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ARTICLE INFO ABSTRACT

Keywords: Inflammatory bowel disease (IBD) is a multifaceted disease characterised by compromised integrity of the

Galectin epithelial barrier, the gut microbiome, and mucosal inflammation. While leukocyte recruitment and infiltration

IBD into intestinal tissue are well-studied and targeted in clinical practice, the role of galectins in modulating mucosal

xonocy}tle immunity remains underexplored. Galectins, a family of lectin-binding proteins, mediate critical interactions

T iglo phage between immune cells and the intestinal epithelium. This study investigated the effect of endogenous Galectin-9
(Gal-9), as well as the combined effects with Galectin-3 (Gal-3), in modulating disease progression in murine
models of colitis, using global knockout (KO) models for Gal-3, Gal-9, and Gal-3/Gal-9. Global deficiency in both
galectins demonstrated improved disease parameters in Dextran sodium sulfate (DSS)-driven colitis. In contrast,
in a model of adoptive T cell driven colitis, the addition of recombinant Gal-9 (rGal-9) was associated with
reduced intestinal inflammation and an improvement in disease parameters. Further in vitro studies revealed no
change in bone marrow-derived macrophage cytokine production in the absence of endogenous Gal-9, whereas
the addition of rGal-9 to human macrophages stimulated pro-inflammatory cytokine production. Collectively,
these findings demonstrate that Gal-9 plays distinct, context-dependent effects in intestinal inflammation, with
both pro-inflammatory and anti-inflammatory effects. The contrasting functions of endogenous and exogenous
Gal-9 underscore its complex involvement in IBD pathogenesis and highlight the need to differentiate its
physiological function from therapeutic applications.

1. Introduction epithelial barrier, the microbiome, and its mucosal immune cells, which

are maintained by an intricate network of immune signalling events
The holistic health of the gut is characterised by the integrity of the involved in removing harmful pathogens without triggering host cell

Abbreviations: BMDM, Bone marrow derived macrophage; CRD, Carbohydrate-rich domains; CD, Crohns disease; DA, Disease activity; DAL, Disease activity index;
DAMPs, Damage-associated molecular patterns; DSS, Dextran Sodium Sulfate; Gal-3, Galectin-3; Gal-9, Galectin-9; IBD, Inflammatory bowel disease; IEB, Intestinal
epithelial barrier; KO, Knockout; MCSF, Macrophage-colony stimulating factor; MDM, Monocyte-derived macrophages; PAMPs, Pattern-associated molecular pat-
terns; RGal-9, Recombinant Gal-9; RGal-3, Recombinant Gal-3; Th, T helper cells; TNBS, 2,4,6-trinitrobenzene sulfonic acid; Treg, Regulatory T cell; UC, Ulcerative
colitis; WT, Wildtype.

* This article is co-authored by a Consulting Editor. According to our policy the article has been handled by another editor independently, with the authors being
blind to the whole process

* Corresponding authors.

** Corresponding author at: Department of Cardiovascular Sciences (CVS), College of Medicine and Health, University of Birmingham, Birmingham B15 2TT, UK.

E-mail addresses: francesco.maione@unina.it (F. Maione), daniel.regan-komito@roche.com (D. Regan-Komito), a.j.igbal@bham.ac.uk (A.J. Igbal).

! These authors share first authorship.
2 These authors share senior authorship.

https://doi.org/10.1016/j.biopha.2025.117902

Received 2 September 2024; Received in revised form 17 January 2025; Accepted 5 February 2025

Available online 13 February 2025

0753-3322/© 2025 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0003-2280-4299
https://orcid.org/0000-0003-2280-4299
https://orcid.org/0000-0002-3224-3651
https://orcid.org/0000-0002-3224-3651
mailto:francesco.maione@unina.it
mailto:daniel.regan-komito@roche.com
mailto:a.j.iqbal@bham.ac.uk
www.sciencedirect.com/science/journal/07533322
https://www.elsevier.com/locate/biopha
https://doi.org/10.1016/j.biopha.2025.117902
https://doi.org/10.1016/j.biopha.2025.117902
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biopha.2025.117902&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Tull et al.

damage or persistent inflammation [1,2]. With the majority of human
immune cells located within the gut, recruitment of circulating leuko-
cytes, and subsequent infiltration, is a critical component in regulating
intestinal homeostasis. Since this response is self-limiting during epi-
sodes of acute inflammation, unresolved and dysregulated leukocyte
infiltration remains central to the pathogenesis of chronic inflammatory
conditions, such as IBD [1,3,4]. Hence, factors which modulate leuko-
cyte function and recruitment are desirable therapeutic targets for pa-
tients with IBD, including ulcerative colitis (UC) and Crohn’s Disease
(CD).

Lectins are amongst the key endogenous mediators involved in
leukocyte trafficking to the intestinal mucosa and are regulated by host
environment, inflammation and metabolism [5,6]. Aberrations to
glycan interactions, can lead to altered mucosal immunity which is
implicated in the pathogenesis of IBD [7-9]. Galectins, a family of
p-galactoside-binding proteins, have been identified as key modulators
of immune cell function both during homeostatic and inflammatory
states, where they influence chemokine production, apoptosis, cell
adhesion, and chemotaxis [1,10]. Their ability to promote cross-linking,
reorganisation, and clustering of the glycosylated receptors resulting in
increased control over immune cell activation and signalling. This is
second to their extensive immunomodulatory capabilities via their
control over innate and adaptive immune cell activation and matura-
tion, as well as cytokine receptor expression [1,11,12].

Specifically, in IBD patients, altered expression of galectins within
the gastrointestinal tract and in serum has been reported. Gal-1 and Gal-
3 serum levels have been shown to be elevated in IBD patients compared
to healthy controls [13]. In contrast, other members of the galectin
family, specifically Gal-9 have emerged as a significant player in im-
mune regulation and suppression. As a member of the tandem repeats
galectin family, Gal-9 consists of a single polypeptide chain with two
unique carbohydrate recognition domains CRD linked by a small peptide
[5,10]. Widely expressed across multiple tissue types and species, the
expression of Gal-9, specifically in the mucosa, is observed on the
epithelial cells of the small and large intestine [14]. Gal-9 has been
shown to exhibit both pro-inflammatory and anti-inflammatory effects
in varying contexts of disease [10,15]. Studies looking at human sera,
and supernatants from epithelial cells display increased levels of Gal-9
during infection and inflammation [16,17]. A protective effect for
Gal-9 has also been implicated whereby global deletion of endogenous
Gal-9 showed increased sensitivity to chemically induced colitis and
multiple models of epithelial injury. Similarly, in humans, increased
levels of Gal-9 were associated with enhanced intestinal crypt regener-
ation in patient biopsies, suggesting a conserved mechanism [18].
Additionally, exogenous Gal-9 can induce apoptosis in Thl and Th17
cells, both of which are subsets known to contribute to the inflammatory
milieu and pathogenesis in inflammatory diseases such as IBD and
rheumatoid arthritis (RA) [1, 19-21]. Further studies have demon-
strated the ability of exogenous Gal-9 to promote inflammatory resolu-
tion through the expansion of regulatory T cell (Treg) populations,
promoting immune tolerance and reduced inflammation [10,19,22].
Gal-3, on the other hand, is the only member of the chimera-type clas-
sification, which consists of a C-terminal CRD and a large non-lectin
N-terminal domain, and can engage with enteric bacteria and impact
their colonisation [5]. Studies have indicated that Gal-3 exhibits a pre-
dominantly pro-inflammatory effect on intestinal inflammation driven
by activation of the NLRP3 inflammasome and IL-1f production [23].

Dysregulation in T-cell responses is widely recognised in IBD patients
with distinct patterns of immune cell recruitment reported in both UC
and CD [24]. Historically, it was presumed that both could be clearly
defined by the specific recruitment of T helper cells (Th), where
increased activation of mucosal Thl and/or Th17 cells were noted in
patients with CD, whereas the gut of UC patients remained partial to Th2
recruitment [25,26]. However, emerging evidence indicates that this
distinction is more complex than previously understood [27]. Since Th
cells are responsible for the downstream recruitment of B-cells, T-cells,
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and macrophages, their potential influence via galectin activity remains
an active area of interest [25]. With their effects not restricted only to T
cells, galectin activity and its behavioural changes to macrophages have
also been explored. Excessive infiltration of macrophages into inflamed
mucosa marks a characteristic feature of IBD [28-30].Studies with
peritoneal macrophages indicate that macrophages which lack Gal-3
display reduced phagocytic capacity of apoptotic cells, compared to
wildtype (WT) macrophages, resulting in delayed inflammatory reso-
lution [10]. Whereas Gal-9 has been shown to promote an M2
anti-inflammatory macrophage phenotype in human macrophages [31].
Building on the critical functions of galectins in regulating immune
responses and maintaining intestinal homeostasis, this study in-
vestigates the effects of galectins in regulating immune responses and
maintaining intestinal homeostasis, with a focus on the specific func-
tions of Gal-3 and Gal-9 in IBD. Using murine models of colitis and in
vitro macrophage activation assays, we aim to uncover the effects of
these galectins in both regulating and driving inflammation. By
exploring their influence on T-cell responses, macrophage activity, and
epithelial repair in IBD, this study seeks to identify novel therapeutic
approaches to tackle the critical challenges posed by UC and CD.

