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Abstract

ABSTRACT

The immune response against pathogens and non-pathogens is regulated
by key signaling pathways. Appropriate control of the immune response
is required to prevent either hyperresponsive or inadequate responses,
which are harmful to the host body and may lead to immune-related
diseases. The modulating effects of compounds on the immune response
via signaling networks cause different expression levels of cytokines,
chemokines, acute phase proteins, anti-apoptotic proteins, cell-adhesion
molecules, and other inflammatory mediators. In various cellular events,
mechanisms for intracellular cell signaling play an important and specific
role in chronic inflammatory diseases. Inhibition or modulation of these
pathways is a possible target to provide a better alternative compared to
current treatment strategies.

Currently, several chemical immunomodulators are used to treat various
inflammatory disorders. However, safer, and more effective drugs are
needed to replace commercial drugs because most of them have side
effects.

Several plants have demonstrated the ability to regulate immune
signaling networks and prevent the occurrence of inflammatory
disorders. In this thesis, we provide (Chapter 1) a current state of the art
about the anti-inflammatory and immunomodulatory properties of
natural-derived compounds (including nutraceuticals, functional food,
and dietary supplements) targeting microsomal prostaglandin E synthase-
1 (MPGES-1) and the T helper (Th)-17 and regulatory T (Treg) cells
axis, in order to provide a scientific rationale for their potential

therapeutic use.
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In the context of inflammation and immunity, there are several (but also
fragmented and observational) studies reporting that Mangifera indica L.
(a plant that belongs to the Anacardiaceae family) and/or its main active
component mangiferin (a xanthone present at significant levels in
different  parts of  the mango fruit) display  anti-
inflammatory/immunomodulatory activity.

According to previous reports on the traditional use of this medicinal
plant, the main biological activity seems to be correlated with the
modulation of cyclooxygenase (COX)s and 5-lipoxygenase (5-LOX)
enzymatic pathways and through the inactivation of NOD-like receptor
family pyrin domain-containing 3 (NLRP3) inflammasome and NF-xB
activity. Other mechanisms proposed include inhibition of Th17
(CD4™/IL-17%)  responses and induction of regulatory Treg
(CD4*/FOXP3™) via suppression of mTOR signalling. Intriguingly,
analysing the current literature, it emerges that all studies performed to
date have two main common denominators: i) the anti-
inflammatory/immunomodulatory activity and ii) a low bioavailability of
mangiferin. Moreover, most of the current data obtained by using either
the pure compound or the extract do not take into account the possible
pharmacokinetic differences as well as the different solubilization
methods. These factors make it very complex to match data that are
obtained in different preclinical settings. To overcome these limitations
and aimed to dissect the anti-inflammatory and immunomodulatory
activity ascribed to this medicinal plant, we have used a Mangifera
indica L. extract (MIE) at 90% purity in mangiferin in a mouse model of
gouty arthritis (Chapter 2) and in a CD4*CD45RB"9" T cells transfer
model of colitis, also evaluating its protective effects on irritable bowel
syndrome (IBS) and Crohn’s disease (CD) patients (Chapter 3). We have
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found, preliminary, that mangiferin and the fully characterized extract
used in our studies have a similar pharmacokinetic profile and anti-
inflammatory activity but different cytotoxic effects.

Taking advantage of these findings, we have used the extract (MIE) to
define its mechanism/s of action and, demonstrated that treatment with
MIE revealed a dose-dependent reduction in joint inflammatory scores
with maximal inhibition observed at 10 mg kg?. MIE significantly
reduced leukocyte infiltration and activation and the expression of
different pro-inflammatory cyto-chemokines in inflamed tissues.
Furthermore, biochemical analysis revealed that MIE modulated COX-
2/mPGES-1 and mPGDS-1/PPARy pathways. Flow cytometry analysis
also highlighted a prominent modulation of inflammatory monocytes
(CD11b*/CD115%/LY6C™), and Treg cells (CD4*/CD25*/FOXP3") after
MIE treatment. Successively, we have depicted the protective role of this
plant extract on IBDs demonstrating that treatment with MIE
significantly reduced clinical severity of colitis and intestinal
inflammation. Specifically, we observed a significant modulation of
infiltrating Thl (CD4'/IFN-y*), Thl7 (CD4%/IL-17%) and Treg
(CD4*/CD25/FOXP3™) cells to the gut, coupled with modulation of
several pro/anti-inflammatory cytokines on colonic lamina propria, such
as IL-6, IL-17A, 1L-22 and IL-10, in MIE treated animals compared to
control group. Moreover, MIE mitigated the gut permeability and tight
junction functionality coupled to main intestinal metabolites.
Mechanistically, MIE co-treatment (1 pg ml™) significantly ameliorated
the levels of COX-2, and even more, DP2 receptor on stimulated-
HDBEC. Of note, MIE significantly reduced TNF-a and, in part, IL-17
levels on IBD stratified sera. Taken together, the results of this study

demonstrate the beneficial activity of MIE on the immunological
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perturbance during the onset of colitis and on the systemic inflammatory
reaction typical of IBD patients, paving the way for its rationale use as

nutraceutical and/or functional food.
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Chapter 1

CHAPTER 1: Present status and future trends of nutraceuticals and
functional foods targeting T helper (Th) 17 and microsomal
prostaglandin E synthase-1 (MPGES-1) as alternative therapies for

autoimmune and inflammatory-based diseases

1.1 Introduction

The Belgian decree on botanicals, published 20 years ago, was the
prototype of legislation and regulatory practice used in several European
countries. In 1997, Belgium was one of the first countries to introduce a
notification procedure and scientific risk evaluation by an Advisory
Commission. Contextually, the authorities of Belgium, France, and Italy,
each assisted by renowned scientific experts, decided to develop a
common approach to evaluating botanicals [1]. As a first step, the three
parties drafted a standard list of traditionally used plants safe to use in
food supplements, commonly known as the BELFRIT project or
BELFRIT list [2,3]. This evolved with the support of the European
Commission and Member States and now guarantees the safety, quality,
and effectiveness to health promoting prosperities of food supplements.
Most other Member States acknowledge the importance of European
Union harmonization in this “self-growing” area [4-6].

Modern medicine makes use of many plant-derived products/compounds
as the basis for pharmaceutical drugs [7]; and quite often it applies
modern standards of effectiveness testing to herbs and medicines derived
from natural sources, performs high-quality clinical trials and uses
standards for purity or dosage [8]. In this scenario, many botanicals are
used in both food supplements and nutraceuticals, and yet a precise,

unique, and standardized definition/s and procedure/s are still missing.
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In this chapter, we provide a current state of the art about the anti-
inflammatory and immunomodulatory properties of natural-derived
compounds (including nutraceuticals, functional food, and dietary
supplements) targeting microsomal prostaglandin E synthase-1 (mPGES-
1) and the T helper (Th)-17 cells and regulatory T (Treg) cells axis, in
order to provide a scientific rationale for their potential therapeutic use.
Further investigation, in both preclinical and clinical fields, are required
to provide in-depth evaluation of these botanicals and their bioactive
components in the context of autoimmune and inflammatory-based
diseases for health-promoting and disease-preventing purposes.
Nutraceuticals, functional foods, and dietary supplements have been
known to exert beneficial effects against a variety of disease conditions
[9-11]. Several medicinal plants and their isolated components have also
been identified to possess health-promoting properties [12]. Moreover, a
varied diet containing certain phytochemicals or introduced through
supplementation have shown potential antioxidant, anti-inflammatory,
and immunomodulatory benefit [13,14]. Therefore, the role of natural
products and food is essential in maintaining and/or improving immune
function [15,16]. Functional foods are those enriched or enhanced that
provide health benefits beyond essential nutrients when consumed at
efficacious levels as part of a varied diet. These mainly include berries,
fermented dairy products, green tea, garlic, citrus fruits, and other herbal
formulations [17-19]. In contrast the term “dietary supplement” describes
a broad and different category of products (mainly containing vitamin C,
vitamin D, minerals, omega-3 fatty acid, docosahexaenoic acid, etc.) that
we eat or drink to support good health and supplement the diet. While
nutraceuticals are food components, such as polyphenols, flavonoids,

carotenoids, saponins, sulfides, which are derived from food sources with
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extra health benefits in addition to fundamental nutritional value [20-24].
These products could work both at the cellular and molecular level by
triggering immune cells, up-regulating immune-related genes, and
manipulating the systemic immune system, thereby providing natural
immunotherapeutic options. These cellular and molecular mechanisms of
natural products are essential to define the possible molecular and
cellular targets, which could pave the way for discovering novel natural
products/compounds exerting the immune-boosting effects [25,26].

All studies were selected through a Medline-PubMed search using
different combination of terms or keywords such as Thl7,
cyclooxygenase (COX)-2, mPGES-1, medicinal plants, and natural
compounds/products. We have identified only original articles in English
that evaluated preclinical studies, in vivo rodents models, and isolated
and/or well-characterized compounds/extracts from all articles. Studies
that analyzed natural substances purchased commercially were not
excluded in this chapter. The next selection was to consider reports in
which the method adopted used a natural compound in a well-established
disease. The final selection criteria was choosing medicinal plants
according to their presence in the Italian list of botanicals and the
BELFRIT list.

1.2 Natural compounds targeting COX-2/mPGES-1/PGE: cascade in
inflammatory-based diseases

Inflammation is a complex protective mechanism against noxious stimuli
of chemical, physical, and/or biological origin, characterized by
molecular and cellular defensive responses aimed at resolution of
ongoing inflammation and restoration of tissue integrity [27-29].

However, the persistence of inflammatory inducers and the alteration of

11
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processes directed to homeostasis restoration can lead to the onset of
chronic inflammation [30,31]. Inflammatory processes are generally
associated with the innate immune system, but scientific evidence has
shown that innate and adaptive immune cells collectively orchestrate the
inflammatory response and that adaptive immune components are also
involved in the production of memory cells that can sustain the chronic
nature of inflammation-driven by the innate arm [32]. During the past
decade, considerable progress has been made in understanding the
cellular and molecular events in the acute inflammatory response and the
role primary mediators have in infection and tissue injury [33]. Every
early immunity “battle” begins with neutrophils, quickly recruited to
sites of inflammation for an early response against the noxious stimulus
under close control of several endogenous mediators [34]. This phlogistic
scenario correlates with a transient increase of pro-inflammatory factors
including (i) cytokines such as the interleukin (IL)-1 family (IL-10/B),
IL-6, and tumor necrosis factor-a (TNF-a) that are involved in the early
stages of inflammatory and immune processes and warn the host to
induce an inflammatory reaction against pathogens [35]; (ii) chemokines
for the control of leukocyte extravasation and chemotaxis towards the
affected tissues; (iii) the complement fragments (C3a, C4a, and Cba also
known as anaphylatoxins) that promote granulocyte and monocytes
recruitment and induce mast-cell degranulation [36]; and (iv)
prostaglandins (PGs), in particular PGE>, one of the principal lipid
mediators of the arachidonic acid (AA) cascade [37]. The first sign of
recovery is the switch from PGs (pro-inflammatory lipid mediators) to
lipoxins and resolvins (anti-inflammatory lipid mediators); indeed, it
inhibits the recruitment of neutrophils and promotes the recruitment of

monocytes, restoring homeostatic conditions [38,39]. In the last few

12
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years, in the context of acute inflammation, the scientific community has
focused the spotlight on mPGES-1 enzyme that acts as a crucial regulator
in the terminal steps of PGE> production from intermediate PGH> [40].
The baseline expression of mMPGES-1 in different tissues is low, but in
response to inflammatory stimuli and cytokines such as
lipopolysaccharide (LPS), IL-1B, TNF-a, and IL-17A, mPGES-1 is up-
regulated and functionally coupled with COX-2 to mediate pro-
inflammatory PGE; production [41-44]. This elevation in lipid mediators
is implicated in the pathogenesis of several inflammatory diseases such
as gouty arthritis, rheumatoid arthritis (RA), and atherosclerosis [45-47].
Selective inhibition of downstream mMPGES-1 [48] for a specific
reduction in PGE> production is proposed as a safer alternative compared
with nonsteroidal anti-inflammatory drugs (NSAID)s [49,50]. A variety
of compounds which target mPGES-1 have been described in the
literature and are summarized in Fig. 1 [51-54]. Of particular interest is
the polyphenol mangiferin from Mangifera indica L., commonly known
as mango. This compound is capable of attenuating the severity and
extension of intestinal-inflammatory injuries via inhibition of neutrophil
infiltration, pro-inflammatory proteins COX-2, iNOS, and nuclear factor
kappa B (NF-xB) activation [55]. Notably, mangiferin also presents
analgesic properties due to its ability to reduce pain via PGE> reduction
[56]. These findings pave the way for the use of this botanical-derived
compound as novel anti-inflammatory and analgesic agent targeting
COX-2/mPGES-1 pathway.

13
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Chapter 1. Fig. 1. Natural compounds targeting COX-2/mPGES-
1/PGE: cascade. Schematic representation of natural compounds (black
bold), by different botanical sources (in red) targeting COX-2/mPGES-1
pathway as alternative therapies for different inflammatory-related
diseases. The figure, also, shows the preclinical models (black bold),
where these active components have been tested with related
bibliographic references. From Saviano et al. [57].

14
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1.3 Natural compounds targeting Thl17/Treg axis in immune-
mediated inflammatory diseases

Considering inflammation from a “cellular point of view”, although
neutrophils and macrophages have traditionally been looked upon as
dominant cell types during the resolution phase, accessory cells such as
Th1l7 and Treg have more recently emerged as important players during
resolution. They may link innate and adaptive immune systems [58].
CD4 T cells regulate several immune answers in order to fight against
different disease-causing noxious stimuli. The binding of T cell receptor
(TCR) to the peptide-major histocompatibility complex (MHC) activates
naive CD4 T cells that differentiate into effectors cells, including Th17
and Treg [59,60]. Th17, which express the transcription factor retinoic
acid receptor-related orphan receptor (ROR)yt, arbitrate immune
responses against extracellular bacteria, fungi, and viruses [61]. They
produce IL-17, IL-22, and IL-23, stimulate many cell types to recruit
neutrophils, and promote inflammation at the site of infection [62].
Consequentially, therapeutic strategies directed to neutralizing these
cytokines utilizing monoclonal antibodies have shown encouraging
results [46,63-67]. By contrast, Tregs express the transcription factor
forkhead box P3 (FOXP3) and produce anti-inflammatory cytokines like
IL-10 and transforming growth factor-p (TGF-B) which inhibit immune
responses to control immune homeostasis. These two classes of T cells
subsets have opposing roles during inflammatory and immune responses:
Th17 can cause, while Treg suppress autoimmune and inflammatory-
based diseases [68]. Moreover, Th17 and Treg share a common signaling
pathway mediated by TGF-B, but the external milieu present during
activation determines these cells’ polarisation [69-71]. Considering the

“plasticity” of the differentiation process and since in inflammatory
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states each cell type can convert to the other, it is not unexpected that the
equilibrium between Th17/Treg is critical for pathogenesis, prognosis,
and therapy of several autoimmune diseases [72-74]. Indeed, the
Th17/Treg ratio is increased in patients with psoriasis, inflammatory
bowel disease (IBD), RA [75], and multiple sclerosis (MS) [76]. In Fig.
2, we have summarized the broad panel of natural compounds which
could potentially modulate Th17/Treg function and prove potentially
useful in preventing and/or treating different immune-mediated
inflammatory diseases [58,73,77]. Noteworthy are, in our knowledges,
mangiferin [78] and neomangiferin [79], the main active constituents of
Mangifera indica L., that decrease the proportion of Th17 and the levels
of IL-17A, while increasing the balance of Treg and the expression of

anti-inflammatory cytokine IL-10.
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Chapter 1. Fig. 2. Natural compounds targeting Th17/Treg axis.
Schematic representation of natural compounds (black bold), by different
botanical sources (in red) targeting Th17/Treg ratio as alternative
therapies for different autoimmune-based diseases. The figure, also,
shows the preclinical models (black bold), where these active
components have been tested with related bibliographic references. From
Saviano et al. [57].
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1.4 Future prospects

