addition, spermidine might dir-
ectly act on certain microbial species. Thus, next, we analysed
the composition of the intestinal microbiota in our mice sub-
jected to T cell transfer colitis. At the end of the experiment,
we collected faecal samples of Rag”- mice without naive T
cell transfer [no T cells], Rag”~ mice without naive T cells
supplemented with spermidine [no T cells + SPD], Rag~ mice
that received naive T cells [T cells], and Rag”- mice that re-
ceived naive T cells and were treated with spermidine [T
cells + SPD]. Faecal DNA was sequenced for the V4 region
of the 16S rDNA. Rarefaction reads based on Faith’s phylo-
genetic diversity [PD] indicated that sequencing depth was
sufficient in each sample to capture alpha diversity [Figure
5A]. Samples from T cells mice showed significantly lower
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bacterial richness and phylogenetic diversity compared to T
cells + SPD mice. Notably, T cells + SPD mice did not differ
from the healthy controls [Figure SA and B]. Moreover,
spermidine alone [no T cells + SPD] did not alter alpha di-
versity in healthy mice. Evaluation of beta diversity based on
weighted Unifrac PCoA revealed that samples from T cells
mice were significantly different from the other three groups
and that T cells + SPD mice clustered closer together with
the healthy control groups [Figure 5C]. Together, our data
demonstrated that spermidine administration prevented the
microbiota shift observed in T cell transfer colitis.

Taxonomic analysis revealed that in healthy mice, Firmicutes
and Bacteroides were the dominant phyla, with Clostridia and
Bacteroidia being the most abundant classes. An increase in the
relative abundance of Verrucomicrobia was the only change
induced by spermidine in healthy control mice. In the T cells
mice, Proteobacteria was the dominant phylum, whereas, on
the class level, we observed a massive increase in the abun-
dance of Gammaproteobacteria. Notably, T cells + SPD mice
showed a similar microbiome composition as healthy mice
[Figure 5D, Supplementary Figure S2A and BJ.

When comparing the microbiota composition in our mice
with taxa known to be altered in IBD patients and which
have been previously used to define intestinal dysbiosis,*
we found that the shift in intestinal microbiota induced by
transfer of naive T cells was similar to the alterations ob-
served in IBD patients. This clearly underlines the relevance
of this colitis model with regard to human IBD. Notably,
the dysbiotic changes were almost completely reverted upon
spermidine administration [Figure SE|, demonstrating a bene-
ficial effect of spermidine on the intestinal microbiota in the
setting of intestinal inflammation.

3.5. Pre-treatment with spermidine does not
prevent colitis development

To determine whether prophylactic spermidine administra-
tion can prevent colitis development, we administrated 3 mM
spermidine in drinking water for three different time periods:
[1] starting on the day of naive T cell transfer [treatment], [2]
for 7 days prior to naive T cell transfer only [pre-treatment] or
[3] for 7 days prior to the transfer and throughout the experi-
ment [continuous| [Supplementary Figure S3A]. The treat-
ment group and the group receiving spermidine continuously
were protected from colitis, as evidenced by reduced weight
loss [Supplementary Figure S3B], lower endoscopic and histo-
logical colitis severity scores [Supplementary Figure S3C and
D], while colon length was not affected [Supplementary Figure
S3E].In contrast, mice of the pre-treatment group did not show
alleviation of colitis symptoms. To confirm the anti-inflamma-
tory effect of spermidine in an independent colitis model, we
applied the chronic DSS colitis model. Administration of 3
mM spermidine in drinking water throughout the experiment
resulted in similar anti-inflammatory effects as observed in
the T cell colitis model [Supplementary Figure S4].

3.6. The protective effect of spermidine depends
on the presence of PTPN2 in intestinal epithelial
cells and myeloid cells