2. Methods
2.1. Animals

All animal care and experimental procedures complied with report-
ing of in vivo experiments (ARRIVE) guidelines, international and na-
tional law and policies and were approved (Authorisation number: 533/
2021-PR) by the Italian Ministry of Health (EU Directive 2010/63/EU
for animal experiments, and the Basel declaration including the 3Rs
concept). Male BALB/c and immunodeficient RAG1 KO were purchased
respectively from Charles River (Milan, Italy) and Jackson Laboratories
(Bar Harbon, USA). Galectin-9 knockout mice (Gal-9 KO) B6(FVB)-
1gals9™1%¢/Mmucd, RRID:MMRRC_031,952-UCD, were obtained
from the Mutant Mouse Resource and Research Center (MMRRC) at
University of California at Davis, an NIH-funded strain repository, and
was donated to the MMRRC by Jim Paulson, Ph.D., The Scripps Research
Institute. Gal-3 KO mice were purchased from Charles River, UK. Ani-
mals were housed under specific pathogen-free conditions in ventilated
cages under controlled temperature and humidity, on a 12 h light/dark
cycle and allowed ad libitum access to standard laboratory chow diet and
sterile water. Experimental study groups were randomized, and their
assessments were carried out by researchers blinded to the treatment
groups.

2.2. DSS-induced colitis model

DSS colitis experiments were performed at Fidelta Ltd., Croatia.
Animals were transferred to Fidelta Ltd and were allowed 2 weeks to
acclimatise before the experiment began. Murine DSS-induced colitis
was induced by administration of 3 % DSS in drinking water daily for 7
days in WT, Gal-9 KO, Gal-3KO, and Gal-9/Gal-3 double KO mice, whilst
the control group received water only. In some experiments Gal-3
(50 pg) or —9 (50 pg) were administered daily (total of 7 days) intra-
peritoneal to WT mice. In-life surrogate markers of intestinal inflam-
mation were recorded for each mice group immediately prior to DSS
treatment and daily for 7 days post DSS administration. Daily body
weight was recorded and used to calculate percentage change in body
weight over time. Stool consistency and colorectal blood were also
recorded. Disease activity index (DAI) scores were calculated using body
weight change score, stool consistency score, and colorectal bleeding
score. These parameters were given a severity score, ranging from 0 to 4.
A sum of these three scores produced a disease activity (DA) index score,
ranging from 0 to 12.
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2.3. T-cell transfer model of colitis

T cell transfer colitis experiments were performed at Epistem Ltd, U.
K or University of Naples Federico II, Italy . Adoptive transfer of
CD41CD45RBM8™ T cells (naive T cells) from healthy donor mice (BALB/
c) into RAG1 KO recipient mice induced colitis approximately 4-7 weeks
following the T cell transfer. Histopathological inspection of the colon
from mice with active disease reveals similar pathology findings in IBD
patients [32,33]. CD4" T cell subsets were isolated from the spleen of
BALB/c mice as described previously [34]. Briefly, a single-cell sus-
pension was prepared, smashing spleens through a 40 pm cell strainer
and lysing red blood cells with ACK buffer [35]. CD4™" T cells were first
isolated using the anti-CD4 (L3T4)-MACS system (Miltenyi Biotec,
Germany) according to the manufacturer’s instructions. Enriched CD4"
T cells (96-97 % pure) were then labelled with CD4 (1 pg ml’l; clone
RM4-5, c.n.: 17-0042-82), CD25 (1 pg ml’l; clone 7D4, c.n.: 558642)
and CD45RB (2.5 pg ml‘l; clone 16 A, c.n.: 553100) antibodies (all from
BD Biosciences) for 20 min at 4 °C. CD4"CD25 CD45RB"#" cells frac-
tion was purified, under sterile conditions, using a FACS Aria Fusion cell
sorter (BD Biosciences, California, USA) [36,37]. The purity of cell iso-
lates was confirmed by flow cytometry analysis. The CD45RB"&" and
CD45RB'*Y populations were defined as the brightest staining 40-60 %,
and the dullest staining 15-20 % CD4 " T cells, respectively [34,38,39].
Thereafter, each recipient mouse was injected intraperitoneally (i.p.)
with 0.5 x 10° naive colitogenic T cells in 500 pl of sterile PBS [40,41]
and the body weight was monitored three times weekly for 7 weeks,
according to the procedures previously described [38,39,42]. Purified
cells were injected into WT or Gal-9 KO Rag"/”) recipient mice with or
without Gal-9 supplementation (3 pg/ml day 1, 3 & 5, intraperitoneal).
In-life markers of intestinal inflammation were assessed in Rag®””) mice
from each group on days 0-7 following adoptive transfer of donor CD4 "
T cells. In-life markers included body weight and % faecal water content.
Ex-vivo tissue markers of inflammation measured at the end of the study,
including evaluated colonic length, and overall clinical scores. All
qualitative assessments of inflammation were performed blind.

2.4. Clinical observation and intestinal permeability assay

All mice were observed for clinical signs and, at autopsy, the clinical
score was assessed by three investigators who were blinded to the
experimental conditions. Clinical score was assessed by the sum of three
parameters as follows: hunching and wasting, 0 or 1; colon thickening
and/or inflammation score (0, no colon thickening and/or no inflam-
mation; 1, mild thickening and/or local hyperaemia without ulceration;
2, moderate thickening and/or ulceration without hyperaemia; 3,
extensive thickening and/or one or more sites of ulceration and
inflammation); and stool consistency score (0, normal beaded stool; 1,
soft stool; 2, diarrhoea; 3, bloody stool) accordingly to previous studies
[37,43]. For intestinal permeability assay, mice were denied access to
food but allowed water for 3 hrs before gavage with 0.2 ml of PBS (pH
7.49) containing 22 mg/ml permeability tracer dextran (c.n.: 4013,
Chondrex, Inc., Woodinville, USA). Blood samples were obtained by an
intracardiac puncture after 3 hrs and centrifugated (1000 g, at 4 °C) for
20 mins. For use as measurement, harvested sera (light protected),
mixed with an equal volume of PBS, freshly prepared standards as well
as blanks (PBS and diluted sera from untreated animals) were trans-
ferred to a black 96-well microplate. Analysis of dextran was carried out
with a fluorescence spectrophotometer (GloMax® Explorer microplate
reader, Promega) using excitation wavelengths of 490 nm and emission
wavelengths of 520 nm [39].

2.5. Murine bone marrow derived macrophage (BMDM) isolation and
stimulation

Cells from murine bone marrow were extracted from tibiae and fe-
murs of WT and Gal-9 KO mice (C57BL/6) (5 mice per group). Isolated
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cells were cultured in RPMI 1640 (Gibco) supplemented 2 mM L-
glutamine, 10 % heat-inactivated fetal bovine serum (FBS), 1 %
penicillin-streptomycin (100 U/ml penicillin, 100 pg/ml streptomycin)
and 50 ng/ml macrophage-colony stimulating factor (MCSF) for 5 days
in 100 mm x 20 mm cell culture-treated petri dishes (Corning) at 37 °C in
5 % CO2. On day 6, BMDMs were gently lifted from petri dishes using cell
dissociation buffer (Gibco) at 37 °C for 20 mins. Harvested cells were re-
seeded into 12 well tissue-culture treated plates (Corning) in media
containing RPMI 1640 and 1 % penicillin-streptomycin at a density of
1 x 10° cells per well [44]. BMDMs were stimulated on day 7 with either
LPS (100 ng/ml)/IFN (20 ng/ml) Polyl:C (25 pg/ml) and zymosan
10 pg/ml for 16 hrs and the resulting supernatants were collected and
measured for cytokine release via ELISA or proteome profile arrays.