European legislation for food supplements and nutraceuticals is not fully
harmonized and not adapted to meet current challenges. In this context,
the Belgian, French, and Italian authorities have decided to develop a
common approach for evaluating botanicals in the BELFRIT project
providing harmonization in terms of identification and classification of
medicinal plants used in food supplement and/or nutraceuticals.
However, in the BELFRIT list, there are only a few and fragmented
pieces of information regarding the natural products and compounds
targeting COX-2/mPGES-1 coupling enzymes and Th17/Treg repertoire.
In this regard, the information reported here (in particular for those
secondary plant’s metabolites targeting both pathways as mangiferin and
neomangiferin, Fig. 3) highlights the need for further detailed studies,
including mechanism exploration, safety profile, and clinical trials to
discover clinically useful drugs and therapeutic targets in widespread
pathologies related to inflammatory-based and autoimmune-related

diseases.
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significant secondary metabolites, mangiferin and neomangiferin,
targeting both COX-2/mPGES-1 pathway and Thl17/Treg axis. From
Saviano et al. [57].
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CHAPTER 2: Unlocking the therapeutic potential of Mangifera

indica L.: insight from arthritis model

2.1 Introduction

In the context of inflammation and immunity, there are fragmented and
observational studies reporting that Mangifera indica L. (a plant that
belongs to the Anacardiaceae family) and/or its main active component
mangiferin (a xanthone present at significant levels in different parts of
the mango fruit) display anti-inflammatory/immunomodulatory activity
[57,80,81]. According to previous reports on the traditional use of this
medicinal plant, the main biological activity seems to be correlated with
the modulation of cyclooxygenase (COX)s and 5-lipoxygenase (5-LOX)
enzymatic pathways [82,83] and through the inactivation of NOD-like
receptor family pyrin domain-containing 3 (NLRP3) inflammasome and
NF-«xB activity [84]. Other mechanisms proposed include inhibition of T
helper (Th)-17 cells (CD4*/IL-17") responses [78] and induction of
regulatory T (Treg) cells (CD4*/FOXP3™) via suppression of mTOR
signalling [85]. These activities fit well with the antioxidant and anti-
hyperuricemic properties also ascribed to this plant extract [86]. In this
context, it has been reported that mangiferin significantly reduces the
serum urate level in mice, normalizing xanthine oxidase and superoxide
dismutase activity in a mouse model of hyperuricemic nephropathy [87].

Intriguingly, analysing the current literature, it emerges that all studies
performed to date have two main common denominators: i) the anti-
inflammatory/immunomodulatory activity and ii) a low bioavailability of
mangiferin [88,89]. Moreover, most of the current data obtained by using
either the pure compound or the extract do not take into account the

possible pharmacokinetic differences as well as the different
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solubilization methods. These factors make it very complex to match
data that are obtained in different preclinical settings.

To overcome these limitations and aimed to dissect the anti-
inflammatory and immunomodulatory activity ascribed to this medicinal
plant, we have used a Mangifera indica L. extract (MIE) at 90% purity in
mangiferin in a mouse model of gouty arthritis. The choice of this in vivo
model relies on the fact that gout is paradigmatic of local, but also
systemic, inflammation [46,67]. Indeed, the deposition of monosodium
urate (MSU) crystals within articular areas leads to excruciating pain and
articular swelling and stiffness [36,90], characterized by the infiltration
of lymphocytes-leukocytes [91]. It has been also shown that in a mouse
model of MSU-induced gouty arthritis, there is a systemic imbalance
between Th17/Treg ratio [46], which is likewise mirrored in the local
inflamed tissues [92]. We have found that mangiferin and the fully
characterized extract used in the study, reported in this chapter, have a
similar pharmacokinetic profile and anti-inflammatory activity but
different cytotoxic effects. Taking advantage of these findings, we have
used the extract (MIE) to define its mechanism/s of action and,
contextually, to pave the way for its rationale use as a herbal-based

preparation/formulation.

2.2 Experimental section: Materials and methods

2.2.1 Materials

Mangifera indica extract (MIE, 90% mangiferin, batch number #CMGD-
C-A091434) was supplied and certified by [92] L.C.M Trading S.p.A.
(Milan, Italy). Full technical data sheet specifications and processing

21



Chapter 2

flow-chart of the extraction system are reported in Supplementary Fig. 1
and Supplementary Fig. 2 respectively.

Furthermore, HPLC profile and standard methods were conducted
following I1SO directives (78-2:1999) and EMA guidelines for herbal
medicinal products (Supplementary Fig. 3) [93]. NMR profile was also
performed to ensure MIE (90% mangiferin) content, in compliance with
the recommendations for natural product research. 'H NMR and 3C
NMR spectra identified mangiferin as the major component of the extract
and the chemical shift values agree with available literature data and with
the analytical standard [94] (Supplementary Fig. 4A-C and
Supplementary Fig. 5A, B). Therefore, we applied a quantitative ‘H
NMR for the quantification of the active ingredient in MIE
(Supplementary Fig. 4D). The purity of MIE was 91.90%, obtaining a
result in agreement with the value reported in the technical data sheet
(Supplementary Fig. 1 and Supplementary Fig. 3). Benzoic acid,
collagenase (Type VIII), dimethyl sulfoxide (DMSO), deuterated
dimethyl sulfoxide (DMSO-ds), E-Toxate™ reagent from Limulus
polyphemus, fetal bovine serum (FBS), hyaluronidase, indomethacin,
mangiferin (CAS No. 477-96-0, purity > 98%), monosodium urate
crystals, and RPMI-1640 cell medium were purchased from Sigma-
Aldrich Co. (Milan, Italy). Flow cytometry fixation and permeabilization
buffer kit 1 and proteome profiler mouse cytokine array kit were
purchased from R&D System (Milan, Italy), whereas FACS buffer and
conjugated antibodies from BioLegend (London, UK). Ficoll-Paque Plus
(endotoxin tested, < 0.12 EU/ml) was obtained from GE Healthcare Bio-
Sciences AB (Uppsala, Sweden). For western blot analysis, anti-COX-2
and anti-microsomal prostaglandin E synthase-1 (mPGES-1) were

obtained from Elabscience (Milan, Italy), anti-microsomal prostaglandin
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E synthase-2 (MPGES-2), and anti-peroxisome proliferators activated
receptor y (PPARy) from Novus (Milan, Italy), whereas anti-beta-actin,
anti-COX-1, and anti-prostaglandin D synthase-1 (mPGDS-1) from
Origene (Maryland, US). HRP-conjugated 1gG secondary antibodies
were purchased from Dako (Copenhagen, Denmark). Unless otherwise

stated, all the other reagents were from BioCell (Milan, Italy).

2.2.2 Cell culture and viability

Murine macrophage J774A.1 cell line was cultured in Petri culture dishes
(100 x 20 mm) in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% FBS, 2 mM L-glutamine, 100 U ml™* penicillin,
100 pg ml? streptomycin, 25 mM HEPES, and 130 pg ml™ Na pyruvate
in a humidified 5% carbon dioxide atmosphere at 37 °C. Cell viability
was examined as previously described [95]. Briefly, using a colorimetric
assay based on the MTT labelling reagent, J774 cells (25 x 10° per well)
were seeded in 96-well plates and, after overnight incubation, were
treated with MIE and mangiferin (0.001-30 pg ml™). Cells containing
only DMSO at the highest concentration used in test wells (0.1%) were
selected as internal control. After 24 h, 10 pl of MTT solution (5 mg ml*
in phosphate-buffered saline, PBS; pH 7.4) were added to each well and
the plates were incubated for 3 h at 37 °C. Then, the medium was
removed, and the obtained formazan crystals were dissolved in 150 pl of
DMSO for 15 min. The spectrophotometric absorbance was measured
using a microtiter enzyme-linked immunosorbent assay reader
(Multiskan™ GO Microplate Spectrophotometer; Thermo Scientific™) at
540 nm. The percentage of cells viability was determined by the

following formula: OD of treated cells/OD of control x 100.
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2.2.3 Sample preparation and NMR analysis

'H NMR and *C NMR spectra were obtained using a Bruker AVANCE
400 MHz spectrometer. Chemical shifts () were referenced to the
residual solvent signal (DMSO-de: on = 2.50 ppm, oc = 39.5 ppm)
and J values are given in Hz. Splitting patterns are expressed as follows:
s, singlet; d, doublet; t, triplet, m, multiplet; br s, broad singlet. All NMR
spectra were acquired and processed using Bruker TopSpin 4.1.1. MIE
and mangiferin standard samples were prepared by dissolving 3 mg of
the sample in 0.5 ml DMSO-ds. The *H NMR spectra of samples were
acquired after 16 scans with a 1-second relaxation delay. The 3*C NMR
spectrum of MIE sample was acquired after 5000 scans with a 1-second
relaxation delay. For quantitative *H NMR analysis, 10 mg of benzoic
acid as internal standard was added to 10 mg of MIE sample and was
dissolved in 0.5 ml DMSO-ds. The *H NMR spectrum of the mixture was
acquired after 350 scans with a 1-second relaxation delay. A quantitative
NMR experiment was performed in triplicate using H-4 (on = 7.62 ppm)
of the internal standard and H-8 of mangiferin (6w = 6.86 ppm). The
equation below was used for tH NMR quantification, where m is the
mass (mg), N is the number of protons represented by the peak, A is the

integrated area under the peak, Mw is the molecular weight (g mol™):

m(standard) X N(standard) X A(mangiferin) X M (mangiferin)

m(mangiferin) =
A(standard) X M, (standard) X N(mangiferin)
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2.2.4 Animals

All animal care and experimental procedures complied with the
international and national 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). CD-1 male mice (10-14 weeks,
25-30 g), purchased from Charles River (Milan, Italy), were kept in an
animal care facility under controlled conditions, with ad libitum access to
water and standard laboratory chow diet. All procedures were carried out
to minimize the number of animals used (n=15-6 per group) and their
suffering. Experimental study groups were randomized, and their
assessments were carried out by researchers blinded to the treatment

groups.

2.2.5 Preparation of MSU crystals

MSU crystals were prepared as previously described [46]. Briefly,
800 mg of MSU were dissolved in 155ml of boiling milli-Q water
containing 5 ml of NaOH, and adjusted the pH to 7.2. The solution was
cooled gradually by stirring at room temperature (RT). Thereafter,
crystals were collected after centrifugation at 3000 rpm for 5 min at 4 'C.
The obtained crystals were washed twice with 100% ethanol, dried,
autoclaved (180 °C for 2 h), and weighed under sterile conditions.
Endotoxin-free crystals (Limulus polyphemus lysate assay: <0.01
EU/10 mg) were resuspended in PBS by sonication and stored in a sterile

environment until use.
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2.2.6 MSU-induced acute gouty arthritis model and drug
administration

Acute gouty arthritis was induced by intra-articular (i.a.) administration
of MSU crystals (200 ug 20 ul™l) into the right tibiotarsal joint (ankle) of
mice under isoflurane anaesthesia [46,96]. Control (Ctrl) group mice
received an i.a. injection of sterile PBS (20 ul). The successful
establishment of the gout arthritis model was judged by obvious swelling
after MSU injection with a peak of inflammatory reaction between 18
and 24 h [97]. As schematically reported in Supplementary Fig. 6, MIE
(0.1, 1, 10 mgkg™), mangiferin (10 mgkg™), indomethacin (3 mgkg™),
AF3485 (100 mgkg?) and their corresponding vehicle (150ul of
DMSO/saline 1:3 w/w as the minimum concentration required to enable
solubilization and to devoid any anti-inflammatory activity per se [98])
were administrated concomitantly to MSU (time 0), 6 and 12 h after the
stimulus. MIE, mangiferin, indomethacin or vehicle were administered
orally (p.o.) by oral gavage, while AF3485 was injected intraperitoneally
(i.p.). The route, timing, and frequency of administration as well as the
selected dosages of MIE and tested compounds were selected according
to updated literature [99-102]. At the experimental endpoint (18 h, peak
of inflammation), blood was collected by intracardiac puncture before
mice were sacrificed. Whole blood samples were left to settle for 30 min
at RT and then centrifugated at 10000 rpm for 5 min [103]. The obtained
plasma was transferred into a 1.5 ml tube, stored at -80 'C, and used with

other collected tissues (knee joints) for further ex vivo analysis [104].

2.2.7 Evaluation of joint scoring and oedema
To evaluate the dose-responsive effect of MIE, the joints from different

experimental conditions were scored macroscopically on a scale from 0
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to 3, where 0=no inflammation, 1=mild inflammation, 2 = moderate
inflammation, and 3 = severe inflammation, in increments of 0.25 (a first
signs of swelling and redness present). Two authors performed joint
swelling scoring without knowledge of the experimental groups [46].
After macroscopic evaluation, knee joint oedema was determined with a
calliper (Mitutoyo) before and after the i.a. injection with MSU crystals
or MSU crystals plus MIE at indicated time-point. Knee joint oedema
was determined for each mouse by subtracting the basal paw value to the
paw value measured at each time point and presented as A mm/joint

[46,97].

2.2.8 Pharmacokinetic study

For the pharmacokinetic study, a single dose of MIE and pure mangiferin
(10 mg kg!) was orally administered to two groups (n=5) by oral gavage
in 150 ul of DMSO/saline 1:3 w/w. After 2h, (mangiferin’s half-life)
blood was collected by intracardiac puncture before mice were sacrificed.
Whole blood samples were left to settle for 30 min at RT and then
centrifugated at 10000 rpm for 5min [103]. The obtained plasma were
transferred into a 1.5 ml tube, stored at -80 "C before analysis. For sample
preparation, 40pul of plasma was mixed with 160pul of
methanol:acetonitrile (50:50, v/v) containing luteolin 7-O-B-D-glucoside
50 ng ml! as internal standard (IS). The mixture was mixed for 1 min and
centrifuged at 12000 g for 10 min at 4 "C. The supernatant was collected
and 10 ul were injected into the LC-MS/MS system. Analysis was
performed using liquid chromatography tandem mass spectrometry (LC-
MS/MS) with an Exion LC AD coupled to a Sciex 6500+ QTrap
(Toronto, Canada), fitted with a Turbo Spray lon Drive source. A Luna

C18 phase Kinetex column (Scmx2mm ID) from Phenomenex
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(Torrance, CA, USA) packed with 5um particles was used for
chromatographic separation. The mobile phases were (A) methanol and
(B) water containing 0.1% formic acid, at a flow rate of 0.80 ml min™.
The LC gradient profile started from 0% A for 0.5 min, the organic phase
was then increased to 10% in 0.7 min and then to 100% in the following
1.8 min. Finally, after 0.7 min of 100% A the column was led to the
original conditions in 2.0 min to enable equilibration of the column.
Analyte and IS were detected in negative ionization with a capillary
voltage of -4500 V, nebulizer gas (air) at 50 psi, turbo gas (nitrogen) at
80 psi and 550 "C. The other ion source parameters were set as follows:
curtain gas (CUR) 40 psi; declustering potential (DP) -19 V, entrance
potential (EP)-11 V. Instrument conditions optimization was performed
by direct infusion and manual tuning. Data collection and elaboration
were performed by means of Analyst 1.7 software (AB- Sciex). The
quantitative data were acquired using Multi Reaction Monitoring (MRM)
mode. Two MRM transitions (precursor ion>fragment ion) were selected
for the analyte, i.e. m/z 421.2>300.9 and 421.1 >330.9 with collision
energy (CE) -31 and -28 eV and collision cell exit potential (CXP) at -20

and -23 V for the two transitions respectively.