Previous studies have demonstrated that spermidine acti-
vates PTPN2, which is at least partially responsible for its
anti-inflammatory effects in vitro and in vivo.''>* Therefore,
we next investigated whether PTPN2 expression in CD4*
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T cells, intestinal epithelial cells or myelomonocytic cells
[including monocytes, macrophages and granulocytes] is re-
quired for the colitis-protecting effects of spermidine. For
this, we induced T cell transfer colitis in mice either featuring
a cell-specific deletion of PTPN2 in intestinal epithelial cells
[Rag”- PTPN2 VilCre mice], in myelomonocytic cells [Rag™-
PTPN2 LysMCre] or in T cells. In particular, we used the fol-
lowing four conditions: [i] WT naive T cells transferred to
Rag™ mice [PTPN WT controls], [ii] PTPN2 naive T cells
into Rag™” mice [A T cells], [iii] WT naive T cells to Rag™
PTPN2 VilCre mice [Aintestinal epithelial cells—AIEC],
and [iv] WT naive T cells to Rag”- PTPN2 LysMCre mice
[Amonocytic myeloid cells—AMMCs] [Figure 6A]. PTPN2
deletion in the transferred T cells had no impact on the colitis-
protective effect of spermidine, as mice receiving PTPN2 WT
and PTPN2-T cells showed a comparable reduction of colitis
severity upon spermidine administration [Figure 6B and C]J.
In contrast, deletion of PTPN2 in either IECs or MMCs ab-
rogated the protective effect of spermidine [Figure 6B and C].
This clearly demonstrates the important cell-specific role of
PTPN2 in mediating the anti-inflammatory effect of spermi-
dine in colitis. When looking at the T cells within the colonic
lamina propria, we found that spermidine administration did
not have any impact on the abundance of CD3* T cells in any
of the PTPN2 settings [Figure 6D]. Spermidine reduced CD3*
T cells and induced more regulatory CD4* T cells only in WT
mice but not in the PTPN2 knockouts. There was no differ-
ence in the proportions of IFN-vy, and IL-17-producing CD4*
T cells in any of the spermidine-treated mice [Figure 6D]. This
confirms that the main mode of action of spermidine does not
seem to be via modulation of the T cell subsets.

3.7. Spermidine does not promote an anti-
inflammatory phenotype in macrophages of IBD
patients carrying PTPN2 SNP rs1893217

We have thus found that IECs and myeloid cells seem to play a
crucial role in mediating the colitis-alleviating effect of spermi-
dine. We have previously shown that macrophages promote
intestinal epithelial barrier function in a PTPN2-dependent
manner and that this effect is important in preventing in-
testinal inflammation.’> PTPN2-deficient macrophages, or
macrophages on the other hand fail to mediate barrier pro-
tective effects and co-culture of IECs with PTPN2-deficient
macrophages results in reduced TEER and increased perme-
ability to FD4.32 Thus, to investigate the impact of spermidine
on the interplay between macrophages, intestinal epithelial
cells, bacteria-derived factors and PTPN2, we performed in
vitro co-culture experiments. We co-cultured human CaCo-2
IECs with monocyte-derived macrophages from IBD pa-
tients either expressing PTPN2 [wild type, PTPN2 WT] or
carrying the IBD-associated PTPN2 variant SNP rs1893217
[PTPN2 SNP] in the presence of spermidine and/or bacterial
LPS [Figure 7A]. As observed previously, the barrier func-
tion of IECs co-cultured with PTPN2-deficient macrophages
was reduced when compared to those co-cultured with WT
macrophages, resulting in decreased TEER and elevated FD4
translocation [Figure 7B, Supplementary Figure S5B]. LPS
treatment resulted in epithelial barrier defects, as observed by
reduced TEER and increased FD4 translocation in CaCo-2
cells, regardless of the presence of the variant SNP rs1893217
in the macrophages. Notably, the addition of spermidine pre-
vented epithelial barrier disruption. However, this was only
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observed when the epithelial cells were co-cultured with
PTPN2 WT macrophages but not with PTPN2 SNP macro-
phages [Figure 7B, Supplementary Figure S5A]. Spermidine
treatment alone had no impact on epithelial barrier integrity
in any of the set-ups [Figure 7B, Supplementary Figure SSA].
Moreover, spermidine suppressed the LPS-induced increase
of TNF and IL6 mRNA expression in epithelial cells only
when co-cultured with PTPN2 WT macrophages [Figure 7C]J.
LPS treatment promoted IL10 expression in IECs, an effect
on which spermidine had no impact regardless of the PTPN2
genotype in macrophages [Supplementary Figure S5B]. In
PTPN2 WT macrophages, spermidine treatment reduced LPS-
induced expression of CD86, TNF and IL6, all of which are
genes associated with polarization into M 1-like macrophages,
while it increased the expression of the M2-type-associated
genes CD163 and MRC1 [Figure 7D]. These effects were ab-
sent in PTPN2 SNP cells, indicating that expression of PTPN2
in macrophages is required to mediate the anti-inflamma-
tory effects of spermidine. mRNA levels of genes coding for
IL-10 and transforming growth factor [TGF]-f were not
significantly affected by spermidine treatment in any of the
co-culture setups [Supplementary Figure S5C].