2.6. ELISA

Cytokine release from BMDM cell culture supernatants were
measured for IL-6, TNFa, and IL-10 using Quantikine ELISA assays (R&D
systems) according to manufacturer’s instructions.

2.7. Proteome microarray

Cell culture supernatants from BMDMs were pooled together for
multiplex analysis of a range of 36 cytokines using a pre-set proteomic
profiler human microarray according to manufacturer’s instructions
(R&D systems).

2.8. Luminex

Cytokine levels in cell culture supernatants from human monocyte-
derived macrophages were measured via Luminex.

2.9. Human monocyte-derived macrophage culture and stimulation

Frozen CD14" monocytes were brought up into culture (RPMI 1640,
10 % FBS, 50 ng/ml MCSF) for 5 days and differentiated in 100 ng/ml
MCSF (Peprotech). At day 5 differentiated macrophages were harvested
and seeded into 96 well tissue-culture treated plates at a seeding density
of 5 x 10* cells per well. The following day macrophages were pre-
treated for 20 mins with varying concentrations of Gal-3 and Gal-9 (0,
10, 30, 100, 300 nM) in the presence or absence of LPS (100 ng/ml).
Culture supernatants were harvested after 16 hrs and analysed for
cytokine levels via Luminex.

2.10. Statistical analysis

Statistical analysis complies with the international recommendations
on experimental design and analysis in pharmacology and data sharing
and presentation in preclinical pharmacology. Data are presented as
mean + S.D. Normality was tested prior to analysis with one or two-way
ANOVA followed by Bonferroni’s or Dunnett’s for multiple comparisons,
where P < 0.05 was deemed significant. GraphPad Prism 9.0 software
(San Diego, CA, USA) was used for analysis. For in vivo studies, animal
weight was used for randomization and group allocation to reduce un-
wanted sources of variations by data normalization. No animals and
related ex vivo samples were excluded from the analysis. The study was
carried out to generate groups of equal size (n = 6 of independent
values) using randomization and blinded analysis.

3. Results

3.1. Systemic Gal-9 and Gal-3 deficiency were associated with a
reduction in in-life surrogate markers of intestinal inflammation

Initially, we sought to investigate the effect of endogenous Gal-9 and
Gal-3 deficiency in a model of acute intestinal inflammation. For this
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C57BL/6 WT, Gal-9 KO, Gal-3 KO and combined Gal-9 and Gal-3 KO
mice were subjected to Dextran Sodium Sulfate (DSS) induced colitis
causing severe intestinal inflammation driven by epithelial cell damage
(Fig. 1A). Effects of Gal-9 or Gal-3 deficiency were assessed for the
following disease-associated parameters, including body weight, stool
consistency, faecal blood scores (indicative of colonic bleeding) and DAI
scores. Body weight decreased in all DSS-treated groups whilst
remaining stable in untreated WT and KO mice over the study period,
with no significant changes between the groups. Interestingly, the
deficiency of Gal-9 and Gal-3 alone appeared to reduce DSS-associated
weight loss (% body weight), colonic bleeding (faecal blood scores)
and improve overall DAI scores, all to a similar extent by day 8
compared to WT DSS-induced control mice. Similarly, these findings
were replicated with both Gal-9 and Gal-3 double KO, suggesting a
potential pro-inflammatory effect of both galectins during intestinal
inflammation (Fig. 1 B-E).

In our initial pilot experiments, we tested recombinant Gal-9 (rGal-9)
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and recombinant Gal-3 (rGal-3) at 3 pg and 20 pg in the DSS model but
observed no differences. Therefore, we decided to conduct a more
powered study using a higher dose of 50 ug. Despite this, the addition of
rGal-9 (50 pug) or rGal-3 (50 pg) did not result in any additional changes
in DSS-induced disease severity. We did not observe any significant
differences across the disease-associated parameters (Fig. 2 A-E), indi-
cating that endogenous Gal-9 and Gal-3 contribute to driving disease-
related inflammatory responses in this colitis model. Thus, both galec-
tins may represent potential therapeutic targets in colitis-associated
inflammation.

3.2. Exogenous Gal-9 treatment reduced T-cell driven intestinal
inflammation

Inflammation in IBD is generally considered to be largely driven by
disrupted T cell homeostasis, particularly CD4" T cells. Therefore, we
investigated the effect of Gal-9 specifically in a T cell-driven model of
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Fig. 1. Systemic Gal9 and Gal3 deficiency reduced intestinal inflammatory parameters in DSS-induced model of colitis. (A) Schematic representation of
experimental DSS-induced colitis model was induced by daily administration of 3 % DSS in WT, Gal-9 KO, Gal-3 KO, Gal-9/Gal-3 double KO mice for 7 days followed
by harvesting of tissue on day 8. (B) Changes in body weight (expressed as percentage of initial weight) (C) stool consistency, (D) faecal blood score and (E) disease
activity index (DAI) was recorded over the 7 days of the experimental model. Data are represented as means + S.D (n = 2-8). Statistical analysis was performed using

two-way ANOVA followed by Dunnett’s for multiple comparisons post-hoc test; *P < 0.05, P < 0.01, “"P < 0.001,

P < 0.0001.



S. Tull et al.

Biomedicine & Pharmacotherapy 184 (2025) 117902

Harvest
3% DSS water tissue
P A
WT r ) l
x L L 1 1 1 L 1 L L
I ] I ] T 1 1 1 T
: Da . - Da Da
y DSS induced colitis y y
% 0 7 8
.
(b) 1101 (c) s-

- -~ WT/DSS
= %100 .;, 4- —- WT/DSS rGal9
23 - e _ 3 T -+ WT/DSS rGal3
=3 -

ZE s 3
g5 % I S %24
S <]
B &5 1-
80 L] 1 ] 1 ] I L] 1 0-
1 2 3 4 5 6 7 8
Day 1 2 3 4 5 6 7 8
Day
d
d . (€) 4s-
4

3

O —~ 10

@ 23 =2 I

W™ O <0

822 o8

& 54

1=
0
0'_’4@ | I E— —
1. 2 3 4 6 7 8
Day

Fig. 2. Exogenous Gal9 had no effect on intestinal inflammatory parameters in DSS-induced model of colitis. (A) Schematic representation of WT mice
supplemented daily with recombinant intraperitoneal Gal-9 (50 pg) and Gal-3 (50 pg) which were subject to DSS-induced colitis by the administration of 3 % DSS for
7 days, followed by tissue harvest on day 8. (B) Changes in body weight (expressed as percentage of initial weight) (C) stool consistency, (D) faecal blood score and
(E) disease activity index (DAI) was recorded over the 7 days of the experimental model. Data are represented as means + S.D (n = 2-8). Statistical analysis was
performed using two-way ANOVA followed by Dunnett’s for multiple comparisons post-hoc test; *P < 0.05, P < 0.01, "P < 0.001, *""P < 0.0001.

colitis, which the DSS model cannot truly capture as it is primarily
driven by the innate immune system in the acute phase [45]. This was
achieved by the adoptive transfer of naive CD4" T cells into recipient
Rag('/ 2 mice, which induced severe intestinal inflammation (Fig. 3A).
This was accompanied by decreased body weight, increased intestinal
permeability denoted by FITC-dextran fluorescence, reduced colon
length/inflammation and higher overall clinical scores: all of which are
characteristic features associated with IBD. In contrast to the
DSS-induced model of colitis, here the addition of rGal-9 (3 pg)
demonstrated reduced intestinal inflammation as we observed a signif-
icant improvement in all disease parameters relative to T cell only
transfer mice (Fig. 3 B-F). This highlights that exogenous Gal-9 may
elicit responses distinct from its endogenous form, with effects that are
highly context dependent. During intestinal inflammation, exogenous
Gal-9 appears to exert anti-inflammatory effects, primarily targeting T
cells. This was further confirmed by the adoptive transfer of Gal-9 KO T
cells in recipient Rag”” mice whereby the lack of endogenous Gal-9
failed to improve body weight after a 40-day period (Fig. 3G, H).