2.2.9 Histology

Histological analysis was conducted at the 18 h time-point (peak of
inflammation). Colon, liver, and lung (from Ctrl, MIE, and mangiferin
group) were excised immediately, thoroughly rinsed with physiological
saline solution and then fixed in neutral buffered formalin before being
embedded in paraffin. Section (4 um) were deparaffinized with xylene
and stained with haematoxylin and eosin (H&E) as previously described

[105] for conventional morphological evaluation. A dimension used for
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the analysis of the slices was 569 x 633 pixels and magnification x 20. In
all cases, a minimum >3 sections per animal were evaluated. Phase-
contrast digital images were taken using the Image Pro image analysis

software package.

2.2.10 Myeloperoxidase assay

Leukocyte myeloperoxidase (MPO) activity was assessed by measuring
the H.Oz-dependent oxidation of 3,3",5,5'-tetramethylbenzidine as
previously reported [106]. Tissues (knee joints) were homogenized for
35s in a solution composed of hexadecyltrimethylammonium bromide
(0.5% w/v) in 50mM sodium phosphate buffer pH 5.4. After
homogenization, samples were centrifuged (3000 rpm) for 10 min, and
the supernatants were used for the assay. Aliquots of 20 pul were
incubated with 160 ul of 3,3',5,5'-tetramethylbenzidine and 20 pl of H20»
(in 80 mM phosphate buffer, pH 5.4) in 96-well plates. Plates were
incubated for 5 min at RT, and OD was read at 620 nm using a plate-
reader (Multiskan™ GO Microplate Spectrophotometer; Thermo
Scientific™). Samples were run with technical replicates and normalized

for protein content.

2.2.11 Isolation and characterization of joint-infiltrating cells

According to the protocol described by Akitsu and colleagues [107],
ankle joints were digested with hyaluronidase (2.4mgml?) and
collagenase (1 mgml™) in RPMI 1640 plus 10% FBS for 1h at 37°C.
Cells were filtered through a cell strainer with a 70-pum nylon mesh
(Becton Dickinson, Franklin Lakes, NJ, USA) and washed with RPMI
1640 plus 10% FBS. After that, collected cells were washed in PBS for

total cell count before flow cytometry analysis. Cell number was
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determined by TC20 automated cell counter (Bio-Rad, Milan, Italy)
using Bio-Rad’s disposable slides, TC20 trypan blue dye (0.4% trypan
blue dye w/v in 0.81% sodium chloride and 0.06% PBS) and a CCD
camera to count cells based on the analyses of capture images [106].

2.2.12 Flow cytometry analysis

Lymphocytes isolated from whole blood (collected by intracardiac
puncture) by Ficoll-Pague Plus gradient method were washed in FACS
buffer (PBS containing 1% BSA and 0.02% NaN>) and directly stained
with the following conjugated antibodies (all from BioLegend, London,
UK): CD3 (1:200; clone 17A2), CD4 (1:200; clone GK1.5), CD8 (1:200;
clone 5H10-1), CD25 (1:200; clone 3C7) for 60 min at 4 °C. After
washing, cells were fixated, permeabilized, and stained intracellularly
with IL-17A (1:200; clone TC11-18H10.1) and FOXP3 antibody (1:200:
clone MF-14). Th17 and Treg populations were defined as CD4*IL-17"
and CD4"CD25"FOXP3* cells respectively [46,108,109]. On cells
collected from digested knee joint tissues, we adopted the same staining
described before for Th17 and Treg, whereas for the characterization of
joint-infiltrating leukocytes we performed a staining with the following
conjugated antibodies: CD45 (1:100; clone 30-F11), LY6C (1:100; clone
HK1.4), LY6G (1:100; clone 1A8), CD11b (1:100; clone M1/70) and
CD115 (1:100; clone AFS98). Neutrophils and patrolling/inflammatory
monocytes were defined as CD45%/LYBCT/LY6G,
CD11b*/CD115%/LY6C'", CD11b*/CD115*/LY6C" cells respectively,
according to the flow cytometry procedure previously described
[106,110,111]. At least 1x10* cells were analysed per sample, and
positive and negative populations were determined based on the staining

obtained with related 1gG isotypes. Flow cytometry was performed on
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BriCyte E6 flow cytometer (Mindray Bio-Medical Electronics, Nanshan,
China) using MRFlow and FlowJo software [67].

2.2.13 Cytokines and chemokines protein array

All mice were sacrificed at indicated time-point (18 h), and knee joints
were immediately removed and collected into a 2 ml tube for immediate
preservation in liquid nitrogen and successive storage at -80 'C. The
isolated tissues were homogenized in ice-chilled Tris-HCI buffer
(20 mM, pH 7.4) containing 1 mM EDTA, 1 mM EGTA, 1 mM PMSF,
I mM sodium orthovanadate, and one protease inhibitor tablet per 50 ml
of buffer. According to the manufacturer's instructions, equal volumes
(1.5 ml) of the pulled knee joint homogenates, and plasma samples from
all experimental conditions were then incubated with the pre-coated
proteome profiler array membranes. Dot plots were detected by using the
enhanced chemiluminescence detection kit and Image Quant 400 GE
Healthcare software (GE Healthcare, Italy) and successively gquantified

using GS 800 imaging densitometer software (Biorad, Italy) [66,112].

2.2.14 Western blot analysis

Whole knee joint homogenates (35 pg of protein) were subjected to SDS-
PAGE (10% gel) using standard protocols as previously described
[106,113,114]. The proteins were transferred to nitrocellulose membrane
(0.2 um nitrocellulose membrane, Trans-Blot® Turbo™, Transfer Pack,
Bio-Rad Laboratories, Hercules, CA, USA) in the transfer buffer at
400 mA for 2 h before incubation for 2 h at RT with non-fat dry milk (5%
wt/v) in PBS supplemented with 0.1% (v/v) Tween 20 (PBS-T) and then
incubated with 1:1000 dilution of primary antibodies over-night at 4 'C
as such as rabbit polyclonal anti-beta-actin (TA890010), rabbit
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polyclonal anti-COX-1 (TA590056), mouse monoclonal anti-COX-2 (E-
AB-27666), rabbit polyclonal anti-mPGES-1 (E-AB-32563), rabbit
polyclonal anti-mPGES-2 (NBP2-58108), rabbit polyclonal anti-
mPGDS-1 (TA301420), rabbit polyclonal anti-PPARy (NBP2-22106).
After lavages with PBS-T, blots were incubated with a 1:3000 dilution of
related horseradish peroxidase-conjugated secondary antibody for 2 h at
RT and finally washed 3 times with PBS-T. Protein bands, normalized
with respective actin, were detected by chemiluminescence method
(Clarity™ Western ECL Substrate, Bio-Rad Laboratories, Hercules, CA,
USA) and quantified using the GS 800 imaging densitometer software
(Biorad, Italy) [115].

2.2.15 Data and statistical analysis

Statistical analysis complies with the international recommendations on
experimental design and analysis in pharmacology [116,117] and data
sharing and presentation in preclinical pharmacology [118,119]. All data
are presented as means = S.D. and were analysed using one- or two-way
ANOVA followed by Bonferroni’s or Dunnett’s for multiple
comparisons. GraphPad Prism 8.0 software (San Diego, CA, USA) was
used for analysis. Differences among groups were considered significant
when P <0.05 was achieved. The sample size was chosen to ensure alpha
0.05 and power 0.8. Animal weight was used for randomization and
group allocation to reduce unwanted sources of variations by data
normalization. No animals and related ex vivo samples were excluded
from the analysis. In vivo study was carried out to generate groups of
equal size (n=5-6 of independent values), using randomization and

blinded analysis.
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2.3 Results

2.3.1 MIE, and mangiferin, attenuate the severity of MSU-induced
gouty inflammation

For the pharmacokinetic study, a single dose of MIE and pure mangiferin
(10 mgkg™) selected from the most updated literature [99,100,120] was
orally administered to two groups (n=35) by oral gavage in 150 pul of
DMSO/saline 1:3 w/w. After 2h, (mangiferin’s half-life) blood was
collected by intracardiac puncture before mice were sacrificed. Our
results indicate that pure mangiferin and plant extract displayed similar
plasmatic concentrations (6.32+2.71ngml? vs 7.58+4.33 ngml™
respectively) (Fig. 1A). To evaluate the anti-inflammatory and
immunomodulatory activity ascribed to this medicinal plant, we used a
Mangifera indica L. extract (MIE) and the pure compound mangiferin in
a mouse model of gouty arthritis as illustrated in the experimental plan in
Fig. 1B. MSU administration resulted in an intense and reproducible
joint inflammatory score (with a peak at 18 h), attenuated after MIE and
mangiferin treatment at the higher dose of 10mgkg®. A significant
protective effect was also observed at 18 h when MIE was administrated
at the dose of 1 mgkg™ whereas no significant effects were revealed at
the dose of 0.1 mgkg™ (Fig. 1C, E). In a time-course experiment, MIE
and mangiferin treatment (at the most active dose of 10 mgkg™)
significantly reduced joint swelling between 18 and 24 h (Fig. 1D),
whereas all inflammatory parameters subsided by 24-48 h after MSU
crystals injection. Indomethacin (3 mgkg™?, p.0.), a non-steroidal anti-
inflammatory drug (NSAID), and AF3485 (100 mgkg?, i.p.), a selective
mPGES-1 inhibitor, were used as positive controls. Interestingly, as

reported in Supplementary Fig. 7, while indomethacin displayed its
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maximum anti-inflammatory activity at the early stage of MSU-induced
inflammation (4-6 h following MSU injection), AF3485 showed a pattern
of inhibition almost superimposable to one obtained with MIE treatment,

within the timeframe of 6-24 h following MSU administration.
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Chapter 2. Fig. 1. MIE, and mangiferin, reduce MSU crystal-
induced gouty inflammation and ankle oedema. For the
pharmacokinetic study, a single dose of MIE and pure mangiferin
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(10mgkg?!) was orally administered by oral gavage in 150 ul of
DMSO/saline 1:3 w/w. After 2h, mangiferin’s mean plasma
concentration was determined (A). Mice were treated with MIE (0.1, 1
and 10 mgkg?, p.o.), mangiferin (at the higher dose of 10 mgkg™, p.0.)
or MIE vehicle (150pul of DMSO/saline 1:3; p.o.; minimum
concentration required to enable solubilization) concomitantly (time 0), 6
and 12h after intra-articular stimulation with MSU crystals (200 pg
20 ul?) in the right knee joints (B). Joint inflammation score (0-3 in
increments of 0.25) was evaluated at 2, 4, 6, 18, 24, and 48 h (C), while
representative photographs of ankles were taken 18h (peak of
inflammation) after MSU injection (E). Joint inflammation oedema was
evaluated at 2, 4, 6, 18, 24 and 48 h after the stimulus with MSU (D).
Data are expressed as ng mlt (A), joint inflammation score (C), A
increase of knee joints mm (D), and presented as means = S.D. of n=15-6
mice per group. Statistical analysis was conducted by one- or two-way
ANOVA followed by Bonferroni’s or Dunnett’s for multiple
comparisons. *P<0.05, #*##P<0.0001 vs Ctrl group; “P<0.05,
“P<0.01, P<0.001, “"P<0.0001 vs MSU +MIE vehicle group.
From Saviano et al. [121].

Finally, our in vitro cytotoxic examination (conducted in compliance to
ISO 10993-5 (2009) revealed a safer profile for MIE compared to the
pure compound on murine macrophage cell lines. Results, presented in
Fig. 2A, B show that MIE did not have any cytotoxic effect irrespective
of the dose of 30 ugml™* dose (Fig. 2A) whereas mangiferin displayed a
significant reduction of cell viability starting from 0.003 pgml™ (Fig.
2B) (dotted lines indicate 75% of cell viability). Furthermore,
morphological evaluation of liver (Fig. 2C, F, 1), colon (Fig. 2 D, G, J)
and lungs (Fig. 2 E, H, K) from MIE and mangiferin-treated mice
revealed the lack of toxic effects (Fig. 2 C-K) for both experimental
groups. Taken together, these data have directed us to test MIE (at the
dose of 10 mgkg™), rather than the pure compound, for all subsequent

experiments.
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Chapter 2. Fig. 2. MIE reveals, both in vitro and in vivo, a safer
profile compared to pure compound mangiferin. In vitro cytotoxic
examination, evaluated by MTT assay, for MIE and pure compound
mangiferin was performed on murine macrophage cell lines, following
24 h of treatment with the selected concentrations (0.001-30 ug ml™Y) (A,
B). Dotted lines indicate 75% of cell viability. Data are expressed as cell
viability (% of control) and presented as means + S.D. of 3 independent
experiments. Mice (n=6) were treated with MIE (10 mgkg?, p.o.),
mangiferin (10 mgkg?, p.o.) or MIE vehicle (150 pl of DMSO/saline
1:3; p.o.; minimum concentration required to enable solubilization). At
18 h time-point, liver, colon and lungs tissues obtained from Ctrl group
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(C-E), MIE (F-H), and mangiferin (I-K)-treated mice were tested for
Haematoxylin-Eosin (H&E) staining. Pictures are representative of three
independent experiments with similar results. Statistical analysis was
conducted by one-way ANOVA followed by Bonferroni’s for multiple
comparisons. *P<0.05, #P<0.01, **P<0.001, **#P <0.0001 vs Ctrl
group. From Saviano et al. [121].