3.8. Effects of spermidine on macrophage
polarization depend on PTPN2 expression in IECs

Having shown the importance of the presence of PTPN2 in
macrophages for epithelial barrier integrity and anti-inflamma-
tory effects, we further investigated the impact of PTPN2 expres-
sion in IECs. Human THP-1 monocyte-derived macrophages
were co-cultured with CaCo-2 cells expressing PTPN2-specific
small hairpin [sh]RNA [PTPN2 KD—knock-down] or non-
targeting control shRNA [PTPN2 WT] in the presence of LPS
and/or spermidine [Supplementary Figure S6A]. Again, LPS in-
duced a disruption of the epithelial barrier, as evidenced by a de-
creased TEER in both PTPN2 WT and PTPN2 KD cells. Notably,
spermidine prevented a reduction of TEER and increased FD4
flux only in CaCo-2 cells expressing control shRNA but not
in those expressing PTPN2-shRNA [Supplementary Figure S6B
and C]. Moreover, LPS-induced expression of TNF was signifi-
cantly decreased upon spermidine treatment in IECs, an effect
independent of PTPN2. In contrast, the spermidine-mediated re-
duction of IL-6 was PTPN2-dependent [Supplementary Figure
S6D]. There was no clear change in the expression of IL-10 in
any of the settings, and spermidine itself did not have an impact
on mRNA expression of TNF or IL6 genes [Supplementary
Figure S6D]. When looking at THP-1-derived macrophages, we
found that LPS promoted an increase in the mRNA expression
levels of CD86 and a reduction of CD163 and MRC1, while
addition of spermidine abrogated these effects [Supplementary
Figure S6E]. Interestingly, spermidine alone enhanced the ex-
pression of CD163, MRC1, IL.10 and TGFB1 [Supplementary
Figure S6E], indicating a direct anti-inflammatory M2-like
macrophage-promoting effect. Moreover, the LPS-mediated in-
creased expression of TNF and IL6 was reverted upon spermi-
dine supplementation [Supplementary Figure S6E]. Notably, all
these effects in THP-1 macrophages required the expression of
PTPN2 in epithelial cells.

4. Discussion

Our results indicate a strong anti-inflammatory and thera-
peutic potential of spermidine in the setting of intestinal in-
flammation. Anti-inflammatory effects of spermidine were

20z Alenuer og uo Jesn younz yaujoljaigienusz / younz Axeiqr] Aysieniun AQ 2655602/6811/6/L1/01014€/90-0908/w00"dNoolBpEdE//:Sd)lY WOIj PapeojumoQ



Spermidine Prevents Inflammatory Macrophages and Dysbiosis

A

MEICS score

RAG™” PTPN2 wild type

PTPN2 wild type
naive T cells

PTPN2 WT

PTPN2 WT

AT cells

RAG™ PTPN2 wild type

PTPN2"

naive T cells

‘&
l’)

ATEC

AT cells

A MMC

@)

AT cells

AIEC

A MMC

o
5
g _
2
o0
=}
E
==
D
CD3*
PTPN2 WT AT cells AIEC A MMC
1009 —= :
i gl i .
2 807 Wi+ : . S
6 -v = B 8
£ 60 1 3 e s
= * ] ; 2
s 401 i P %
. : : " %
2 20 : ; g
O H i
- SPD - SPD - SPD - SPD
IFNy
PTPN2 WT AT cells ATEC A MMC
80 ; j :
s : [ o B
a 60 4 | - 2
] y i ; T o
- P~ H H -
o By a ! oS =
g 20 % | P 0
= . o® | . . =
+r—-—-———
- SPD - SPD - SPD - SPD

RAG™ PTPN2 VilCre

PTPN2 wild type
naive T cells

b7

L .
2 =
(9

60

20

15

(IEC)

PTPN2 WT

PTPN2 WT

+SPD|

RAG™ PTPN2 LysMCre

PTPN2 wild type
naive T cells

AT cells

AT cells

Regulatory T cells

PTPN2 WT AT cells

s

AIEC

A intestinal epithelial cells A monocytic myeloid cells

(MMC)

AIEC

A MMC

IL-17"