3.3. Gal-9 deficiency did not alter murine Bone marrow derived
macrophage function

Macrophages are also essential drivers of intestinal inflammation
during IBD, where they adopt a hyperactive, pro-inflammatory pheno-
type, in comparison to their anti-inflammatory quiescent nature during
homeostasis. Both in CD and UC, macrophages exacerbate disease pro-
gression via antigen presentation and T cell mediated inflammation [28,
46]. Hence, we also investigated the effect of endogenous Gal-9 in
murine bone marrow-derived macrophages (BMDM) in response to
pattern-associated molecular patterns (PAMPs). BMDMs were stimu-
lated with PAMPs including LPS/IFNy, poly IC and zymosan and their
response was assessed by performing a cytokine array on culture su-
pernatants. Gal-9 deficiency did not alter BMDM responses since virtu-
ally identical responses to LPS/IFNy, poly IC or zymosan stimulation
were observed by cells isolated from WT and Gal-9KO mice. The results
showed no detectable differences in the levels of most cytokines detec-
ted in the proteomic array including the classical
inflammation-modulating cytokines; TNFa, IL-6 and IL-10 in both
groups of mice (Fig. 4 A-D). These results suggest that the
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Fig. 3. Effects of Gal-9 on T-cell driven intestinal inflammation. (A) Experimental model of T-cell driven colitis was induced by the adoptive transfer of T cell
from healthy WT BALB/c donor mice into Ragl~) recipient mice, that were either supplemented with or without recombinant Gal-9 (3 pg/ml, day 1, 3 & 5
intraperitoneal). (B) Changes in body weight (expressed as percentage of initial weight) were measured over the course of 28 days. (C) Dextran permeability (D)
clinical score, (E) colon length were measured throughout the 28 days post transfer, and (F) representative photographs of colons isolated from mice were taken at
the experimental endpoint. (G) Adoptive transfer of T cells from Gal-9 KO BALB/c vs WT BALB/c donor mice into recipient Ragl‘~/~) mice was also observed
followed by measurement of (H) changes in body weight. Data are represented as means + S.D (n = 3-10). Statistical analysis was performed using two-way ANOVA
followed by Dunnett’s for multiple comparisons post-hoc test; *P < 0.05, “P <0.01, P < 0.001, “"P < 0.0001.

anti-inflammatory effects of endogenous Gal-9 are specific to T cells
rather than macrophages.

3.4. Exogenous Gal-9 treatment induces pro-inflammatory macrophage
phenotype

Further to this, we similarly repeated the previous experiment on
human monocyte-derived macrophages (MDM), this time with the
addition of exogenous Gal-9 and Gal-3 in response to LPS stimulation.
Here we observed that exogenous Gal-9 alone stimulated TNF-a release
from human MDMs at concentrations of 100 nM and 300 nM

respectively (Fig. 5A). When stimulated in combination with LPS, Gal-9
synergistically increased LPS-induced TNF-a secretion in a dose-
dependent manner, although no detectable differences were observed
with Gal-3 (Fig. 5B). Moreover, Gal-9 stimulation in combination with
LPS demonstrated a modest reduction in IL-6 levels with no differences
observed in IL-10 secretion (Fig. 5B and D), whilst stimulation with Gal-
3 alone and in combination with LPS showed little to no changes in
cytokine release. Collectively, this data indicates that exogenous Gal-9
can modulate inflammatory responses in human MDMs, where they
may be driving a pro-inflammatory phenotype.
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Fig. 4. Gal-9 deficiency did not alter murine bone marrow-derived macrophage function. Examination of the impact of Gal-9 deficiency on cultured BMDMs in
response to stimulation with LPS (100 ng/ml)/IFN (20 ng/ml) PolyI:C (25 pg/ml) and zymosan 10 pg/ml for 16 hrs. Culture supernatants were analysed by ELISA to
measure cytokine levels for (A) IL-6, (B) TNFa and (C) IL-10. Supernatants were also pooled for multiplex cytokine analysis using Proteome Profiler™ protein array
for WT or Gal-9KO BMDM with or without stimulation. Relative levels in WT compared to KO have been displayed in the double gradient heatmap. {Key: white
= equivalent concentrations; green = higher in WT; blue = higher in Gal-9. Statistical analysis was performed using two-way ANOVA followed by Sidak for multiple
comparisons post-hoc test; Data are represented as means + S.D (n = 3-10) and considered significant at *P < 0.05.
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Fig. 5. Exogenous Gal-9 alters human macrophage function (cytokine profile). The effect of varying concentrations of exogenous Gal-3 and Gal-9 (0-300 nM),
with and without LPS (100 ng/ml) (16hrs) stimulation on cultured human macrophages was assessed by examining alterations in cytokine release. On day 7 of
culture, supernatants were assessed for (A) IL-10, (B) TNFa and (C) IL-6 via Luminex assay. Statistical analysis was performed using one-way ANOVA with Dunnett

for multiple comparisons post-hoc test; *P < 0.05, “P < 0.01,

4. Discussion

This study delves into the complex actions of Gal-9 in modulating
disease progression and severity in murine models of IBD. Galectins,
known for their functionality as both damage-associated molecular
patterns (DAMPs) and receptors for PAMPs, are gaining increased
attention for their multifaceted effects in inflammation [47,48]. Using
two distinct models of colitis - chemical dextran sulphate sodium
(DSS)-induced injury, and a T-cell driven adoptive transfer model - we
investigated the dichotomous effects of Gal-9 deficiency, as well as the
impact of exogenous Gal-9 treatment. Our findings reveal a nuanced
interplay between Gal-9 expression and disease outcomes providing a
deeper understanding into the underlying pathophysiology of IBD and
highlighting the potential of immunomodulation as a therapeutic
strategy.

Our results demonstrate opposing effects of Gal-9, exhibiting both
pro-inflammatory and pro-resolving phenotypes with distinct cell-
specific effects, particularly on T-cells and macrophages. Gal-9 multi-
functionality is evident in its diverse effects across inflammatory and
autoimmune diseases, where its function is highly context-dependent

S 0.001, .

P < 0.000.

and influenced by the cellular microenvironment [49-51]. For
instance, in RA, Gal-9 has been shown to modulate inflammation by
suppressing Th17 cell activity, a key driver of RA pathogenesis, while
simultaneously supporting the expansion of Tregs and inducing
apoptosis in activated T cells. These actions collectively reduce inflam-
mation and joint damage in RA models [22,52]. In models of athero-
sclerosis, Gal-9 deficiency reduced plaque burden and macrophage
content, while exogenous Gal-9 enhanced efferocytosis by phagocytes
causing reduced inflammation [50,53,54]. These findings underscore
the importance of understanding the specific conditions and mecha-
nisms through which Gal-9 operates, which could inform tailored ther-
apeutic interventions for immune-mediated inflammatory diseases.

In the context of IBD, our study demonstrates that systemic Gal-9
deficiency mitigates, but does not entirely resolve markers of DSS-
induced inflammation. Similar trends were observed for Gal-3, albeit
to a lesser extent, suggesting potential pro-inflammatory effects for both
Gal-9 and Gal-3 in intestinal inflammation. The use of global KO models,
however, presents significant limitations. By eliminating the target gene
across all tissues, global KO obscure tissue-specific effects of Gal-3 and
Gal-9, particularly in the dynamic environment of the intestinal mucosa,
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where epithelial cells, immune cells, and endothelial cells interact.

Interestingly, supplementation with rGal-9 or rGal-3 protein did not
modulate DSS-induced colitis severity, contrasting with previous studies
reporting reduced colonic inflammation and disease severity [55]. These
discrepancies may arise from variations in dose, binding of galectins
intra- or extracellularly, structural integrity of galectins, glycosylation
states, or the inflammatory microenvironment. The differential effects of
exogenous galectins highlight the complexity of galectin biology and
emphasize the need for further research to unravel context-specific
mechanisms. For instance, Gal-9 has been shown to increase expres-
sion of its inhibitory receptor Tim-3 in mice with colitis induced by 2,4,
6-trinitrobenzene sulfonic acid (TNBS) and DSS [56,57]. Consistent with
our findings, Gal-9 did not alter DSS-induced colitis severity, but alle-
viated TNBS induced colitis by inhibiting the TLR4/NF-kB pathway
underscoring its context-dependent effects [56].