2.3.2 MIE reverts the recruitment of inflammatory monocytes and
Th17/Treg ratio in the inflamed site

Since leukocyte recruitment plays a pivotal role in pain and inflammation
associated with gouty arthritis [122], we sought to examine the effect of
MIE on total leukocyte infiltration and activation by MPO activity in
ankle joint tissues homogenates following 18 h from MSU injection. As
expected, a significant increase in both total cells (Fig. 3A) and MPO
levels (Fig. 3B) was detected in MSU (+ MIE vehicle)-injected mice,
which were strongly reduced in MIE treatment group (Fig. 3A-B). The
main feature of gouty arthritis is the infiltration of inflammatory cells
(mainly neutrophils and monocytes) [123,124], followed by Th17 and
Treg reasonably in the late phase [103]. To further characterize the
phenotype of recruited cells following disease onset, flow cytometry was
employed to determine neutrophil, monocyte, Th17, and Treg levels in
digested knee joint tissue, at the 18 h time-point. Specifically, to identify
potential differences in leukocyte subpopulations, total cells were gated,
followed by single cells (flow cytometry strategy reported in Fig. 3C, F
and Fig. 4A, D). Neutrophils were identified as CD45*/LY6G*/LY6C*
(Fig. 3C-E), monocytes were further delineated based upon a range of
markers. CD11b" cells were plotted for LY6C and CD115 (Fig. 3F-H) to
distinguish CD11b*/CD115*/LY6C" patrolling monocytes from
CD11b*/CD115%/LY6C" inflammatory monocytes [106,110]. Th17 and
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Treg  populations  were  defined as  CD4*/IL-17"  and
CD4*/CD25*/FOXP3* respectively (Fig. 4A-C, D-F) [13]. We found that
MSU injection produced an intense infiltration of neutrophils (Fig. 3D,
E) and inflammatory monocytes (Fig. 3G, H). Treatment with MIE
significantly reduced neutrophil (Fig. 3D, E) and inflammatory monocyte
recruitment (Fig. 3G, H) in terms of absolute cell numbers. Moreover, as
shown in Fig. 4 MSU crystals-injected mice displayed a strong increase
in Th17 cells compared to Ctrl group (Fig. 4B, C). MIE treatment not
only significantly reduced the Th17 profile (Fig. 4B, C), but induced a
more prominent positive modulation of Treg cells (Fig. 4E, F).
Th17/Treg ratio was reflected by a significant difference in CD4" cells,
however no changes in CD3" and CD8" cells levels were detected
(Supplementary Fig. 9A-C). Reported values were strengthened by a low
percentage of positive cells found in the staining for the isotype control
antibodies (Supplementary Fig. 10A-I).
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Chapter 2. Fig. 3. MIE reduces leukocytes infiltration and
inflammatory monocytes recruitment in the mouse knee joints. Mice
were treated with MIE (10 mgkg™, p.o.) or MIE vehicle (150 ul of
DMSO/saline 1:3; p.o. gavage; minimum concentration required to
enable solubilization) concomitantly (time 0), 6 and 12h after intra-
articular stimulation with MSU crystals (200 pg 20 ul™) in the right knee
joints. At 18 h time-point knee joint tissues were tested for total cell
count (A) and myeloperoxidase activity (B). Flow cytometry analysis
was employed to determine in situ neutrophil and monocyte subsets. At
the peak of inflammatory reaction (18 h), ankle joints were digested, and
total cells were gated, followed by single cells, before the identifications
of CD45 or CD11b (C, F). CD45" cells were plotted for LYBC and
LY6G expression to identify CD457/LY6C*/LY6G" as neutrophils (D).
CD11b* cells were plotted for LY6C and CD115 expression to
distinguish  CD11b*/CD115*/LY6C'" patrolling monocytes from
CD11b*/CD115*/LY6C" inflammatory monocytes (G) respectively. %
of positive cells are reported in the gates, whereas histograms indicate the
total positive populations (E, H) in the different experimental conditions.
FACS pictures are representative of three independent experiments with
similar results. Data are expressed as units for mg of tissue (B) or 10°
cells (A, E, H) and presented as means £+ S.D. of n=6 mice per group.
Statistical analysis was conducted by one-way ANOVA followed by
Bonferroni’s for multiple comparisons. *P <0.01, *#P <0.0001 vs Ctrl
group; "P<0.05, “P<0.01, P <0.001 vs MSU +MIE vehicle group.
From Saviano et al. [121].
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Chapter 2. Fig. 4. MIE reverts Th17/Treg balance into knee joints.
Flow cytometry analysis was employed to determine in situ Th1l7 and
Treg subsets. At the peak of inflammatory reaction (18 h), ankle joints
were digested, and total cells were gated, followed by single cells, before
the identifications of CD4 (A, D). After washing, cells were fixated,
permeabilized, and stained intracellularly with IL-17A and FOXP3
antibodies. Th17 and Treg populations were defined as CD4*/IL-17" (B)
and CD4*/CD25"/FOXP3" (E) respectively. % of positive cells are
reported in the gates, whereas histograms (C, F) indicate the total
positive populations (expressed as 10° cells) in the different experimental
conditions. FACS pictures are representative of three independent
experiments with similar results. Data are expressed as 10° cells (C, F)
and presented as means +S.D. of n=6 mice per group. Statistical
analysis was conducted by one-way ANOVA followed by Bonferroni’s
for multiple comparisons. *#P<0.001, **P<0.0001 vs Ctrl group;
P <0.01 vs MSU + MIE vehicle group. From Saviano et al. [121].
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2.3.3 MIE dampens the release of cyto-chemokines in knee joints and
modulates COX-2/mPGES-1/PPARYy enzymatic axis

Considering the importance of pro-inflammatory mediators in gouty
pathogenesis [125], the effect of MIE on MSU crystals-induced pro-
inflammatory cyto-chemokine production was evaluated. As shown in
Fig. 5A-C knee joint homogenates obtained from MSU + MIE vehicle
group displayed a large increase of pro-inflammatory cyto-chemokines
compared to Ctrl (Fig. 5A, B). Interestingly, MIE treatment induced a
significant decrease in several mediators (Fig. 5C), modifying the cyto-
chemokines pattern release. According to the cellular profile previously
characterized by FACS, in MIE-administrated mice, densitometric
analysis, presented as a heatmap revealed a significant reduction of the
following pro-inflammatory mediators compared to MSU + MIE vehicle
group: B lymphocyte chemoattractant (BLC), granulocyte-colony
stimulating factor (G-CSF), interleukin (IL)- 1a, IL-1p, IL-6, IL-16, IL-
17, keratinocyte chemoattractant (KC), macrophage-colony stimulating
factor (M-CSF), junctional epithelium (JE), macrophage inflammatory
protein (MIP)-1a, MIP-1B, MIP-2, IL-1P stromal cell-derived factor-1
(SDF-1), metallopeptidase inhibitor-1 (TIMP-1), tumour necrosis factor-
a (TNF-a) and triggering receptor expressed on myeloid cells-1 (TREM-
1) (P <0.0001). Notably, in the MIE-treated group, the anti-inflammatory
cytokine IL-10 resulted significantly up-regulated compared to the MSU
+ MIE vehicle group (P <0.0001). Less marked, but still significant was
the modulation of complement component 5a (C5a), interferon-y (INF-y),
monocytes chemoattractant protein-5 (MCP-5), monokine induced by
interferon y (MIG), regulated upon activation normal T cell expressed
and secreted (RANTES) (P <0.001) and of soluble intercellular adhesion
molecular-1 (sSICAM-1), IL-7, IL-23, IL-27, interferon y-induced protein-
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10 (IP-10) and interferon-inducible T cell o chemoattractant (I-TAC)
(P<0.01) (Fig. 5D). We, also, carried out western blot analysis on whole
knee joint homogenates and found a significant increase of COX-2 (Fig.
6A) and mPGES-1 (Fig. 6G) in MSU-injected mice compared to Citrl.
These markers were downregulated in MIE-treated mice (Fig. 6A, G).
Conversely, PPARy and mPGDS-1 expression were increased in the
presence of MIE, confirming the hypothesis of the activation of an
alternative molecular pathway (Fig. 6C, F). No significant effects were
observed for COX-1 and mPGES-2 (Fig. 6B, E). Densitometric values
are expressed as OD ratio against actin (Fig. 6D and Fig. 6H-M).
Uncropped and triplicate of original western blots are presented in

Supplementary Fig. 11-17.
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Chapter 2. Fig. 5. MIE decreases the release of cyto-chemokines into
knee joints. Inflammatory fluids obtained from knee joint homogenates,
at 18 h time-point, were assayed using a proteome profiler cytokine array
for Ctrl (A), MSU +MIE vehicle (B) and MSU +MIE group (C).
Densitometric analysis is presented as a heatmap, expressed as INT/mm?
(D). Data are presented as means +S.D. of positive spots of three
separate independent experiments run each with n=6 mice per group
pooled (D). ElisaSpot assay statistical analysis (reported in the text) was
performed by using two-way ANOVA followed by Dunnett’s for
multiple comparisons. From Saviano et al. [121].
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Chapter 2. Fig. 6. MIE modulates COX-2/mPGES-1/PPARy axis.
Whole knee joint homogenates, collected at 18 h time-point, from
different experimental conditions were assayed by western blot for COX-
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2 (A), COX-1 (B), PPARy (C), mPGES-2 (E), mPGDS-1 (F), mPGES-1
(G) expression. Western blot images are representative of three separate
experiments with similar results. Cumulative densitometric values (at the
bottom of the figure, H-M) are expressed as OD ratio with actin (D).
Values are presented as means +=S.D. of three separate independent
experiments run each with n=6 mice per group pooled. Statistical
analysis was conducted by one-way ANOVA followed by Bonferroni’s
for multiple comparisons. #P <0.01 vs Ctrl group; "P<0.05, P <0.01
vs MSU + MIE vehicle group. From Saviano et al. [121].

2.3.4 MIE regulates Th17 and Treg circulating profile

Previous studies [103], including those from our research group [46,67],
have reported that MSU-induced gouty inflammation promotes a
systemic imbalance of Th17/Treg profile ratio, thus affecting in situ
inflammatory response. In this study, we firstly confirmed this systemic
immune dysfunction (Fig. 7A-F), demonstrating a significant effect of
MIE on Th17/Treg profile (flow cytometry strategy reported in Fig. 7A,
D). Specifically, MIE treatment significantly increased circulating Treg
levels (Fig. 7E, F), with a small degree of inhibition observed on Thl7
cells (Fig. 7B, C). Th17/Treg ratio was reflected by a significant
difference in CD4" cells, however the results obtained did not show any
changes in the total levels of CD3* and CD8" (Supplementary Fig. 9D-F)
cells in all experimental conditions. Cell percentages on gated population
were converted in absolute cells number (Supplementary Fig. 8).
Reported values were strengthened by a low percentage of positive cells
found in the staining for the isotype control antibodies (Supplementary
Fig. 10J-N). To gain further insights into the systemic inflammatory
profile following MSU-induced arthritis [103,123,125], we used an
unbiased approach (pre-made protein array) based on profiling cytokines

and chemokines present in plasma samples (Fig. 8A-C). MIE-
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administrated group had a significant inhibitory action on the circulating
levels of the following cyto-chemokines compared to MSU + MIE
vehicle group: Cb5a, IL-1a, IL-1B, IL-1ra, IL-4, IL-16, IL-23, IP-10, MIP-
la, MIP-1p, MIP-2, and TNF- o (P<0.0001). Noteworthy, in MIE-
treated group, the anti-inflammatory cytokine 1L-10 was significantly up-
regulated compared to MSU +MIE vehicle group (P<0.0001).
Modulation, albeit to a lesser extent, was also observed in these factors:
granulocyte macrophage-colony stimulating factor (GM-CSF), INF-y,
IL-5, IL-12 p70, I-TAC, M-CSF, and thymus and activation-regulated
chemokine (TARC) compared to MSU + MIE vehicle group (P <0.001).
A minor inhibitory profile was observed for IL-2, IL-3, IL-27, KC, MCP-
5, MIG, RANTES, and TREM-1 (P <0.05) (Fig. 8D).
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Chapter 2. Fig. 7. MIE influences circulating Treg profile.
Lymphocytes isolated, at 18 h time-point, from whole blood by Ficoll-
Paque Plus gradient method were gated, followed by single cells, before
the identifications of CD4 and CD25 (A, D). After washing, cells were
fixated, permeabilized, and stained intracellularly with IL-17A and
FOXP3 antibodies. Th17 and Treg population were defined as CD4*/IL-
17" (B) and CD4"/CD25"/FOXP3" cells (E) respectively. % of positive
cells are reported in the gates, whereas histograms (C, F) indicate the
total positive populations (expressed as 10° cells) in the different
experimental conditions. FACS pictures are representative of three
independent experiments with similar results. Data are expressed as 10°
cells (C, F) and presented as means +S.D. of n=6 mice per group.
Statistical analysis was conducted by one-way ANOVA followed by
Bonferroni’s for multiple comparisons. “P<0.05, **P<0.001 vs Ctrl
group; P <0.01 vs MSU +MIE vehicle group. From Saviano et al.
[121].
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Chapter 2. Fig. 8. MIE decreases the circulating release of cyto-
chemokines. Plasma samples collected at 18 h time-point in the different
experimental conditions were assayed by using a proteome profiler
cytokine array for Ctrl (A), MSU +MIE vehicle (B) and MSU + MIE
(C). Densitometric analysis is presented as a heatmap, expressed as
INT/mm? (D). Data are presented as means +S.D. of positive spots of
three separate independent experiments run each with n=6 mice per
group pooled (D). ElisaSpot assay statistical analysis (reported in the
text) was performed by using two-way ANOVA followed by Dunnett’s
for multiple comparisons. From Saviano et al. [121].

2.4 Discussion

This study shows that MIE reduces joint inflammation leukocyte
infiltration/activation by regulating the COX-2/mPGES-1 axis and
Th17/Treg ratio in the inflamed tissues and bloodstream. For the first
time, this evidence provides the molecular and cellular basis to determine
the anti-inflammatory and immunomodulatory activity of this plant
extract and its active component.

Despite the potential offered by mangiferin, the benefits are strongly
confined by its pharmaceutical and pharmacokinetic properties such as
low aqueous solubility (0.1-0.3 mgml™?), variable oral bioavailability
(1.5-5%), shorter half-life (ti2) (1.71h), and fast clearance [126-129].
However, the administration of mangiferin in complexes (e.g. phyto
complex) seems to improve bioavailability and other of its
biopharmaceutical properties [88,130,131]. Here, to overcome these
problems, we have firstly dissolved MIE and pure compound in
DMSO/saline 1:3 w/w as the minimum concentration required to enable
solubilization and of any anti-inflammatory activity per se [98],
administrating them every 6 h to increase the absorption and prolong the
time to reach their Cmax [89,108]. Indeed, in our study after a single oral

administration, MIE displayed a similar (with a trend of increase)
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plasmatic concentration at 2 h (half-time of tested compounds) compared
to mangiferin.

These findings are strengthened by the lack of mortality or toxic effects
(absence of abnormal signs, behavioural changes, body weight changes,
macroscopic findings, or haematological alterations) reported for MIE
and mangiferin in toxicological studies (respectively fixed at
2000 mg kg and 25 gkg! bw/day) [86,88,132] and by the absence of any
tissue’s morphological alteration in our experimental settings. However,
our in vitro cytotoxic examination revealed a safer profile for MIE
compared to the pure compound on murine macrophage cell lines. These
data have prompted us to test MIE in a mouse model of gouty arthritis
rather than the pure compound.

Gout is an inflammatory disease mainly characterized by depositing
MSU crystals (normally derived from purine metabolism disorders
and/or reduction of uric acid excretion) into joints or their surrounding
tissues, causing a dramatic inflammatory response with severe pain
[133,134]. These phenomena further induce chronic inflammatory
responses that may lead to gouty arthritis or chronic gout [135]. A variety
of animal models have been used to study gouty inflammation; however,
the majority do not fully reproduce the human disease. Acute gouty
model induced by i.a. administration of MSU crystals into the right tibio-
tarsal joint (ankle) of mice can effectively reproduce clinical symptoms
of gouty arthritis, reflecting patient’s performance and allowing greater
insight into related molecular/cellular mechanisms of pain and

inflammation [136].
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It has been shown that MSU crystals induce an excessive infiltration of
inflammatory immune cells into the joint synovium, accompanied by
extensive accumulation of pro-inflammatory cyto-chemokines (e.g. IL-
la/B, IL-6, I1L-17, MIGs, MIPs, TNF-a) [137,138]. This is paralleled by
the biosynthesis of leukotrienes (LTs) and prostaglandins (PGs),
including PGE», that are primarily related to activated nociceptor
neurons, thereby producing pain [43,139]. This inflammatory response is
then driven by neutrophils and inflammatory monocytes that self-
perpetuate the local inflammatory reaction, maintaining a loop of
inflammation [46], through the activation of preferential coupling of
inducible enzymes COX-2/mPGES-1 and the modulation of PPARy
[140,141]. This is most probably related to the presence of complex
mechanisms coordinating COX-2/mPGES-1 enzymes, which also affect
PPARy activity [47]. Amongst fatty acids, the cyclopentenone metabolite
of PGD2, 15-deoxy-Deltal2,14PGJ; (15d-PGJ2), seems to be a potent
ligand of PPARy which supports the regulation of inflammatory
responses and contributes to the resolution of inflammation [142]. From
a mechanistic viewpoint, upon PPARy activation, two principal
biological functions can follow: the inhibition of inflammatory mediators
by blocking the activation of p65 NF-«kB (a transcription factor involved
in inflammatory processes) and/or the increase in production of active
resolution mediators, including antioxidant enzymes such as catalase,
superoxide dismutase, and heme oxygenase-1. The molecular interaction
between COXs and PGES isoenzymes correlates with NF-xB activity
through a subtle balance of lipid mediators that, depending on the tissue
and the type of pro-inflammatory insult, induce a balance between those

we classically define as pro- or anti-inflammatory mediators [47,106].
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In the selected mouse model of MSU-induced gouty inflammation,
administration of MIE reduced, in a dose-dependent manner, the clinical
score of inflamed joints reaching its maximum anti-inflammatory
efficacy at the peak of the inflammatory reaction (18 h). At this time
point, the effect of MIE was comparable to that of the pure compound
mangiferin and, interestingly, more prominent next to those observed
after the administration of indomethacin and AF3485, an NSAID and a
selective mPGES-1 inhibitor, respectively. Moreover, it showed a similar
effect at the early stage of the inflammatory reaction, thus suggesting a
peculiar ~ pharmacological  profile that presumably involve
COXs/mPGES/PPARy axis [57].