PTPN2 WT AT cells

L

ATEC

A MMC

1499

Figure 6. Expression of PTPN2 in intestinal epithelial cells and monocytic myeloid cells is essential for the colitis-protective effect of spermidine. Rag~-

mice received naive CD4* T cells expressing PTPN2 [PTPN2 WT], or naive CD4* T cells lacking PTPN2 [AT cells], Rag~~ mice lacking PTPN2 in IECs

received naive CD4* T cells [AIEC], and Rag~- mice lacking PTPN2 in MMC received naive CD4* T cells [AMMC]. Mice received drinking water without/
with spermidine [3 mM, SPD] throughout the experiment. [A] Experimental set-up, [B] MEICS score and representative images, [C] histology score and
representative sections of H&E-stained distal colon tissue, and [D] relative abundance of CD3* T cells, regulatory CD4* T cells, IFN-y-producing CD4+ T

cells and IL=17-producing CD4+* T cells measured by flow cytometry. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 7. Spermidine treatment does not promote M2-like differentiation in macrophages from IBD patients carrying PTPN2 SNP rs1893217. Human
CaCo-2 intestinal epithelial cells [IECs] were co-cultured with monocyte-derived macrophages from IBD patients wild type for PTPN2 [PTPN2 WT] or
carrying the PTPN2 variant [PTPN2 SNP rs1893217] in the presence of LPS [100 ng/mL] and/or spermidine [SPD, 100 uM]. [A] Experimental set-up, [B]
epithelial barrier function measured by TEER at 24 h and FD4 flux, [C] mRNA expression of TNF and /L6 in IECa, and [D] mRNA expression of CD86,

TNF, IL6, CD163 and MRCT in macrophages. **p < 0.01, ***p < 0.001.

also recently reported in the T cell transfer colitis model by
Carriche et al.,** DSS-induced colitis by Gobert et al.,* and
in DSS- and TNBS-induced colitis by Ma et al.** Our current
results show that the anti-inflammatory effect of spermidine
is dose-dependent, and that the colitis-protective effect was
not achieved in mice receiving spermidine doses equivalent to
those currently proposed as dietary supplements for humans.
These findings demonstrate that the dosage used in food sup-
plements is not sufficient to reduce intestinal inflammation
and that higher doses are required to achieve therapeutic

effects. Interestingly, prolonged or high-dose administra-
tion of spermidine did not show any adverse effects in mice,
indicating that administration of spermidine at a wide range
of concentrations is safe. Schwarz et al. also confirmed the
safety of spermidine administration by showing that no
tumorigenesis or fibrosis was observed in mice receiving
a spermidine-rich plant extract and in a human study with
compliance rates of 85%, indicating excellent tolerability.*
When exploring the effects of spermidine on the immune
landscape in the intestine, we observed that treatment with
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spermidine reduced the abundance of CD3* T cells, an effect
probably due to their reduced proliferation upon spermidine
administration. However, this effect seemed to encompass
all Th cell subsets since we did not observe any differences
in the proportions of Th subsets, i.e. Th1 and Th17 T cells,
which are known drivers of IBD pathogenesis and are critical
for the development of colitis in the adoptive T cell transfer
model.* Carriche et al. previously showed that spermidine
does not affect IL-17-producing T cells in vitro or in vivo in
the T cell transfer colitis model.** Moreover, they reported
that spermidine treatment increases the abundance of Foxp3*
regulatory T cells, which are known to promote homeostasis
by inducing tolerance and by suppressing macrophages and
dendritic cells. In line with this idea, we found increased
numbers of these cells in spermidine-treated colitis mice. In
addition, we saw prominent changes in myeloid cells, which
have never been addressed in any previous study. In par-
ticular, we found that the relative abundance of M1-like pro-
inflammatory macrophages was decreased, while M2-like
anti-inflammatory macrophages were induced in spermidine-
treated mice. This change correlated with decreased mRNA
expression of the M1-associated gene coding for iNOS and
upregulated expression of M2-specific CD206. Furthermore,
in bone marrow-derived M1-polarized macrophages, the ad-
ministration of spermidine decreased the mRNA expression
of genes associated with a pro-inflammatory, M1-like pheno-
type, such as for MHCIIL, CD86 and iNOS, while increasing
CD206, suggesting that spermidine directly affects macro-
phage polarization and promotes anti-inflammatory macro-
phages. This is in line with a report by Liu et al., showing
that spermidine induces M2 polarization and that spermi-
dine pre-treated bone marrow-derived macrophages ameli-
orate acute DSS-induced colitis.*’