Given the accumulation of pro-inflammatory T-cells in the intestine
as a hallmark of IBD, we further investigated the effect of Gal-9 using a
T-cell-driven model of colitis. In T cell adoptive transfer models, a well-
established approach for studying murine intestinal inflammation, we
assessed disease severity using parameters such as weight loss, clinical
score, and intestinal permeability [58-60]. Exogenous Gal-9 supple-
mentation significantly reduced weight loss, improved intestinal barrier
integrity, and lowered clinical scores, suggesting an anti-inflammatory,
pro-resolution effect. Gal-9 deficiency in donor T cells, however, had
minimal impact on disease severity. One of the key limitations of our
study is the lack of detailed mechanistic evidence to elucidate the
downstream effects of Gal-9 treatment on immune cells. While our
findings suggest that Gal-9 modulates the immune response, the precise
mechanisms through which this occurs remain unclear. Gal-9 is known
to interact with Tim-3, which induces apoptosis in Th1 and Th17 cells
and promotes Treg expansion, thereby enhancing immune tolerance and
inflammation resolution [22, 61-63]. These processes can have pro-
found immunomodulatory effects, potentially altering the balance be-
tween pro-inflammatory and anti-inflammatory responses. In addition
to its effects on T cells, Gal-9 may influence other immune cell pop-
ulations, such as macrophages, dendritic cells, and natural killer (NK)
cells, either directly or indirectly. To address these gaps, future studies
are needed to systematically investigate the downstream signalling
pathways and cellular targets of Gal-9. Approaches such as single-cell
RNA sequencing, proteomics, and functional assays in immune cell
subsets will be instrumental in unravelling the comprehensive immu-
nological effects of Gal-9.

Gal-9 effects, however, are highly context-dependent and influenced
by its binding partners. For example, neutrophil-derived Gal-9 binding
to CD44 on T cells enhances T-cell activation highlighting its dual effects
in either stimulating or suppressing immune responses [64]. Beyond T
cells, Gal-9 interacts with other immune populations, including neu-
trophils, NK cells, and macrophages, further underscoring its complex
effects in inflammation. For instance, Gal-9 acts as a direct capture and
activation receptor for neutrophils through p2 integrin and
CD44-dependent mechanisms [65]. It also enhances NK cell effector
functions by promoting MAPK signaling and IFNy production [66].
Furthermore, we have previously shown that Gal-9 modulates platelet
aggregation and activation via GPVI interactions, showcasing its
broader immunomodulatory effects [67].

In innate immunity, Gal-9 exhibits pro-inflammatory effects [63].
Elevated plasma Gal-9 levels in COVID-19 patients, for instance, corre-
late with increased TNF-o and IL-6 expression in monocytes stimulated
with rGal-9. Recombinant Gal-9 also induces activation markers (CD14,
CD163) and inflammatory cytokines in monocytes and macrophages,
driving innate immune-mediated inflammation [63,68]. Similarly, in
our study, exogenous Gal-9 exacerbated LPS-induced TNF-a secretion in
human monocyte-derived macrophages (MDMs), while Gal-9 stimula-
tion alone also induced pro-inflammatory mediator production, rein-
forcing its dualistic role in immune regulation.

The dichotomous effects of Gal-9 is not unprecedented, as similar
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findings have been frequently reported in the context of cancer. In such
cases, Gal-9 has been shown to both enhance and inhibit tumour activity
depending on its interactions with ligands expressed on T cells or innate
immune cells [69]. The differences we observed between the functions
of endogenous Gal-9 in the DSS model, and the responses induced by
exogenous Gal-9, both in vitro and in vivo, may stem from the distinct
behaviours of Gal-9 when acting intra- or extracellularly [10]. This
suggests that the effects of exogenously added recombinant Gal-9 may
not accurately represent the physiological effects of the endogenous
protein. Further investigations into the mechanisms underlying this di-
chotomy are warranted to better understand how Gal-9 functions in
these different contexts.

Gal-3 is widely recognised for its robust pro-inflammatory properties
and is frequently elevated in the plasma of patients with various in-
flammatory conditions, yet our study presents a nuanced perspective
[10,70,71]. Gal-3 exhibited no significant induction of TNF-« or IL-6 in
MDMs, either alone or in combination with LPS, under our experimental
conditions. This lack of pro-inflammatory activity underscores the
context-dependent nature of Gal-3, which varies with cell type and
experimental conditions. These findings highlight the distinct yet
overlapping effects of Gal-9 and Gal-3 in immune modulation and the
need to consider the cellular environment in assessing their contribu-
tions to inflammation.

Targeting Gal-9 therapeutically presents challenges due to its re-
ceptor promiscuity, where modulating one pathway risks unintended
effects on others and potential disruption of immune homeostasis [72].
Systemic administration heightens the risk of off-target effect. Advanced
delivery strategies, such as nanoparticle-based systems or
antibody-conjugated therapies, may improve selectivity, but dosing
complexities persist. High doses may induce immune exhaustion via
prolonged TCR interaction, T-cell apoptosis, or excessive cytotoxic
function suppression [73-75]. While neutralizing Gal-9 may enhance T
and NK cell functionality for anti-tumor immunity, it risks pathological
inflammation in autoimmune diseases or transplant rejection [74].
Long-term administration may also lead to compensatory pathway
upregulation (e.g., PD-1/PD-L1, TIGIT) and desensitization of Gal-9
signalling [76]. Additionally, rGal-9 must be evaluated for safety, as it
may elicit anti-drug immune responses, including antibody formation
and hypersensitivity.

In summary, this study underscores the dichotomous effects of Gal-9
in inflammation particularly in IBD. The context-specific effects of Gal-9
on innate and adaptive immune cells highlight its potential as a thera-
peutic target, while also underscoring the challenges in achieving pre-
cise immunomodulation. These findings contribute to our
understanding of Gal-9’s immunoregulatory functions and support the
development of novel therapeutic strategies to mitigate inflammatory
disease burden.

Author Contributions

ST, ASav, AF,JB, AAM, NM, ASch, JB, PT and JB performed experi-
ments;. FM, DRK,VS and AJI designed the research; JB,AF.ST,AJI,DRK,
FM wrote the manuscript. All authors read and approved the final
manuscript. All authors have participated sufficiently in the work and
agreed to be accountable for all aspects of the work

Funding

This work is supported by a funding from F. Hoffmann-La Roche Ltd,
Birmingham Fellowship to AJI, a Pfizer I-CRP project, and in part by a
collaborative agreement between ImmunoPharmaLab at the Department
of Pharmacy, University of Naples Federico II and the University of
Birmingham (n. 2794224 Collaboration Agreement “ImmunoPEP”).
ASav is supported by RTD-A research contract for the thematic spoke
"Validating acid nucleic-based drugs using in vitro and in vivo models of
cancer and immune-related diseases". The research activity is focused on



S. Tull et al.

topics of interest for the Department of Pharmacy, Federico II, included
in the grant application marked MUR identification code CN0O0000041
"National Center for Gene Therapy and Drugs based on RNA Technol-
ogy” (initiative financed by the European Union — NextGenerationEU
and Funding granted with Directorial Decree n.1035 of 06.17.2022
under PNRR MUR - M4C2 - Investment 1.4- CUP UNINA:
E63C22000940007). NM is supported by AORN A. Cardarelli Scholar-
ship (n. 725/2022 GRC- Linea Progettuale 1.3: “Gestione delle
cronicita™). ASch is supported by University of Naples Federico II PhD
scholarship in “Nutraceuticals, functional foods and human health”
(PNRR DM 118 M4C1- INV 4.1 ricerca PNRR generici). AJI Supported
BHF Project grant PG/23/11476. AAM extends his appreciation to the
Deanship of Research and Graduate Studies at King Khalid University for
funding this work through small group research project under grant
number RGP1/122/45.

CRediT authorship contribution statement

Schettino Anna: Writing — review & editing, Investigation, Formal
analysis, Data curation. Blaising Julie: Writing — review & editing,
Investigation, Formal analysis. Trenkle Patrick: Writing — review &
editing, Investigation, Formal analysis, Data curation. Sandrin Vir-
ginie: Writing — review & editing, Writing — original draft, Supervision,
Conceptualization. Maione Francesco: Writing — review & editing,
Supervision, Investigation, Formal analysis, Data curation. Regan-
Komito Daniel: Writing — review & editing, Writing — original draft,
Supervision, Project administration, Conceptualization. Tull Saman-
tha: Writing — original draft, Investigation, Formal analysis, Data
curation. Igbal Asif Jilani: Writing — review & editing, Writing — orig-
inal draft, Funding acquisition, Conceptualization. Saviano Anella:
Writing — review & editing, Investigation, Formal analysis, Data cura-
tion. Fatima Areeba: Writing — review & editing, Writing — original
draft, Investigation, Formal analysis. Begum Jenefa: Writing — review &
editing, Writing — original draft, Investigation, Formal analysis. Abo
Mansour Adel: Writing — review & editing, Investigation, Formal
analysis, Data curation. Marigliano Noemi: Writing — review & editing,
Investigation, Formal analysis.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Asif Jilani Igbal reports financial support was provided by F Hoffmann-
La Roche Ltd. Asif Jilani Igbal reports financial support was provided by
British Heart Foundation. Adel Abo Mansour reports financial support
was provided by King Khalid University. If there are other authors, they
declare that they have no known competing financial interests or per-
sonal relationships that could have appeared to influence the work re-
ported in this paper.