To gain further insights into the mechanism of action we next
characterized the infiltrated cellular population by flow cytometry. MSU
crystal injection produced, at the peak of inflammation recruitment of
neutrophils and inflammatory monocytes, which was reverted following
MIE treatment. Furthermore, our findings indicate that MIE treatment
significantly restored in situ Th17/Treg balance in favour of Treg. All
these phenotypical changes are in line with the biochemical investigation
of the main molecular pathways involved in the onset of the disease.
Indeed, the administrations of MIE prevented the up-regulation of COX-
2 and mPGES-1, leaving COX-1 and mPGES-2 levels unchanged.
Moreover, we report a selective modulation of PPARY, also reflected by
the level of its molecular precursor mPGDS-1. Consistently, we also
found that MIE induced the modulation of pro-inflammatory cytokines
(in particular IL-1a, IL-1B, IL-6, IL-16, IL-17, TNF-a, and TREM-1) and
chemokines (such as JE, KC and SDF-1) involved in neutrophil and

inflammatory monocytes recruitment and activation [106].
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In the selected model, the initial infiltration of neutrophils and monocytes
is followed by lymphocytes [91,143]. Emerging evidence supports the
view that systemic imbalance of Th17/Treg impacts their infiltration in
situ and the subsequent damage to target tissues [46,92]. Treg represent a
small subset of T cells that control both innate and adaptive immune
responses and are critical for maintaining self-tolerance and homeostasis
[144,145]. Treg have been shown to reduce gout bone damage and
immune response by secreting immunosuppressive cytokines IL-10 and
transforming growth factor-p (TGF-), [146-148]. In contrast, Th17 are a
subset of CD4" T cells, characterized by IL-17 production, a powerful
pro-inflammatory cytokine that amplifies rather than induces, the
progression of the immune-mediated inflammatory response [105,149].
Indeed, the Th1l7/Treg balance is essential for understanding the
immunological mechanisms that sustaine and regulate autoimmune and
inflammatory diseases [150] such as rheumatoid arthritis (RA) and lupus
nephritis (LS) [85,103].

To gain a better understanding of the potential systemic effects of MIE,
we determined the circulating Th17/Treg levels. Interestingly, flow
cytometry bioassay on peripheral blood showed an increase in this T cell
subsets ratio that was reverted following MIE treatment. Such
immunological skewing towards a pro-resolving phenotype was also
confirmed by the analysis of circulating mediators that revealed
significant modulation of IL-10, IL-23, GM-CSF coupled to
amplificatory factors such as IL-1a, IL-1pB, IL-16, and TNF-a. These
results confirm that the observed Th17/Treg imbalance is correlated by a
change in the circulating inflammatory cyto-chemokines, reflecting the

multiorgan aetiopathogenesis of gouty arthritis [151].

59



Chapter 2

2.5 Conclusion

Our findings propose that the modulation of COX-2/mPGES-1 axis, and
Th17/Treg repertoire play a crucial role in the mechanism of action of
MIE. The dissection of the anti-inflammatory and immunomodulatory
activity of MIE, allows us to speculate that this plant extract could act by
two potential mechanisms of protection: one local (Fig. 9A, B, D) and
the other systemic (Fig. 9C, E), to avoid the amplification and the self-
sustaining inflammatory reaction. Clearly, future studies (e.g. Th1 and/or
Th17-driven murine model of autoimmune diseases) are needed to better
characterize the immuno-pharmacological profile of Mangifera indica L.
(more than its main active compound mangiferin), but this seminal study
paves the way to break the traditional framework of “one drug, one

target, one disease”.
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Chapter 2. Fig. 9. Molecular targets and proposed mechanism
underlying  the evaluation of  anti-inflammatory and
immunomodulatory activity of MIE in MSU-induced gouty
inflammation. Our findings propose that the modulation of COX-
2/ImPGES-1 axis, and Thl7/Treg ratio plays a crucial role in the
mechanism of action of MIE. The evaluation of the anti-inflammatory
and immunomodulatory activity of MIE allows us to speculate that
mangiferin could act by two mechanisms of protection: one local (A, B)
and the other systemic (C), to avoid the amplification and the self-
sustaining inflammatory reaction. Stacked Venn diagrams of cyto-
chemokines up-regulated by MSU and massively modulated post-
treatment with MIE into the knee joints tissues (D) and plasma samples
(E) highlight the typical mediators produced by
neutrophils/inflammatory monocytes (e.g. IL-6, IL-10/p, TNF-a, JE, KC)
and by Th17/Treg cell subtypes (e.g. IL-10, IL-17, G-CSF, GM-CSF) as
the major actors involved. In situ and circulating cell type subsets are
expressed as 10° cells, whereas Stacked Venn diagrams of cyto-
chemokines are displayed as colours ranging from pink to red (left
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diagram; A INT/mm? from 1500 to 15000) and from light blue to blue
(right diagram; A INT/mm? from 1500 to 10000). From Saviano et al.
[121].
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CHAPTER 3: Dissection of  anti-inflammatory  and
immunomodulatory activity of Mangifera indica L. extract: from
CD4*CD45RB"9" T cells transfer model of colitis to IBD patients

3.1 Introduction

Colitis, including ulcerative colitis (UC) and Crohn's disease (CD), is an
inflammatory bowel disease (IBD) with an increasing worldwide
incidence and prevalence [152, 153]. There are many factors thought to
lead to the development of colitis, such as persistent intestinal
inflammation (related to age, gender and genetics factors), diet,
alterations in the function of gut microbiota and immune system
homeostasis, all of which are interlinked [154]. Their aetiology and
pathogenesis are not yet fully known [155], but it seems that persistent
intestinal inflammation may result from a dysregulated immune response
to mucosal antigens involving a variety of cells with pathogenic but also
regulatory properties [156]. Among them, T helper (Th) cells (mainly
Thl and Th17) and regulatory T (Treg) cells play a crucial role in the
perpetuation and maintenance of self-tolerance of IBD, respectively
[157].

Despite the lack of specific dietary advice in IBD, even more than 70%
of sufferers note that inadequate nutrition significantly affects the course
of the disease and increases the frequency and severity of symptoms
[158]. Consequently, patients with UC intensively seek nutritional
guidance to help improve their quality of life and contribute to symptom
relief [158,159]. Unfortunately, studies to date do not provide a solid
basis for creating strong evidence-based dietary recommendations [160].
Whether dietary supplements and/or nutraceuticals are effective against

colonic inflammation and immune dysregulation is an area of
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investigation that is novel and highly significant [161-163]. Recently, a
growing body of studies has indicated that phytochemicals derived from
natural products are potent regulators of Th17/Treg repertoire, and exert
preferable protective benefits against colonic inflammation [57]. This
“immunological hypothesis” has attracted increasing scientific evidence,
and it may represent the “turning key” for IBD-related dietary
recommendations and the rationale for the specific use of herbal-based
preparation/formulation in diseases onset and/or progression [164,165].
Recent research, in particular from our research group [57,121], has
demonstrated the relevance of Mangifera indica L. (commonly known as
mango) polyphenols (mainly the glucosylxanthone mangiferin) in the
prevention of chronic inflammatory diseases, including inflammatory
bowel diseases [166,167]. Mangiferin possesses prominent anti-
inflammatory and immunomodulatory properties thanks to the capacity
to decrease CD4"IL-17" cells (Th17 phenotype) maturation [168] and to
promote the development of CD3*CD25 T cells into CD4"FOXP3* cells
(Treg phenotype) by suppressing mTOR activation pathway [85]. In
parallel, studies on DSS- and TNBS-induced experimental colitis in mice
revealed that an oral supplement with Mangifera indica and/or its active
components effectively ameliorates colonic inflammation through
nuclear factor-kappa B (NF-xB) and MAPK signaling inhibition [169]
and by the restoration of altered Th17/Treg cells physiological ratio
[168,170].

While current literature clearly demonstrates a protective role for
mangiferin or Mangifera indica extract in experimental IBD these studies
have captured only an association between mangiferin-induced
modulations in gut immunoinflammatory state and the disease outcome.

Thus, conclusive evidence is lacking to connect the real mechanism of
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action of mangiferin on IBD (in both preclinical and even more clinical
assessments) and to dissect its anti-inflammatory and immunomodulatory
properties.

Notably, no single animal model completely recapitulates the clinical and
histopathological characteristics of human IBD, considering that chronic
gut inflammation, largely mediated by T lymphocytes and the presence
of commensal enteric bacteria, are detrimental to the initiation and
perpetuation of intestinal and/or colonic inflammation. Crucially, these
aspects are required to model human disease [171]. Indeed, to identify
and test novel therapies targeted at regulating both anti-inflammatory the
immunological mechanisms responsible for the induction, perpetuation,
and/or regulation of IBD as well as the role of Tregs, T cell-dependent
models of IBD are significantly more relevant to human disease than are
the erosive, chemically-induced self-limiting models of acute colitis
[172-174].

With this rationale, and based on current literature in the study, reported
in this chapter, we explored the mechanism of action of a Mangifera
indica L. extract (MIE) at 90% purity in mangiferin in a
CD4*CD45RB"9" T cells transfer model of colitis. As proof of concept
for our study, we proved its protective effect on CD, irritable bowel
syndrome (IBS) and UC patients, thereby not only reinforcing the notion
that mangiferin is a potential therapeutic against colitis, but also
providing a key mechanism through which this “miracle compound”
(elegantly reviewed in [175]) mediates its effects in certain human

diseases.
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3.2 Experimental section: Materials and methods

3.2.1 Materials

Mangifera indica extract (MIE, 90% mangiferin, batch number: CMGD-
C-A091434) was supplied and certified by L.C.M. Trading S.p.A.
(Milan, Italy) and chemically characterized in our previous study [121].
Dimethyl sulfoxide (DMSO), ethanol, fetal bovine serum (FBS),
glutaraldehyde, histopaque®-1077, KH2POg, K2HPOs,
Lipopolysaccharides (LPS) from Escherichia coli (O55:B5, Cat. no:
L5418), mangiferin (Cat. no: M3547; CAS no. 477-96-0, purity > 98%),
TSP and NaN3z were purchased from Sigma-Aldrich Co. (now under
Merck, Darmstadt, Germany). ACK Lysing Buffer, Medium 199 and
RPMI-1640 cell medium were obtained from Gibco Invitrogen
Compounds (Paisley, Scotland). Enrofloxacin and metronidazole were
purchased by Clinisciences (Nanterre, France), while in vivo mAb anti-
tumor necrosis factor alpha (TNF-a) from BIO X Cell (Lebanon, USA).
For flow cytometry analysis, fixation and permeabilization buffer was
purchased from Thermo Fisher Scientific (Carlsbad, CA), while FACS
buffer and conjugated antibodies were from BioLegend (London, UK).
For western blot antibodies, claudin-2 was obtained from Biorbyt
(Cambridge, UK), cyclooxygenase (COX)-2 and microsomal
prostaglandin E synthase 1 (mMPGES-1) from Novus Biologicals (Milan,
Italy), occludin and Zona Occludens-1 (ZO-1) were obtained from
Proteintech (Manchester, UK), Prostaglandin D, Receptor (PTGDR)1
from Elabscience (Milan, Italy), whereas PTGDR2 and anti-beta-actin
from Origene (Maryland, US). HRP-conjugated I1gG secondary
antibodies were purchased from Dako (Copenhagen, Denmark). Unless

otherwise stated, all the other reagents were from BioCell (Milan, Italy).
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3.2.2 Animals

All animal care and experimental procedures complied with reporting of
in vivo experiments (ARRIVE) guidelines, international and national 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 RAG™ mice were purchased respectively
from Charles River (Milan, Italy) and Jackson Laboratories (Bar Harbon,
USA). Animals were housed under specific pathogen-free conditions in
ventilated cages under controlled temperature, humidity, on a 12 h
light/dark cycle and allowed ad libitum access to standard laboratory
chow diet and sterile water. All procedures were carried out to minimize
the number of animals used (n = 6 per group) and their suffering.
Experimental study groups were randomized, and their assessments were

carried out by researchers blinded to the treatment groups.

3.2.3 T-cell transfer model of colitis

Adoptive transfer of CD4*CD45RBM" T cells (naive T cells) from
healthy donor mice (BALB/c) into Ragl ™" recipient mice induces 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 [171,176]. CD4" T cell subsets were
isolated from the spleen of BALB/c mice as described previously [174].
Briefly, a single-cell suspension was prepared, smashing spleens through
a 40 pm cell strainer and lysing red blood cells with ACK buffer [177].
CD4* T cells were first isolated using the anti-CD4 (L3T4)-MACS

system (Miltenyi Biotec, Germany) according to the manufacturer’s
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instructions. Enriched CD4* T cells (96-97% pure) were then labeled
with CD4 (1 pg ml™; clone RM4-5, Cat. no: 17-0042-82), CD25 (1 pg
mlt; clone 7D4, Cat. no: 558642) and CD45RB (2.5 pug ml%; clone 16A,
Cat. no: 553100) antibodies (all from BD Biosciences) for 20 min at 4°C.
CD4*CD25CD45RB"9" cells fraction was purified, under sterile
conditions, using a FACS Aria Fusion cell sorter (BD Biosciences,
California, USA) [178-180]. Purity of cell isolates was confirmed by
flow cytometry analysis. The CD45RB"9" and CD45RB" populations
were defined as the brightest staining 40-60%, and the dullest staining
15-20% CD4" T cells, respectively [174] (Supplementary Fig. 18).
Thereafter, each recipient mouse was injected intraperitoneally (i.p) with
0.5x10° naive colitogenic T cells in 500 ul of sterile PBS [181-183] and
the body weight was monitored three times weekly for 7 weeks,
according to the procedures previously described [180]. Ragl™™ mice
were administrated with MIE (10 mg kg™?), anti-TNF-a mAb (25 mg kg’
1 clone XT3.11, rat IgGl, Cat. no: BE0058), antibiotic mix
Enrofloxacin/Metronidazole (Enro/metro; 380/875 mg kg, Cat. no: HY -
B0502 and HY-B0318 respectively), and corresponding vehicle
(DMSO/saline 1:3 w/w as the minimum concentration required to enable
solubilization and to devoid any anti-inflammatory activity per se, [98])
from week 3, after adoptive transfer, to week 7. MIE, Enro/metro or
vehicle were administered once daily orally by oral gavage (p.o.), while
anti-TNF-o was injected i.p. twice a week. The route, timing, and
frequency of administration, as well as the selected dosages of MIE and
tested compounds, were selected according to updated literature
[121,184]. Colons and spleens were harvested at the experimental
endpoint (7 week), and length was measured and weighed [185].

Specifically, the colon was resected between the ileocecal junction and
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the proximal rectum, and its length was measured [186,187]. The
obtained samples were stored at -80 “C and used for further ex vivo

analysis.

3.2.4 Clinical observation

All mice were observed for clinical signs and, at autopsy, were 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, 0-3
(0, no colon thickening and/or no inflammation; 1, mild thickening
and/or local hyperemia without ulceration; 2, moderate thickening and/or
ulceration without hyperemia; 3, extensive thickening and/or one or more
sites of ulceration and inflammation); and stool consistency, 0-3 (0,
normal beaded stool; 1, soft stool; 2, diarrhea; 3, bloody stool)

accordingly to previous studies [79,179,188].