Macrophages play a key role in maintaining intestinal
homeostasis and essentially interact with the intestinal
microbiome. They play a crucial role in preventing the
overgrowth of potentially pathogenic bacteria and intes-
tinal dysbiosis, a key feature observed in IBD patients.?
Our 16S sequencing data showed that the microbiota in
mice subjected to T cell transfer colitis closely resembled
the dysbiotic changes described in IBD patients. This in-
dicates that this model is well suited to mimic microbial
changes observed in IBD and to investigate the effect of
therapeutic agents on IBD-associated dysbiosis. Notably,
spermidine administration protected mice from dysbiosis.
It prevented the shift from a Clostridia- and Bacteroidia-
dominated microbiome towards a microbiome with over-
growth of pathogenic Gammaproteobacteria, Escherichia
and Shigella, as well as the genera Enterococcus and
Helicobacter, which is often observed in IBD patients®” as
well as in our T cell transfer colitis model. To our know-
ledge, our study for the first time provides evidence that
spermidine beneficially affects the gut microbiome profile
in the context of colitis. Yet, it remains unclear whether
spermidine alleviates colitis by affecting the intestinal
microbiome directly, or whether the maintenance of a
beneficial microbiome is the result of the effects on immune
cells and epithelial barrier integrity.

It is worth mentioning that spermidine has enzyme-
modulating functions and has been demonstrated to dir-
ectly activate PTPN2.4* PTPN2 regulates intestinal
epithelial barrier and immune cell functions**° in wvitro
and in vivo,’"*? and PTPN2 dysfunction has been linked
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to an elevated risk of developing IBD.*3 We have previously
shown that in THP-1 monocytes, the anti-inflammatory ef-
fects of spermidine were PTPN2-dependent,'s and Penrose
et al. demonstrated that spermidine protects from IFN-y-
induced epithelial barrier defects in a PTPN2-dependent
manner.'" Here we demonstrate that the lack of PTPN2 in
CD4* T cells does not affect the colitis-protective properties
of spermidine in the T cell transfer model, while the pres-
ence of PTPN2 in intestinal epithelial cells and monocytic
myeloid cells was critical for disease prevention. These find-
ings clearly demonstrate a significant role of PTPN2 for the
anti-inflammatory effects of spermidine in the setting of in-
testinal inflammation.

Our co-culture experiments further confirmed the import-
ance of a normal interaction between intestinal epithelial
cells and macrophages and the significance of PTPN2 for
the anti-inflammatory effects of spermidine. The bacterial
cell wall component LPS reduced epithelial barrier integrity
and promoted the expression of TNF and IL-6 in epithelial
cells and macrophages co-cultured with LPS-treated epithelial
cells, leading to their polarization into a pro-inflammatory
phenotype. Spermidine treatment prevented epithelial bar-
rier disruption, reversed the LPS-mediated expression of
pro-inflammatory cytokines in IECs and macrophages, and
promoted an anti-inflammatory, M2-like macrophage pheno-
type. However, these effects were only present when PTPN2
was functional in epithelial cells and macrophages, clearly
demonstrating the PTPN2 dependence of the beneficial ef-
fects of spermidine on barrier integrity. This suggests that
spermidine-induced PTPN2 activation can prevent barrier de-
fects induced by microbial products. It has been demonstrated
that PTPN2 negatively regulates pro-inflammatory signalling
cascades induced by IL-6, and thus its activation might pro-
mote a non-inflammatory environment upon spermidine add-
ition. Together with the beneficial effect of spermidine on
the intestinal microbiota, the PTPN2-dependent anti-inflam-
matory effects seem to be required to mediate its colitis-
protective effects.

In conclusion, our data confirm the colitis-protective and
anti-inflammatory properties of spermidine and demonstrate
that these effects are mediated by PTPN2 in intestinal epi-
thelial cells and monocytic myeloid cells. Our data further
suggest that spermidine acts in multiple ways by promoting
anti-inflammatory macrophages, maintaining a healthy gut
microbiome, and preserving epithelial barrier integrity. These
three components heavily influence each other and collectively
maintain intestinal homeostasis. By positively influencing
these factors in the absence of overt negative effects, spermi-
dine administration might represent a promising novel thera-
peutic strategy for the treatment of IBD.
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