References

[1] F.-T. Liu, S.R. Stowell, The role of galectins in immunity and infection, Nat. Rev.
Immunol. 23 (8) (2023) 479-494.

Y. Belkaid, T.W. Hand, Role of the microbiota in immunity and inflammation, Cell
157 (1) (2014) 121-141.

M. Wiendl, E. Becker, T.M. Muller, C.J. Voskens, M.F. Neurath, S. Zundler,
Targeting Immune Cell Trafficking - Insights From Research Models and
Implications for Future IBD Therapy, Front Immunol. 12 (2021) 656452.

G. Rogler, Resolution of inflammation in inflammatory bowel disease, Lancet
Gastroenterol. Hepatol. 2 (7) (2017) 521-530.

L. Johannes, R. Jacob, H. Leffler, Galectins at a glance, J. Cell Sci. 131 (9) (2018).
J.C. Brazil, C.A. Parkos, Finding the sweet spot: glycosylation mediated regulation
of intestinal inflammation, Mucosal Immunol. 15 (2) (2022) 211-222.

M.R. Kudelka, B.H. Hinrichs, T. Darby, C.S. Moreno, H. Nishio, C.E. Cutler, et al.,
Cosmc is an X-linked inflammatory bowel disease risk gene that spatially regulates
gut microbiota and contributes to sex-specific risk, Proc. Natl. Acad. Sci. USA 113
(51) (2016) 14787-14792.

J. Abed, J.E. Emgard, G. Zamir, M. Faroja, G. Almogy, A. Grenov, et al., Fap2
Mediates Fusobacterium nucleatum Colorectal Adenocarcinoma Enrichment by

[2

—

[3]

[4]

[5]
(6]

[7

—

[8]

10

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Biomedicine & Pharmacotherapy 184 (2025) 117902

Binding to Tumor-Expressed Gal-GalNAc, Cell Host Microbe 20 (2) (2016)
215-225.

G. An, B. Wei, B. Xia, J.M. McDaniel, T. Ju, R.D. Cummings, et al., Increased
susceptibility to colitis and colorectal tumors in mice lacking core 3-derived O-
glycans, J. Exp. Med 204 (6) (2007) 1417-1429.

A.A. Mansour, F. Krautter, Z. Zhi, A.J. Igbal, C. Recio, The interplay of galectins-1,
-3, and -9 in the immune-inflammatory response underlying cardiovascular and
metabolic disease, Cardiovasc Diabetol. 21 (1) (2022) 253.

S. Sato, C. St-Pierre, P. Bhaumik, J. Nieminen, Galectins in innate immunity: dual
functions of host soluble beta-galactoside-binding lectins as damage-associated
molecular patterns (DAMPs) and as receptors for pathogen-associated molecular
patterns (PAMPs), Immunol. Rev. 230 (1) (2009) 172-187.

M.S. Pereira, I. Alves, M. Vicente, A. Campar, M.C. Silva, N.A. Padrao, et al.,
Glycans as Key Checkpoints of T Cell Activity and Function, Front. Immunol. 9
(2018).

T.B. Yu, S. Dodd, L.G. Yu, S. Subramanian, Serum galectins as potential biomarkers
of inflammatory bowel diseases, PLoS One 15 (1) (2020) e0227306.

V. Ayechu-Muruzabal, M. de Boer, B. Blokhuis, A.J. Berends, J. Garssen, A.

D. Kraneveld, et al., Epithelial-derived galectin-9 containing exosomes contribute
to the immunomodulatory effects promoted by 2'-fucosyllactose and short-chain
galacto- and long-chain fructo-oligosaccharides, Front Immunol. 13 (2022)
1026031.

V. Sundblad, A.A. Quintar, L.G. Morosi, S.I. Niveloni, A. Cabanne, E. Smecuol, et
al., Galectins in Intestinal Inflammation: Galectin-1 Expression Delineates
Response to Treatment in Celiac Disease Patients, Front Immunol. 9 (2018) 379.
B.P.P. Dembele, H. Chagan-Yasutan, T. Niki, Y. Ashino, N. Tangpukdee,

E. Shinichi, et al., Plasma levels of Galectin-9 reflect disease severity in malaria
infection, Malar. J. 15 (1) (2016) 403.

D. Cibor, K. Szczeklik, B. Brzozowski, T. Mach, D. Owczarek, Serum galectin 3,
galectin 9 and galectin 3-binding proteins in patients with active and inactive
inflammatory bowel disease, J. Physiol. Pharm. 70 (1) (2019).

B.S. Robinson, B. Saeedi, C.M. Arthur, J. Owens, C. Naudin, N. Ahmed, et al.,
Galectin-9 Is a Novel Regulator of Epithelial Restitution, Am. J. Pathol. 190 (8)
(2020) 1657-1666.

G. Parsonage, E. Trebilcock, M.A. Toscano, G.A. Bianco, J.M. Ilarregui, C.

D. Buckley, et al., Roles of galectins in chronic inflammatory microenvironments,
Future Rheumatol. 1 (4) (2006) 441-454.

C.A. Sabatos, S. Chakravarti, E. Cha, A. Schubart, A. Sanchez-Fueyo, X.X. Zheng, et
al., Interaction of Tim-3 and Tim-3 ligand regulates T helper type 1 responses and
induction of peripheral tolerance, Nat. Immunol. 4 (11) (2003) 1102-1110.

J. Sun, Y. Sui, Y. Wang, L. Song, D. Li, G. Li, et al., Galectin-9 expression correlates
with therapeutic effect in rheumatoid arthritis, Sci. Rep. 11 (1) (2021) 5562.

M. Seki, S. Oomizu, K.M. Sakata, A. Sakata, T. Arikawa, K. Watanabe, et al.,
Galectin-9 suppresses the generation of Th17, promotes the induction of regulatory
T cells, and regulates experimental autoimmune arthritis, Clin. Immunol. 127 (1)
(2008) 78-88.

B. Simovic Markovic, A. Nikolic, M. Gazdic, S. Bojic, L. Vucicevic, M. Kosic, et al.,
Galectin-3 Plays an Important Pro-inflammatory Role in the Induction Phase of
Acute Colitis by Promoting Activation of NLRP3 Inflammasome and Production of
IL-1beta in Macrophages, J. Crohns Colitis 10 (5) (2016) 593-606.

H. Rabe, M. Malmquist, C. Barkman, S. Ostman, I. Gjertsson, R. Saalman, et al.,
Distinct patterns of naive, activated and memory T and B cells in blood of patients
with ulcerative colitis or Crohn’s disease, Clin. Exp. Immunol. 197 (1) (2019)
111-129.

X. Wu, J. Tian, S. Wang, Insight Into Non-Pathogenic Th17 Cells in Autoimmune
Diseases, Front. Immunol. 9 (2018).

Z.H. Nemeth, D.A. Bogdanovski, P. Barratt-Stopper, S.R. Paglinco, L. Antonioli, R.
H. Rolandelli, Crohn’s Disease and Ulcerative Colitis Show Unique Cytokine
Profiles, Cureus 9 (4) (2017) el177.

C. Smids, C.S. Horjus Talabur Horje, J. Drylewicz, B. Roosenboom, M.J.

M. Groenen, E. van Koolwijk, et al., Intestinal T Cell Profiling in Inflammatory
Bowel Disease: Linking T Cell Subsets to Disease Activity and Disease Course,

J. Crohns Colitis 12 (4) (2018) 465-475.

C.C. Bain, A.M. Mowat, Macrophages in intestinal homeostasis and inflammation,
Immunol. Rev. 260 (1) (2014) 102-117.

D. Bernardo, A.C. Marin, S. Fernandez-Tome, A. Montalban-Arques, A. Carrasco,
E. Tristan, et al., Human intestinal pro-inflammatory CD11c(high)CCR2(+)
CX3CR1(+) macrophages, but not their tolerogenic CD11c(-)CCR2(-)CX3CR1(-)
counterparts, are expanded in inflammatory bowel disease, Mucosal Immunol. 11
(4) (2018) 1114-1126.

A. Bujko, N. Atlasy, 0.J.B. Landsverk, L. Richter, S. Yaqub, R. Horneland, et al.,
Transcriptional and functional profiling defines human small intestinal
macrophage subsets, J. Exp. Med 215 (2) (2018) 441-458.