3.2.5 Isolation of colonic epithelial and lamina propria cells and
splenocytes

Colonic epithelial cells were isolated from colonic specimens according
to previously described protocols [189-191]. Briefly, colons were
removed and flushed several times with ice-cold PBS to remove
intestinal content, opened longitudinally, and cut into small segments.
Tissues were then incubated three times with pre-warmed cell
dissociation solution made with Hanks' balanced salt solution (HBSS),
5% FBS, ethylenediaminetetraacetic acid (EDTA) 2 mM, and HEPES 10
mM for 30 min at 37 'C. After incubations, epithelial cells were
dislodged by vigorous shaking, harvested by centrifugation (12000 rpm,

5 min at 4 "C) and analysed by western blot for tight junctions expression
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as described below [191,192]. Subsequently, to obtain colonic lamina
propria (cLP) cells, colonic pieces were minced and treated with a
digestion cocktail containing 1.5 mg ml collagenase type IV (Cat. no:
C5138, Sigma-Aldrich Co.) and 0.1 mg ml?! DNase | (Cat. no:
LS006342, Worthington-Biochem, New Jersey, USA) in RPMI
1640/10% FBS for 45 min at 37 "C with continuous stirring [181,193-
195]. cLP cells were then filtered through a cell strainer with a 70-pum
nylon mesh (Biologix, Ohio, USA) and washed with RPMI 1640/10%
FBS, whereas splenocytes were isolated from the spleens in PBS and
passed through a 40 um-mesh-sized cell strainer (Corning, Arizona,
USA) to obtain single cells after lysing of red blood cells by ACK buffer
[196]. After that, collected cells (cLP and splenocytes) were washed in
PBS for total cell count before flow cytometry analysis. Cell number was
determined by TC20 automated cell counter (Bio-Rad, Milan, Italy)
using Bio-Rad’s disposable slides, TC20 trypan blue dye (0.4% trypan
blue dye w/v in 0.81% sodium chloride and 0.06% PBS) and a CCD
camera to count cells based on the analyses of capture images [106,121].

3.2.6 Flow cytometry analysis

Cells collected from digested colon tissues (cLP cells) and splenocytes
were washed in FACS buffer (PBS containing 1% BSA and 0.02%
NaNz) and directly stained with the following conjugated antibodies (all
from BioLegend, London, UK): CD3 (1:200; clone 17A2, Cat. no:
100205), CD4 (1:200; clone GK1.5, Cat. no: 100405), CD8 (1:200; clone
5H10-1, Cat. n0:100705) and CD25 (1:200; clone 3C7, Cat. no: 101911)
for 60 min at 4 °C. After washing, cells were fixated, permeabilized, and
stained intracellularly with IFN-y (1:200; clone XMG1.2, Cat.
no:505807), IL-17A (1:200; clone TC11-18H10.1, Cat. no: 506903) and
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FOXP3 antibody (1:200: clone MF-14, Cat. no: 126403). Thl, Th17 and
Treg populations were defined as CD4*IFN-y", CD4*IL-17* and
CD4*"CD25"FOXP3™ cells respectively, according to the flow cytometry
procedure previously described [46,121,197]. At least 1 x 10* cells were
analysed per sample, and positive and negative populations were
determined based on the staining obtained with related 1gG isotypes.
Flow cytometry was performed on BriCyte E6 flow cytometer (Mindray
Bio-Medical Electronics, Nanshan, China) using MRFlow and FlowJo

software operation [67,198].

3.2.7 Determination of faecal water and calprotectin levels

Fresh stools were collected at indicated time points (weeks 1-7 after T-
cell transfer) into pre-tared 1.5 ml tubes and immediately sealed. After
weighing, tubes were uncapped and completely desiccated by incubation
in a dry oven at 60 'C for 24 h. Tubes were then re-weighed, and faecal
water was determined as the percentage of total water lost upon
desiccation [191,199]. In order to provide samples for the calprotectin
Elisa assay, dried stools were rehydrated with 5x the initial water volume
and homogenized in extraction buffer (95% ethanol) for 25 min. After
centrifugation (10000 rpm at RT) for 10 min to insoluble pellet debris,
the calprotectin content of the supernatant was measured by Elisa assay
(Cat. no: E-EL-M1143, Elabscience) [200].

3.2.8 Intestinal Permeability Assay

Mice were denied access to food but allowed water for 3 h before gavage
with 0.2 ml of phosphate-buffered saline (PBS, pH 7.49) containing 22
mg ml? permeability tracer fluorescein isothiocyanate (FITC)-4 kDa
dextran (Cat. no.: 4013, Chondrex, Inc., Woodinville, USA) [201]. Blood
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samples were obtained by an intracardiac puncture after 3 h and
centrifugated (12000 rpm at 4 °C) for 20 min. 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 transferred to a black 96-well microplate.
Analysis of the FITC-4 kDa 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 [202,203].

3.2.9 Metabolites extraction for NMR analysis

Faecal samples (30 mg) were re-suspended in milliQ water, at a faecal
weight to water volume of ratio 1:2, and extracted by mixing with
phosphate buffer prepared as described below. Briefly, 1.5 M solutions
of KH2PO4 and KoHPO4 were prepared in milliQ water and mixed using
magnetic stirrers at RT until complete dissolution. The two solutions,
KH2PO4 and KoHPO4 were mixed in a 1:4 (vol:vol) ratio. Then, TSP and
NaNs were added to the phosphate buffer at concentrations of 1 mg ml™
and 0.13 mg ml?, respectively. The obtained solution was mixed using
magnetic stirrers at RT for 10 min and stored overnight to ensure pH
equilibration. 100 ml of this buffer were mixed with 900 ml of milliQ
water to obtain the buffer used in this analysis [204]. After centrifugation
(14000 g at 37 "C) for 30 min, the supernatants were collected for NMR

measurements.

3.2.10 NMR spectroscopy
A total of 65 pL of D,O were added to the faecal extracts, vortexed

briefly and transferred into 5-mm NMR tubes. All one-dimensional H-
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NMR spectra were acquired at 298 K on a Bruker Avance NEO 600
MHz spectrometer (Bruker Biospin Gmbh, Rheinstetten, Germany)
equipped with a QCI cryo-probe set for 5 mm sample tubes and an
autosampler (Samplelet). The *H NMR spectra of faecal extracts were
acquired with Topspin 4.1 (Bruker Biospin GmbH, Rheinstetten,
Germany), using the ‘noesygpprld’ pulse sequence allowing for a
quantitative evaluation even close to the water signal, which was
presatured at 4.703 ppm. NMR samples were stabilized at 298 K for 300
s, inside the probe, before starting the experiment. An acquisition time of
2.62 s, a relaxation delay of 4 s, receiver gain of 101, 32 scans, 4 dummy
scans and a spectral width of 12500.0 Hz (20.8287 ppm) were employed.
All samples were automatically tuned, matched and shimmed. Prior to
Fourier transformation, the free induction decays were multiplied by an
exponential function equivalent to a 0.3-Hz line-broadening factor. Then,
the transformed spectra were automatically corrected for phase and
baseline distortions and calibrated using TopSpin built-in processing
tools. The assignment of the metabolites was achieved by (i) analysis of
literature data [204-206]; (i) comparison with the chemical shifts of the
metabolites in the Human Metabolome Database (HMDB); (iii) peak
fitting routine within the spectral database in Chenomx NMR Suite 8.4
software package (Chenomx, AB, Canada) in its evaluation version.

3.2.11 NMR data reduction and processing

NMR spectra were then imported into MATLAB (R2015b; Mathworks,
Natick, Massachusetts, USA) where the spectral regions above 10 ppm
and below 0 ppm were removed because they contained only noise. To
correct for spectral misalignment, an interval-based alignment step was

carried out using the icoshift algorithm [207] and choosing the acetate
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singlet at 1.90 ppm as reference signal. Then, in order to reduce the
model complexity, the peak areas of the well-separated and safely
assigned resonances of 22 selected metabolites were manually integrated
and submitted to the data analysis as a data matrix made of 12 rows
(samples) x 22 columns (metabolites). Such data matrix was then
submitted to the PLS toolbox version 8.6.1 (Eigenvector Research,
Manson, Washington, USA) under MATLAB environment to perform
Principal Components Analysis (PCA). Prior to the analysis, data was
normalized, according to the total area (1-Norm) and then autoscaled.
Autoscaling employs both the standard deviation as a scaling factor thus
giving all metabolites the same chance to affect the model and the mean-

centering, which is needed to compute PCA.

3.2.12 Preparation of colonic tissue homogenates

Portions of colons (0.5 cm) were homogenized in ice-chilled Tris-HCI
buffer (20 mM, pH 7.4) containing 0.32-M sucrose, | mM EDTA, 1 mM
EGTA, 1 mM PMSF, 1 mM sodium orthovanadate, and one protease
inhibitor tablet per 50 ml of buffer, sonicated on ice and centrifuged
(3000 rpm at 4°C) for 10 min. Total proteins within the supernatants were
quantified using a Bradford protein assay (Bio-Rad) [66,199].
Supernatants were assayed for prostaglandin (PG)E2 and PGD- Elisa kits
and PTGDR1 and PTGDR2 western blot analysis, and quantified by

Multiplex cytokine assay according to manufacturer’s directions [208].

3.2.13 Multiplex cytokine assay

The concentrations of Th-related cytokines from colon tissue
homogenates were determined using the multi-LEGENDplex™ analyte
flow assay kit (mouse Th Panel (12-plex), Cat. no: 741043, Biolegend).
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Briefly, antibodies specific for the 12 analytes were conjugated to 12
different fluorescence-encoded beads. The beads were mixed with the
supernatants, incubated for 2 h at RT, washed, and incubated for 1 h with
detection antibodies. Finally, streptavidin-PE was added and incubated
for 30 min, and the beads were washed and acquired using BriCyte E6
flow cytometer (Mindray Bio-Medical Electronics). The results were

analyzed by using the Legendplex software (version 8.0) [208].

3.2.14 Primary human dermal blood endothelial cells

Commercially sourced primary human dermal blood endothelial cells
(HDBECs; PromoCell, Heidelberg, Germany) were cultured in
endothelial cell growth medium MV. HDBECs were seeded into 12-well
tissue culture plates after 4 passages at a seeding density yielding
confluent monolayers. HDBEC monolayers were washed in endothelial
cell growth medium MV warmed to 37 “C and stimulated with TNF-o
(100 U ml?, Cat. no: 210-TA; R&D System, Abingdon, UK) and
interferon-gamma (IFN-y) (10 ng ml?, Cat. no: 300-02, Peprotech,
London, UK) in presence of MIE extract (0.1-10 pg mlt) or its
corresponding vehicle (DMSO, 0.25%) for 24 h. Supernatants were
collected and measured to evaluate PGDs levels, whereas cells were
analysed by western blot as described below or incubated with antibodies
(both from BD Biosciences) for intercellular adhesion molecule 1
(ICAM1, 1:50; clone HA58, Cat. no: 559771) and vascular cell adhesion
protein 1 (VCAML1, 1:50; clone 51-10C9, Cat. no: 551146) for 20 min at
4 °C. HDBEC were washed again and then fixed in 1% PFA for storage
before FACS analysis by BD LSRFortessa™ X-20 flow cytometer (BD

Biosciences). Data were analysed using MRFlow and FlowJo software
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operation. Antibodies' unspecific binding was quantified using

corresponding isotype controls [209-213].

3.2.15 Isolation of human peripheral blood lymphocytes

Venous blood from healthy volunteers was collected into 10 ml EDTA
coated tubes. Peripheral blood mononuclear cells (PBMCs) were isolated
by centrifugation of blood on histopaque 1077, and peripheral blood
lymphocytes (PBLs) were prepared by panning human PBMCs on
culture plastic to remove monocytes [214,215]. Isolated cells were
washed, counted, and adjusted to a final concentration of 1 x 108ml in
Medium 199, supplemented with 0.15% BSA (Sigma-Aldrich;
M199BSA).

3.2.16 Static adhesion assay

HDBEC were seeded and stimulated with TNF-a (100 U ml?, R&D
System) and IFN-y (10 ng ml?, Peprotech) in presence of MIE extract
(0.1-10 pug ml™) or its corresponding vehicle (DMSO, 0.25%) for 24 h
before the assay with lymphocytes. PBLs were isolated from healthy
volunteers as described above prior to being added to activated HDBEC
for 7 min at 37 'C. Wells were washed twice with PBS to remove
unbound cells and fixed with 2% glutaraldehyde for 10 min at RT.
Glutaraldehyde was removed with several 1 ml washes of PBS (with
Ca?" and Mg?*). Images were taken at five different fields in the centre of
each well using phase-contrast microscopy (IX71; Olympus, Tokyo,
Japan). Images were analysed offline using Image-pro 7.0 software
(Media Cybernetics, Rockville, MD, USA), with adherent cells being
defined as phase bright round cells, whilst transmigrated cells were shape

changed and phase dark. PBLs adhesion was expressed as the total
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number of cells per mm?, while transmigration was expressed as a

percentage of adherent cells [210].

3.2.17 Western blot analysis

Colonic epithelial cells, colonic tissues, and HDBEC cells were lysed
and subjected to SDS-PAGE (10% gel) using standard protocols as
previously described [112,216,217]. The proteins were transferred to
nitrocellulose membrane (0.2-um nitrocellulose membrane, Trans-
Blot®TurboTM, Transfer Pack, Bio-Rad Laboratories, Hercules, CA,
USA, RRID: SCR_008426) in transfer buffer (25-mM Tris-HCI pH 7.4
containing 192-mM glycine and 20% v/v methanol) at 400 mA for 2 h.
Membranes were incubated for 2 h with non-fat dry milk (5% wt/v) in
PBS supplemented with 0.1% (v/v) Tween 20 (PBS-T) at RT and then
incubated at 4 "C with the appropriately diluted primary antibodies
overnight: rabbit polyclonal claudin-2 (1:1000; Cat. no: ORB214855),
rabbit polyclonal occludin (1:1000; Cat. no: 13409-1-AP), rabbit
polyclonal ZO-1 (1:1000; Cat. no: 21773-1-AP), (for colonic epithelial
cell lysates), goat polyclonal COX-2 (1 pg/ml; Cat. no. AF4198), rabbit
polyclonal mPGES-1 (1:1000; Cat. no. H00009536-D01P), rabbit
polyclonal PTGDR1 (DP1, 1:1000; Cat. no: E-AB-65975) and rabbit
polyclonal PTGDR2 (DP2, 1 pg/ml; Cat. no: TA306387) (for both colon
and HDBEC lysates). After lavages with PBS-T, blots were incubated
with a 1:3000 dilution of related horseradish peroxidase-conjugated
secondary antibody for 2 h at RT and finally washed 3 times with PBS-T.
Protein bands were detected by using the enhanced chemiluminescence
method (Clarity™ Western ECL Substrate, BioRad Laboratories,
Hercules, CA, USA) and Image Quant 400 GE Healthcare software (GE
Healthcare, Italy). Bands were quantified using the GS 800 imaging
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densitometer software (Biorad, Italy) and normalised with respective
actin [192,209].

3.2.18 Elisa assay

Enzyme-linked immunosorbent assays (ELISA) for PGE, (Cat. no:
KGEQ004B, R&D Systems) and PGD. (Cat. no: E-EL-0066; Elabscience)
were carried out on colon tissue homogenates and supernatants from
human HDBEC cells. TNF-a (Cat. no: DY210) and interleukin (IL)-17
(Cat. no: DY317) levels in serum from IBD patients were quantified by
commercially available kits (both from R&D System) according to the
procedure described by Raucci and coll. [106]. Briefly, 100 ul of
supernatants, diluted standards, quality controls, and dilution buffer
(blank) were applied on a plate with the monoclonal antibody for 2 h.
After washing, 100 pl of biotin-labelled antibody was added, and
incubation continued for 1 h. The plate was washed, and 100 pl of the
streptavidin-HRP conjugate was added, and the plate was incubated for a
further 30 min period in the dark. The addition of 100 ul of the substrate
and stop solution represented the last steps before the reading of
absorbance (measured at 450 nm) on a microplate reader (Multiskan™
GO Microplate Spectrophotometer; Thermo Scientific™). Antigen levels
in the samples were determined using a standard curve and expressed as
pg ml™? [105,218].