E.A. Enninga, W.K. Nevala, S.G. Holtan, A.A. Leontovich, S.N. Markovic, Galectin-9
modulates immunity by promoting Th2/M2 differentiation and impacts survival in
patients with metastatic melanoma, Melanoma Res 26 (5) (2016) 429-441.

D.V. Ostanin, J. Bao, I. Koboziev, L. Gray, S.A. Robinson-Jackson, M. Kosloski-
Davidson, et al., T cell transfer model of chronic colitis: concepts, considerations,
and tricks of the trade, Am. J. Physiol. Gastrointest. Liver Physiol. 296 (2) (2009)
G135-G146.

S. Zheng, J. Niu, B. Geist, D. Fink, Z. Xu, H. Zhou, et al., A minimal physiologically
based pharmacokinetic model to characterize colon TNF suppression and treatment
effects of an anti-TNF monoclonal antibody in a mouse inflammatory bowel disease
model, MAbs 12 (1) (2020) 1813962.

Z. Liu, K. Geboes, S. Colpaert, L. Overbergh, C. Mathieu, H. Heremans, et al.,
Prevention of experimental colitis in SCID mice reconstituted with CD45RBhigh


http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref1
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref1
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref2
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref2
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref3
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref3
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref3
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref4
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref4
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref5
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref6
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref6
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref7
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref7
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref7
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref7
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref8
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref8
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref8
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref8
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref9
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref9
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref9
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref10
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref10
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref10
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref11
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref11
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref11
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref11
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref12
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref12
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref12
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref13
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref13
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref14
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref14
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref14
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref14
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref14
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref15
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref15
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref15
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref16
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref16
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref16
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref17
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref17
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref17
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref18
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref18
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref18
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref19
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref19
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref19
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref20
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref20
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref20
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref21
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref21
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref22
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref22
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref22
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref22
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref23
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref23
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref23
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref23
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref24
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref24
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref24
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref24
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref25
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref25
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref26
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref26
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref26
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref27
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref27
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref27
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref27
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref28
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref28
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref29
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref29
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref29
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref29
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref29
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref30
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref30
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref30
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref31
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref31
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref31
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref32
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref32
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref32
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref32
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref33
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref33
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref33
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref33
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref34
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref34

S. Tull et al.

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

CD4+ T cells by blocking the CD40-CD154 interactions, J. Immunol. 164 (11)
(2000) 6005-6014.

G.X. Song-Zhao, K.J. Maloy, Experimental mouse models of T cell-dependent
inflammatory bowel disease, Methods Mol. Biol. 1193 (2014) 199-211.

P. Zhou, R. Borojevic, C. Streutker, D. Snider, H. Liang, K. Croitoru, Expression of
dual TCR on DO11.10 T cells allows for ovalbumin-induced oral tolerance to
prevent T cell-mediated colitis directed against unrelated enteric bacterial
antigens, J. Immunol. 172 (3) (2004) 1515-1523.

Y. Mikami, T. Kanai, T. Sujino, Y. Ono, A. Hayashi, A. Okazawa, et al., Competition
between colitogenic Th1l and Th17 cells contributes to the amelioration of colitis,
Eur. J. Immunol. 40 (9) (2010) 2409-2422.

A. Saviano, A.A. Manosour, F. Raucci, F. Merlino, N. Marigliano, A. Schettino, et
al., New biologic (Ab-IPL-IL-17) for IL-17-mediated diseases: identification of the
bioactive sequence (nIL-17) for IL-17A/F function, Ann. Rheum. Dis. 82 (11)
(2023) 1415-1428.

A. Saviano, A. Schettino, N. Iaccarino, A.A. Mansour, J. Begum, N. Marigliano, et
al., A reverse translational approach reveals the protective roles of Mangifera
indica in inflammatory bowel disease, J. Autoimmun. 144 (2024) 103181.

K. Forster, A. Goethel, C.W. Chan, G. Zanello, C. Streutker, K. Croitoru, An oral
CD3-specific antibody suppresses T-cell-induced colitis and alters cytokine
responses to T-cell activation in mice, Gastroenterology 143 (5) (2012)
1298-1307.

Q. He, H. Gao, Y.L. Chang, X. Wu, R. Lin, G. Li, et al., ETS-1 facilitates Thl cell-
mediated mucosal inflammation in inflammatory bowel diseases through
upregulating CIRBP, J. Autoimmun. 132 (2022) 102872.

K. Shimano, Y. Maeda, H. Kataoka, M. Murase, S. Mochizuki, H. Utsumi, et al.,
Amiselimod (MT-1303), a novel sphingosine 1-phosphate receptor-1 functional
antagonist, inhibits progress of chronic colitis induced by transfer of CD4+
CD45RBhigh T cells, PLoS One 14 (12) (2019) e0226154.

Y. Nemoto, T. Kanai, K. Kameyama, T. Shinohara, N. Sakamoto, T. Totsuka, et al.,
Long-lived colitogenic CD4+ memory T cells residing outside the intestine
participate in the perpetuation of chronic colitis, J. Immunol. 183 (8) (2009)
5059-5068.

F. Krautter, C. Recio, M.T. Hussain, D.R. Lezama, F. Maione, M. Chimen, et al.,
Characterisation of endogenous Galectin-1 and -9 expression in monocyte and
macrophage subsets under resting and inflammatory conditions, Biomed. Pharm.
130 (2020) 110595.

M. Noti, N. Corazza, G. Tuffin, K. Schoonjans, T. Brunner, Lipopolysaccharide
induces intestinal glucocorticoid synthesis in a TNFalpha-dependent manner,
FASEB J. 24 (5) (2010) 1340-1346.

C.C. Bain, C.L. Scott, H. Uronen-Hansson, S. Gudjonsson, O. Jansson, O. Grip, et al.,
Resident and pro-inflammatory macrophages in the colon represent alternative
context-dependent fates of the same Ly6Chi monocyte precursors, Mucosal
Immunol. 6 (3) (2013) 498-510.

S.D. Pouwels, I.H. Heijink, N.H. ten Hacken, P. Vandenabeele, D.V. Krysko, M.

C. Nawijn, et al., DAMPs activating innate and adaptive immune responses in
COPD, Mucosal Immunol. 7 (2) (2014) 215-226.

L. Diaz-Alvarez, E. Ortega, The Many Roles of Galectin-3, a Multifaceted Molecule,
in Innate Immune Responses against Pathogens, Mediat. Inflamm. 2017 (2017)
9247574.

L. Diaz-Alvarez, G.I. Lopez-Cortés, E. Pérez-Figueroa, Immunomodulation exerted
by galectins: a land of opportunity in rare cancers, Front. Immunol. 14 (2023).
F. Krautter, M.T. Hussain, Z. Zhi, D.R. Lezama, J.E. Manning, E. Brown, et al.,
Galectin-9: A novel promoter of atherosclerosis progression, Atherosclerosis 363
(2022) 57-68.

M.J. O’Brien, Q. Shu, W.A. Stinson, P.S. Tsou, J.H. Ruth, T. Isozaki, et al., A unique
role for galectin-9 in angiogenesis and inflammatory arthritis, Arthritis Res Ther.
20 (1) (2018) 31.

S. Oomizu, T. Arikawa, T. Niki, T. Kadowaki, M. Ueno, N. Nishi, et al., Galectin-9
suppresses Th17 cell development in an IL-2-dependent but Tim-3-independent
manner, Clin. Immunol. 143 (1) (2012) 51-58.

J. Yu, R. Zhuy, K. Yu, Y. Wang, Y. Ding, Y. Zhong, et al., Galectin-9: A Suppressor of
Atherosclerosis? Front Immunol. 11 (2020) 604265.

J. Wada, K. Ota, A. Kumar, E.I. Wallner, Y.S. Kanwar, Developmental regulation,
expression, and apoptotic potential of galectin-9, a beta-galactoside binding lectin,
J. Clin. Invest 99 (10) (1997) 2452-2461.

11

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

Biomedicine & Pharmacotherapy 184 (2025) 117902

H.F. Tsai, C.S. Wu, Y.L. Chen, H.J. Liao, L.T. Chyuan, P.N. Hsu, Galectin-3
suppresses mucosal inflammation and reduces disease severity in experimental
colitis, J. Mol. Med (Berl. ) 94 (5) (2016) 545-556.

H. Xiong, G. Xue, Y. Zhang, S. Wu, Q. Zhao, R. Zhao, et al., Effect of exogenous
galectin-9, a natural TIM-3 ligand, on the severity of TNBS- and DSS-induced colitis
in mice, Int Immunopharmacol. 115 (2023) 109645.

F. Shi, X. Guo, X. Jiang, P. Zhou, Y. Xiao, T. Zhou, et al., Dysregulated Tim-3
expression and its correlation with imbalanced CD4 helper T cell function in
ulcerative colitis, Clin. Immunol. 145 (3) (2012) 230-240.

T. Kanai, T. Kawamura, T. Dohi, S. Makita, Y. Nemoto, T. Totsuka, et al., TH1/TH2-
mediated colitis induced by adoptive transfer of CD4+CD45RBhigh T lymphocytes
into nude mice, Inflamm. Bowel Dis. 12 (2) (2006) 89-99.

J.E. Ghia, A.J. Park, P. Blennerhassett, W.I. Khan, S.M. Collins, Adoptive transfer of
macrophage from mice with depression-like behavior enhances susceptibility to
colitis, Inflamm. Bowel Dis. 17 (7) (2011) 1474-1489.

E.C. Steinbach, G.R. Gipson, S.Z. Sheikh, Induction of Murine Intestinal
Inflammation by Adoptive Transfer of Effector CD4+ CD45RB high T Cells into
Immunodeficient Mice, J. Vis. Exp. (98) (2015).

N. Pang, X. Alimu, R. Chen, M. Muhashi, J. Ma, G. Chen, et al., Activated Galectin-
9/Tim3 promotes Treg and suppresses Thl effector function in chronic
lymphocytic leukemia, FASEB J. 35 (7) (2021) e21556.

Y. Wang, T. Feng, H. Li, Y. Xiong, Y. Tao, Gal-9/Tim-3 signaling pathway
activation suppresses the generation of Th17 cells and promotes the induction of
Foxp3(+) regulatory T cells in renal ischemia-reperfusion injury, Mol. Immunol.
156 (2023) 136-147.

S. Shahbaz, N. Bozorgmebhr, J. Lu, M. Osman, W. Sligl, D.L. Tyrrell, et al., Analysis
of SARS-CoV-2 isolates, namely the Wuhan strain, Delta variant, and Omicron
variant, identifies differential immune profiles, Microbiol Spectr. 11 (5) (2023)
e0125623.

G. Dunsmore, E.P. Rosero, S. Shahbaz, D.M. Santer, J. Jovel, P. Lacy, et al.,
Neutrophils promote T-cell activation through the regulated release of CD44-
bound Galectin-9 from the cell surface during HIV infection, PLoS Biol. 19 (8)
(2021) e3001387.

A.J. Igbal, F. Krautter, I.A. Blacksell, R.D. Wright, S.N. Austin-Williams, M.

B. Voisin, et al., Galectin-9 mediates neutrophil capture and adhesion in a CD44
and beta2 integrin-dependent manner, FASEB J. 36 (1) (2022) e22065.

A. Rahmati, S. Bigam, S. Elahi, Galectin-9 promotes natural killer cells activity via
interaction with CD44, Front Immunol. 14 (2023) 1131379.

Z. Zhi, N.J. Jooss, Y. Sun, M. Colicchia, A. Slater, L.A. Moran, et al., Galectin-9
activates platelet ITAM receptors glycoprotein VI and C-type lectin-like receptor-2,
J. Thromb. Haemost. 20 (4) (2022) 936-950.

N. Bozorgmehr, S. Mashhouri, E. Perez Rosero, L. Xu, S. Shahbaz, W. Sligl, et al.,
Galectin-9, a Player in Cytokine Release Syndrome and a Surrogate Diagnostic
Biomarker in SARS-CoV-2 Infection, mBio 12 (3) (2021).

F.C. Chou, H.Y. Chen, C.C. Kuo, H.K. Sytwu, Role of Galectins in Tumors and in
Clinical Immunotherapy, Int J. Mol. Sci. 19 (2) (2018).

A. Hara, M. Niwa, K. Noguchi, T. Kanayama, A. Niwa, M. Matsuo, et al., Galectin-3
as a Next-Generation Biomarker for Detecting Early Stage of Various Diseases,
Biomolecules 10 (3) (2020).

N. Gajovic, S.S. Markovic, M. Jurisevic, M. Jovanovic, N. Arsenijevic, Z. Mijailovic,
et al., Galectin-3 as an important prognostic marker for COVID-19 severity, Sci.
Rep. 13 (1) (2023) 1460.

R.K. Shil, N.B.B. Mohammed, C.J. Dimitroff, Galectin-9 - ligand axis: an emerging
therapeutic target for multiple myeloma, Front Immunol. 15 (2024) 1469794.

S. Shahbaz, G. Dunsmore, P. Koleva, L. Xu, S. Houston, S. Elahi, Galectin-9 and
VISTA Expression Define Terminally Exhausted T Cells in HIV-1 Infection,

J. Immunol. 204 (9) (2020) 2474-2491.

1. Okoye, L. Xu, M. Motamedi, P. Parashar, J.W. Walker, S. Elahi, Galectin-9
expression defines exhausted T cells and impaired cytotoxic NK cells in patients
with virus-associated solid tumors, J. Immunother. Cancer 8 (2) (2020).

S. Elahi, W.L. Dinges, N. Lejarcegui, K.J. Laing, A.C. Collier, D.M. Koelle, et al.,
Protective HIV-specific CD8+ T cells evade Treg cell suppression, Nat. Med 17 (8)
(2011) 989-995.

R. Yang, L. Sun, C.F. Li, Y.H. Wang, J. Yao, H. Li, et al., Galectin-9 interacts with
PD-1 and TIM-3 to regulate T cell death and is a target for cancer immunotherapy,
Nat. Commun. 12 (1) (2021) 832.


http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref34
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref34
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref35
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref35
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref36
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref36
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref36
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref36
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref37
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref37
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref37
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref38
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref38
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref38
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref38
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref39
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref39
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref39
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref40
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref40
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref40
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref40
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref41
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref41
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref41
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref42
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref42
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref42
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref42
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref43
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref43
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref43
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref43
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref44
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref44
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref44
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref44
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref45
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref45
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref45
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref46
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref46
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref46
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref46
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref47
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref47
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref47
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref48
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref48
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref48
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref49
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref49
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref50
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref50
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref50
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref51
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref51
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref51
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref52
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref52
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref52
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref53
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref53
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref54
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref54
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref54
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref55
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref55
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref55
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref56
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref56
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref56
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref57
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref57
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref57
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref58
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref58
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref58
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref59
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref59
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref59
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref60
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref60
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref60
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref61
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref61
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref61
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref62
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref62
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref62
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref62
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref63
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref63
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref63
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref63
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref64
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref64
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref64
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref64
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref65
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref65
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref65
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref66
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref66
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref67
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref67
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref67
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref68
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref68
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref68
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref69
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref69
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref70
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref70
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref70
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref71
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref71
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref71
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref72
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref72
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref73
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref73
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref73
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref74
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref74
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref74
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref75
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref75
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref75
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref76
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref76
http://refhub.elsevier.com/S0753-3322(25)00096-4/sbref76

	Dichotomous effects of Galectin-9 in disease modulation in murine models of inflammatory bowel disease
	1 Introduction
	2 Methods
	2.1 Animals
	2.2 DSS-induced colitis model
	2.3 T-cell transfer model of colitis
	2.4 Clinical observation and intestinal permeability assay
	2.5 Murine bone marrow derived macrophage (BMDM) isolation and stimulation
	2.6 ELISA
	2.7 Proteome microarray
	2.8 Luminex
	2.9 Human monocyte-derived macrophage culture and stimulation
	2.10 Statistical analysis

	3 Results
	3.1 Systemic Gal-9 and Gal-3 deficiency were associated with a reduction in in-life surrogate markers of intestinal inflamm ...
	3.2 Exogenous Gal-9 treatment reduced T-cell driven intestinal inflammation
	3.3 Gal-9 deficiency did not alter murine Bone marrow derived macrophage function
	3.4 Exogenous Gal-9 treatment induces pro-inflammatory macrophage phenotype

	4 Discussion
	Author Contributions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	References