3.2.19 Docking simulations

Molecular docking of mangiferin into the X-ray structures of DP2 (PDB
code: 6D27 [219] was carried out using the Glide 5.5 program. Maestro
v. 12.7.156 (Maestro, Schrodinger, LLC, New York, NY, 2021) was
employed as the graphical user interface, and Fig. 6D anD Fig. 6E
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representing the most probable binding mode of mangiferin was rendered
by the Pymol software package (Schrodinger, L. & DelLano, W., 2020.
PyMOL, Available at: http://www.pymol.org/pymol).

3.2.20 Ligand and protein setup

As for the mangiferin structure: the molecule was built and prepared
through the LigPrep (LigPrep, Schrédinger, LLC, New York, NY, 2021)
module of Maestro, employing the OPLS2005 force field. Epik (Epik,
Schrodinger, LLC, New York, NY, 2021) is used to evaluate the ligands’
pKa at neutral pH and so to properly describe its protonation state. Then,
the obtained ligand is optimized at molecular mechanics level through
the MacroModel (MacroModel, Schrodinger, LLC, New York, NY,
2021) program included in the Schrodinger suite of programs.

The target protein was prepared using the protein preparation wizard in
Maestro 9.0.211. Water molecules were removed, hydrogen atoms were
added, and minimization was performed until the rmsd of all heavy
atoms was within 0.3 A of the crystallographic positions. The binding
pocket was identified by placing a 20 A cube around the co-crystallized
ligand. The so obtained protein was then processed through the Protein
Preparation Wizard of the graphical user interface Maestro and the
OPLS-2005 [220] force field.

3.2.21 Docking setting

Molecular docking calculations were performed with the aid of Glide 5.5
in SP mode [221,222], using Glidescore for ligand ranking, letting all the
other parameters as default. Sampling of nitrogen atoms inversions
(when not belonging to cycles) and of different rings conformations were

allowed, while non-planar amide conformations were penalized. The

79


http://www.pymol.org/pymol

Chapter 3

receptor was kept fixed, the ligand was treated as flexible, and no other

constraints were added.

3.2.22 Human blood samples and ex vivo whole blood assay

Whole blood was collected from IBD patients (n = 23/25) with written
informed consent and approval from the University of Birmingham Local
Ethical Review Committee. An equal proportion of male and female
donors were used with an age range between 19-60 [223].

Blood was collected from adult patients with UC (n = 10), CD (n = 11)
and IBS (n = 9). Patients were recruited from the gastroenterology
Department of Queen Elizabeth Hospital and Birmingham Heartlands
Hospital (Birmingham, UK) and their diagnosis was established by
standard clinical, endoscopic and histologic criteria [224]. All subjects
were not on some sort of medication (anti-drugs, glucocorticoid or
nonsteroidal anti-inflammatory drugs, NSAIDs) at the time the blood
was taken [225] (Table 1). Whole blood culture and stimulation was
performed as described by Papandreou and coll., with small
modifications [226]. Briefly, whole venus blood, collected into lithium
heparin tubes, from patients with clinically diagnosed IBS and IBD was
placed in 96-well plates and pre-treated with MIE extract (0.03-10 pg ml
1y, mangiferin (0.03-10 pg ml™?) or corresponding vehicle (DMSO at the
highest concentration used in test wells, 0.25%) for 1 h before
stimulation with or without LPS (0.1 pg ml?) for 3 h at 37 °C. The
selected range of concentrations of MIE and mangiferin was based on
our previous study [121]. After the incubation period, the culture plate
was briefly centrifuged (300 g, 5 min at RT), and sera obtained were
assessed for the analysis of TNF-a and IL-17 levels accordingly to the
procedure previously described [209,226,227].
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3.2.23 Statistical analysis

Statistical analysis complies with the international recommendations on
experimental design and analysis in pharmacology and data sharing and
presentation in preclinical pharmacology [121,192]. Data are presented
as means + S.D. or Box-and-whisker plots and were analysed using
Student’s t-test (to compare two groups) and one- or two-way ANOVA
followed by Bonferroni’s or Dunnett’s for multiple comparisons (to
compare three or more groups). GraphPad Prism 8.0 software (San
Diego, CA, USA) was used for analysis, where P < 0.05 was deemed
significant. For in vivo studies, animal weight was used for
randomization and group allocation to reduce unwanted 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 randomisation

and blinded analysis.
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ve cD BS pransent - other GI
(N=10) (N=11) N=9) (N=1) N=4)
Age (years)t 31.50 (26-43) 33(24-43) 33 (20-41.5) 60 36 (25.75-44)
Female; 5(50) 9(81.82) 7(77.78%) 0 (0) 2(50)
number (%)
Ethnicity
White; 9 (90) 7(63.64) 5(53.56) 1 (100) 3(75)
number (%)
Symptom
duration 5(2-12) 10.5 (4.75-18) 6(2-12) 1 5(2-8)
(months)

. + 70.50 67.70 59.80 79.55
Weight (k2)' ¢4 00.7430)  (5848-8145)  (51.90-67.40) 87 (73.40-85.70)
. . 1.69 1.61 1.67 1.64
Height (m)" ; 3 1 75 (1.56-1.69) (1.55-1.72) 173 (1.63-1.65)

. 24.57 27.13 21.60 30.39
BMI 2244-25.55)  (21.89-3180)  (21.44-22.78) 29.07 (27.63-33.15)
Smoker;
> 22 2
number (%) 2 (20) 1(9.09) 1(11.11) 0 (0) 1(25)
FCAL at
X 1057 = 652.80 =
I):ls»elllllf+ 876.10 1047 + 838.30 657.70 1740 1067 = 1093
(ngg’)
CRP (mg/)t 2 (1.25-3) 6 (1-12) 1(1-3) 24 4(1-7)
HBI' na 10 (6-11.75) na na na
Partial Mayo™ 4 (2.75-6) na na na na
Endoscopic 5
Mayo' 1(1-2) na na na na
SES-CD' na 4.5(3-8.75) na na na
A21.3B3B2/3 (1;
A2E3S1 (5; 9.09%)
50%) AJ12B1B1
A2E1S1 (2; (2: 182%)
Montreal 20%) A3LIBIBI1
Class?iltl'lcl:gon' A2E282 (1I; (2: 18.2%) na na na
number (%) 10%) A2L3B2B2/3 (2:
) AZE3S2(L: 18.2%)
10%) A2L1BIBI1
A3E282 (1; (3;27.27%)
10%) A3L2B1B1
(1; 9.09%)
Budesonide
Treatment  Topicaland  Topical and oral
(initiated after oral 5-ASA - - -
sampling) 5-ASA Prednisolone
Adalimumab

Chapter 3. Table 1. Demographic, clinical and laboratory characteristics of
IBD patients.
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3.3 Results and Discussion

3.3.1 Mangifera indica L. extract ameliorates the development of
CD4"CD45RB" T cell-induced chronic colitis
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Chapter 3. Fig. 1. Therapeutic efficacy of MIE on CD4*CD45RB" T
cells transfer model of colitis. Experimental colitis was induced by the
adoptive transfer of CD4*CD45RB" T cells from healthy donor mice
(BALB/c) into Rag1™" recipient mice. MIE (10 mg kg™), anti-TNF-o
mAb (25 mg kg?), antibiotic mix Enrofloxacin/Metronidazole
(Enro/metro; 380/875 mg kg™?) or MIE vehicle (150 pl of DMSO/saline
1:3; minimum concentration required to enable solubilization) were
administered from week 3, after adoptive transfer, to week 7. MIE,
Enro/metro or vehicle were administered once daily orally by oral gavage
(p.0.), while anti-TNF-a was injected i.p. twice a week (A). Body weight
changes (expressed as the percentage of initial body weight) were
monitored over time from week 1 to week 7 (B), while A body weight
(expressed as g) was evaluated at the experimental endpoint (week 7)
(C). Clinical score (assigned from 0 to 7) was observed at week 7 (D).
Representative photographs of colons isolated from mice were taken (E),
and colon length was measured at the experimental endpoint (F). Data
are presented as means £ S.D. of n = 6 mice per group. Statistical
analysis was conducted by one- or two-way ANOVA followed by
Bonferroni’s or Dunnett’s for multiple comparisons. *#P < 0.001, ###p <
0.0001 vs Ctrl group; “P < 0.05, “P < 0.01, ™"P < 0.001, ""P < 0.0001
vs CD45RB" + MIE vehicle; P < 0.05 vs CD45RB" + MIE 10 mg kg™.
Data Submitted.

3.3.2 MIE counteracts mucosal inflammation, damage to epithelial
integrity and alterations of microbiota-derived metabolites in favour

of an immunoregulatory phenotype
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Chapter 3. Fig. 2. MIE mitigates excessive gut permeability, tight
junction dysregulation and alterations of microbiota-derived
metabolites during colitis. Faecal water contents (expressed as the
percentage of water change) (A) and faecal calprotectin levels (expressed
as ng ml™) (B) were monitored over time from week 1 to week 7. FITC-
4kDa dextran permeability (expressed as pg ml™) was evaluated at the
experimental endpoint (week 7) (C). Thereafter, cell lysates from
isolated colonic epithelial cells, collected at week 7, were analysed, by
western blot, for ZO-1 (~230 kDa) , occludin (~59 kDa) and claudin-2
(~25 kDa) expression (D). Representative western blot images are shown
from three pooled experiments with similar results. Cumulative
densitometric values are expressed as OD ratio with actin (E). Values are
presented as means + S.D. of three separate independent experiments run
each with n = 6 mice per group pooled. Statistical analysis was
conducted by one- or two-way ANOVA followed by Bonferroni’s or
Dunnett’s for multiple comparisons. *P < 0.01, #*P < 0.001, ##Pp <
0.0001 vs Ctrl group; ™P < 0.01, ™P < 0.001, ™P < 0.0001 vs
CD45RB" + MIE vehicle. PC1 vs PC2 biplot of the PCA model was
calculated on the metabolome data of faecal samples collected during the
week 4 (F) and 7 (G) of the study. Keys: lle (Isoleucine), Leu (Leucine),
Val (Valine), Ala (Alanine), Glu (Glutamate), GIn (Glutamine), Asp
(Aspartate), Tyr (Tyrosine), Gly (Glycine), Phe (Phenylalanine). Data
Submitted.

3.3.3 Dissection of the anti-inflammatory and immunomodulatory

activity of MIE on the progression of colitis
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Chapter 3. Fig. 3. MIE modulates Th1/Th17 and Treg cell expansion
in the colonic lamina propria. At the experimental endpoint (week 7)
colon section from Ctrl, CD45RB" + MIE vehicle and CD45RB" + MIE
(10 mg kg?) groups were dissected and analysed macroscopically.
Representative photographs are shown in (A). Subsequently, flow
cytometry analysis was employed to determine Thl, Th17 and Treg
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lymphocyte subsets. For this purpose, colons were digested, tested for
total cell count (B), and gated in their totality and singlet before the
identification of CD4*IFN-y* (C, Th1l population), CD4*IL-17" (E, Th17
population) and CD4*CD25*FOXP3* (G, Treg population). Histograms
indicate the total positive populations (expressed as x10° and calculated
from means of % of positive cells), in the different experimental
conditions (D, F, H). FACS pictures are representative of three
independent experiments with similar results. Data are presented as
means + S.D. of n = 6 mice per group. Statistical analysis was conducted
by one-way ANOVA followed by Bonferroni’s for multiple comparisons'
##p < 0.001, ###P < 0.0001 vs Ctrl group; P < 0.01, P < 0.001, ™™
<0.0001 vs CD45RB" + MIE vehicle. Data Submitted.

U
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Chapter 3. Fig. 4. MIE affects the release of colonic Th-related
cytokines. Supernatants of colon tissue homogenates from Citrl,
CD45RB" + MIE vehicle and CD45RB" + MIE (10 mg kg?), at the
experimental endpoint (week 7), were assayed using a multi-
LEGENDplex™ analyte flow array (A). Quantification of Th-related
cytokines is presented as a heatmap and expressed as pg ml? (B).
Thereafter, all pro- and anti-inflammatory cytokines were extrapolated
from heatmap and represented graphically as histograms (pg ml?): IL-4
(©), IL-5 (D), IL-13 (E), IL-2 (F), IL-6 (G), TNF-a (H), IFN-y (I), IL-22
(J), IL-17A (K), IL-17F (L), IL-9 (M) and IL-10 (N). FACS pictures are
representative of three independent experiments with similar results.
Data are presented as means £ S.D. of n = 6 mice per group. Statistical
analysis was conducted by one-way ANOVA followed by Bonferroni’s
for multiple comparisons. *P < 0.05, #P < 0.01, **Pp < 0.0001 vs Ctrl
group; "P < 0.05, P < 0.01, ™P < 0.0001 vs CD45RB" + MIE vehicle.
Data submitted.
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Chapter 3. Fig. 5. The immunomodulatory property of MIE is
mirrored in splenic Th1l/Thl7 and Treg cell repertoire. At the
experimental endpoint (week 7) spleen from Ctrl, CD45RB" + MIE
vehicle and CD45RB" + MIE (10 mg kg*) groups were dissected and
analysed macroscopically. Representative photographs are shown in (A),
and the spleen weight/mouse body weight ratio was evaluated (B).
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Subsequently, flow cytometry analysis was employed to determine
splenic Thl, Thl7 and Treg lymphocyte subsets. For this purpose,
spleens were smashed, tested for total cell count (C), and gated in their
totality and singlet before the identification of CD4"IFN-y* (D, Thi
population), CD4*IL-17* (F, Th17 population) and CD4+CD25"FOXP3"*
(H, Treg population). Histograms indicate the total positive populations
(expressed as x10° and calculated from means of % of positive cells), in
the different experimental conditions (E, G, I). FACS pictures are
representative of three independent experiments with similar results.
Data are presented as means + S.D. of n = 6 mice per group. Statistical
analysis was conducted by one-way ANOVA followed by Bonferroni’s
for multiple comparisons. P < 0.01, ##P < 0.0001 vs Ctrl group; P <

0.05, ™™P < 0.001 vs CD45RB" + MIE vehicle. Data Submitted.

3.3.4 MIE inhibits lymphocyte trafficking on endothelial cells
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Chapter 3. Fig. 6. Effect of MIE on PBLs static adhesion/migration
assay. In a static adhesion/migration assay, HDBECs were treated with
TNF-0 (100 U mI™) and IFN-y (10 ng m1?) in presence of MIE extract (1
ug ml?) or its corresponding vehicle (DMSO, 0.25%) for 24 h. PBLs
were added for 7 min on stimulated HDBEC, followed by washing to
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remove all non-adherent cells. In the panel A presentative images of
PBLs adhesion (indicated as phase bright and spherical in morphology,
green square) and transmigration (indicated as black and elongated
morphology, orange square) are shown. Quantification of PBLs total
adhesion (expressed as mm? x 10° cells) (B) and % of transmigration (C)
was performed using Image-pro 7.0 software. Data are presented as
means £ S.D. of n = 4 independent healthy donors. Statistical analysis
was conducted by Student’s t-test. "P < 0.05, ""P < 0.001 vs TNF-o/IFN-
vy + MIE vehicle. Putative binding mode of mangiferin (magenta sticks)
into the DP2 receptor depicted as light blue cartoon (D). Interacting
residues of the protein have been shown as teal sticks with dashed black
lines for H-bonds. For sick of clarity on the helixes have been eliminated
(D). Superposition of docking binding pose of mangiferin with co-
cristalized structure of fevipiprant (yellow sticks) (E). Data Submitted.

3.3.5 MIE modulates prostanoids receptors and soluble mediators’
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Chapter 3. Fig. 7. MIE acts as regulator of PGD2/DP2 prostanoid
receptor axis. HDBECs were treated with TNF-o (100 U ml™?) and IFN-
v (10 ng mI™?) in presence of MIE extract (1 pg ml™Y) or its corresponding
vehicle (DMSO, 0.25%) for 24 h. Cell pellet lysates, from all
experimental conditions,, were assayed by western blot for COX-2 (~72
kDa), DP2 (~60 kDa), DP1(~43 kDa) and mPGES-1(~20 kDa)
expression (A, B), whereas supernatants were assayed by ELISA for
PGE; (C) and PGD; (D) levels. Representative western blot images are
shown from three independent experiments with similar results.
Cumulative densitometric values (B) are expressed as OD ratio with
actin. Values are presented as means +* S.D. of 3 independent
experiments. Statistical analysis was conducted by one-way ANOVA
followed by Bonferroni’s for multiple comparisons. *P < 0.05, ##p <
0.001 vs untreated group; "P < 0.05, “"P < 0.001 vs TNF-o/IFN-y + MIE
vehicle. Colon tissues homogenates from CD4*CD45RB" T cells transfer
model were assayed by western blot for all afore-mentioned biomarkers
(COX-2, DP2, DP1 and mPGES-1; E, F) and by ELISA for PGE: (G)
and PGD: (H) levels. Representative western blot images are shown from
three independent experiments with similar results. Cumulative
densitometric values (F) are expressed as OD ratio with actin. Values are
presented as means + S.D. of three separate independent experiments run
each with n = 6 mice per group pooled. Statistical analysis was
conducted by one-way ANOVA followed by Bonferroni’s for multiple
comparisons. #P < 0.01, #*P < 0.001 vs Ctrl group; "P < 0.05, “P < 0.01
vs CD45RB" + MIE vehicle. Data Submitted.
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3.3.6 Beneficial activity of MIE on the systemic inflammatory
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Chapter 3. Fig. 8. Translating MIE treatment for human
inflammatory bowel disease. Schematic representation of clinical
design and outcomes (A, F). Disease categories, for patients’
stratification, were colour-coded in the outer ring as follows: blu,
ulcerative colitis (UC); green, irritable bowel syndrome (IBS) and red,
Crohn’s disease (CD) (A, F). Specifically, human whole blood, collected
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from IBD patients, was pre-treated with MIE vehicle (veh; DMSO at the
highest concentration used in test wells, 0.25%) or MIE extract (0.03-10
pg mlt) for 1 h before stimulation with LPS (0.1 ng ml™?) for 3 h at 37°C.
Serum was collected for the assessment of TNF-a. (A-E) and IL-17 (F-J)
by Elisa assay. The study population included three cohorts: patients with
UC (n =6-8), IBS (n =5-7) and CD (n = 8-9) for TNF-a (C-E) and IL-17
(H-J). Data are expressed as pg ml™ and presented as Box-and-whisker
plots of n = 25 for TNF-a and n = 23 for IL-17 detection. Solid
horizontal lines denote the median value + interquartile ranges (min 25%,
max 75%). Statistical analysis was conducted by one-way ANOVA
followed by Bonferroni’s for multiple comparisons. **P < 0.0001 vs
Ctrl; "P <0.05, “P <0.01, ™"P <0.001, " P < 0.0001 vs LPS + vehicle.
Data Submitted.
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Chapter 3. Fig. 9. A model of the proposed mechanism by which
MIE exerts anti-inflammatory and immunomodulatory activity
against colitis. The proposed scheme shows that MIE ameliorates
intestinal inflammation and immunological perturbance induced by
CD4*CD45RB" T cell transfer through regulating Th1/Th17 cells egress
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and expansion and restoration of Treg balance on colonic lamina propria
(A). Specifically, an overview of the steps in the regulation of T cell
trafficking indicates that MIE could act via PGD./DP2 prostanoid
receptor axis (B). Step 1: Endothelial cells (EC) stimulated with
cytokines (TNF-a and IFN-y) selectively recruit CD4" lymphocytes from
flowing blood. Step 2: The T cells receive an activating stimulus from
IFN-y-inducible chemokines on the chemokine receptor CXCR3. Step 3:
T cell integrins are transiently activated and immobilize the cell on the
surface of activated EC. Prostaglandin D, (PGD.), generated by the
action of cyclooxygenase enzyme (COX-2) on the arachidonic acid
(AA), binds the PGD> receptor DP2. Step 4: DP2 generates signals that
stabilise lymphocyte adhesion, induce lymphocytes to shape change, and
support the process of transmigration across the endothelial cell
monolayer. If the endothelial cells have been supplemented with MIE, it
antagonises PGD»/DP2-mediated PBLs responses, reducing massively
lymphocyte adhesion and migration across EC. Data Submitted.
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CHAPTER 4: General conclusion, limitations, and future

perspectives

Nutraceuticals are characterized as “specially designed preparations”,
formulated with the aim of fulfilling specific dietary requirements and/or
offering preventive health care. Nutraceuticals are the formulation of
nutrient/s which help prevent and treat some diseases, in addition to a
supplement diet. Nutraceutical is a term given by Dr. Stephen De Felice
in 1989 and came from two words “nutrition” and “pharmaceutical”.
These are foods or a part of foods that provide various health benefits,
including the treatment and/or prevention of the disease.

Science of nutrition has increasingly achieved new horizons, starting
from the anticipation of deficiencies in nutrients to prominence on human
health and prevention and treatment of chronic ailments. Terms
‘nutraceuticals’, ‘food supplements’, and ‘dietary supplements’ have
evolved after Dr. De Felice originated the concept. There is no sharp
demarcation between food supplements and nutraceuticals given by
regulatory authorities. Literature of recent years emphasizes redefining
the concept of nutraceuticals, considering the efficacy, safety, and
toxicity of these products. Food products are nourishing substances
eaten, drunk or otherwise taken to sustain life, provide energy and
promote growth. Currently, the isolation of nutrients from these food

products is well recognized and used.

The starting point to differentiate food/dietary supplements and
nutraceuticals is identifying an epidemiological target, followed by safety
and efficacy studies that understand the mechanism of action. One

approach to differentiate these two types of formulations is describing
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‘food supplements’ as agents to compensate for deficiencies in micro- or
macronutrients; in addition, the use of a “nutraceutical” in the treatment
of a pathological disease must be supported by strong scientific evidence
[288]. With adequate clinical evidence, nutritional supplements should
have a strong safety profile, few undesirable side effects and better

bioavailability.

There is a very fine line of demarcation between two types of
formulations: the same ingredients may work as a nutraceutical or food
supplement. Still, they may be restricted based on claims. Nutraceuticals
include single or combinations of pro- and pre-biotic foodstuffs and food
for special medical uses, and food supplements include single or
combinations of minerals, vitamins, protein supplements, functional
foods, and herbal products. By prolonging or eliminating the need for
pharmaceuticals in subjects to fit for an alternative nonpharmacological
treatment to a pathological condition, incorporating nutraceuticals into

the daily diet may aid in preventing pathological disorders.

There are claims that foods, including spices and herbs, possess the
tendency to decrease the risk of many diseases and can be highly
beneficial in improving the quality of life [289]. Nutraceuticals have
provided a plethora of benefits, including promising results in the
prevention and treatment of complicated diseases. However, there is a
need for the administration and prescription of nutraceuticals, and they
should be strictly regulated to prevent their uncontrollable use and side
effects [290].

Finally, it is concluded that the term “nutraceutical” is poorly defined

across the globe and, from a regulatory perspective, is not classified
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either as a category of food or pharmaceuticals. Subsequently, it is a
challenging task for the regulatory authorities in different parts of the
world. However, clear and common nutraceutical regulations will be
urgently needed to cope with rapidly emerging trends and demands in the

global market.
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Supplementary Fig. 1. (Chapter 2) Full technical

CHAPTER 5: Supplementary Figures
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SPECIFICATION
Mango Extract 90% Mangiferin (HPLC)

Used Part: Fruit Solvents Used: Water & Ethanol

Botanical Source: Mangifera indica Linn Country Of Origin: China

ANALYSIS ITEM SPECIFICATION METHOD

Assay:

Mangiferin =90.0% HPLC

Appearance Fine Powder Organoleptic

Color Light Yellowish Organoleptic

Odor & taste Characteristic Organoleptic

Identification Identical to R.S. sample HPTLC

Loss on Drymg =5.0% EurPh7.0<2.8.17>

Total ash <5.0% Ewr.Ph.7.0<2.4.16>

Sieve analysis 100% through 80 mesh USP36<786>

Bulk density 10~30g/100mL Eur.Ph.7.0 <2.9.34>
Tapped density 20-402/100mL Eur.Ph.7.0 <2.9.34>

Heavy metals:

Lead(Pb) <3.0 mg/kg Eur Ph.7.0<2.2.58>ICP-MS
Arsenic(As) =2.0 mg/kg Eur.Ph.7.0<2.2.58>ICP-MS
Cadmium(Cd) <1.0 mg’kg Eur.Ph.7.0<2.2.58>ICP-MS
Mercury(Hg) <0.1 me/kg Eur.Ph.7.0<2.2.58>ICP-MS
Residual solvents Meet Eur.Ph.7.0 <5.4> EurPh.7.0<2.4.24>
Residual pesticides Meet USP36<561> USP36<561>

Non irradiated =700 EN13751:2002<PSL>
Microbiology Iradiation Non irradiated

Total Plate Count <1000cfu/g <10000cfg USP36<2021>

Yeast & Mold <100cfvg <1000cfv'g USP36<2021>

E.Coli Negative Negative USP36<2022>

Salmonella Negative Negative USP36<2022>
Packing&Storage: Packed in paper-drums and two plastic-bags inside.

N.W:25kgs .1 D.35<HS1em
Store in a well-closed container Away from moisture. light, oxygen.

Shelf life: 24 under the conditions above and in its original packaging.

Specifications according to the data received from the supplier/manufacturer
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specification of MIE, titolated 90% in mangiferin. From Saviano et al.

[121].
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MANUFACTURING PROCESS - FLOW-CHART
Mango Extract 90% Mangiferin (HPLC)

I Mango Fruit I ------ >| Raw material inspection |

l Pre-treatment (Picking)

I Clean Mango Fruit I
Extract with 95%Ethanol

| Extracted solution |

Clarify
Liquid

Macroporous resin adsorption,
Elution: 30%Water &70%Ethanol

| Eluted Solution

Concentrate , crystallize

recemcccmacnnssss}---Nacvum Drying

: | Air intake and out temperature

Crushing and Slie\'ing
é I Fine powder ] '
i Blend :

MixPowder |~ 6 ---»| Finished Product Test
S—— 1 ------- ide Packing"~~* Content Uniformity
Outside Packing

Qualified Test

I Warehousing of Finished Product |

== T CleanAven +|:| Critical Process

The flow-chart here above has been issued according to the information received from the manufacturer.

Supplementary Fig. 2. (Chapter 2) Processing flow-chart in the
extraction system of MIE (titolated 90% in mangiferin) from Mango
fruit. From Saviano et al. [121].
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Mangifera indica L.

Active component: Mangiferin (90%)
Botanical source: Mangifera indica L.
Used part: Fruit

HPLC

Sample Informations

maus srmmsmmsmns
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Supplementary Fig. 3. (Chapter 2) HPLC profile of MIE, titolated 90%
in mangiferin. From Saviano et al. [121].
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Supplementary Fig. 4. (Chapter 2) *H NMR analysis of MIE, titolated
90% in mangiferin (A), mangiferin standard (C), and mixture of MIE and
benzoic acid (D). 3C NMR analysis of MIE, titolated 90% in mangiferin
(B). From Saviano et al. [121].
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A
B Pos. Oy (mult, J in Hz) ¢
1 13.75, s 1618, C
2 107.6, C
3 9.76, s 163.8, C
4 637, s 93.3, CH
4a 1562, C
4b 1013, C
5 6.86, s 102.6, CH
6 10.66, s 150.8, C
7 10.55, br s 143.7, C
8 7.38, s 107.7, CH
8a 111.80, C
8b 154.0, C
9 179.0, C
1’ 4.59,d(9.8) 73.1, CH,
2’ 4.04,t(9.1) 70.2, CH
3’ 321-311, m 79.0, CH
4’ 321 -3.11,m 70.6, CH
5’ 321 -3.11,m 81.6, CH
6’ 3.69, d (11.0), 3.41° 61.5, CH,

"Partially overlapped by other resonances

Supplementary Fig. 5. (Chapter 2) Chemical structure (A) and
complete assignment of *H and *C NMR spectroscopic data (400 HMz,
DMSO-ds) of MIE (B). From Saviano et al. [121].

Experimental Mangifera
5 Group name MSU indica extract Mangiferin Indomethacin AF3485
group
(MIE)
I Control (Ctrl)
MSU + MIE vehicle o
I (DMSO/saline 1:3, 150 pl/mouse) 200ug20ul Ga)
0.1mgkg!

i MSU + MIE 200pug 200 @A) (350, ymouse, p.o.)
1 mgkg!

v MSU + MIE 200 pug20 ul (ia.) (150 ulinouse, p.o.)

10 mgkg!

v MSU + MIE 20012200 @A) (4 50 L4mouse, po.)

(ol
VI MSU + Mangiferin 200 pg20 plt (ia) (150}3/;25;%& p.0)
. L 3mgkg!
VI MSU + Indomethacin 200 pug 20 plt (i.a.) (150 pl/mouse, p.o.)
ol
viI MSU + AF3485 200 g 20 ul (i.a) e

(200 w/mouse, i.p.)
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Supplementary Fig. 6. (Chapter 2) Schematic representation of in vivo
experimental groups and drug administration. MSU (200 pg 20 ul™) or
PBS (20 ul) were injected into the ankle joint to establish the gouty
arthritis model or Ctrl group respectively. MIE (0.1, 1, 10 mg kg ; p.o.
gavage), mangiferin (10 mg kg™ ; p.o. gavage), indomethacin (3 mg kg
; p.0. gavage), AF3485 (100 mg kg™ ; i.p.) or their corresponding vehicle
(150 pl of DMSO/saline 1:3; p.o. gavage; minimum concentration
required to enable solubilization) were administrated concomitantly to
MSU (time 0), 6 and 12 h after the stimulus. Joint inflammation score
and ankle thickness were measured at the times indicated. At the
experimental endpoint (18 h, peak of inflammatory reaction), blood
samples and tissues were collected for biochemical/molecular analysis.
From Saviano et al. [121].

-0- Ctrl
A - MSU 200 pg 20 pl+ MIE vehicle
1.50 - B MSU + MIE (10 mg kg™)
-B- MSU + Indomethacin (3 mg kg)

125 - - MSU +AF3485 (100 mg kg™!)
f
< 1.00-
o0
)
=  0.754
o
-3
»n
< -
= 050
=
<

0.25+

0.00-

T T T 1 ¥ T 1
Time-point (h) 0 2 4 618 24 48
MSU + MSU + MSU +
Ctrl MIE vehicle MSU +MIE Indomethacin AF3485

Supplementary Fig. 7. (Chapter 2) Mice were treated with MIE (0.1, 1
and 10 mg kg? , p.o.), indomethacin (3 mg kg*; p.0.), AF3485 (100 mg
kgl ; i.p.) or corresponding vehicle (150 pl of DMSO/saline 1:3; p.o.;
minimum concentration required to enable solubilization) concomitantly
(time 0), 6 and 12 h after intra-articular stimulation with MSU crystals
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(200 pg 20 pl-1)) in the right knee joints. Joint inflammation oedema (A)
was evaluated at 2, 4, 6, 18, 24, and 48 h after the stimulus with MSU,
while representative photographs of ankles were taken 18 h (peak of
inflammation) after MSU injection (B). Data (expressed as A increase of
knee joints mm) are presented as means + S.D. of n = 6 mice per group.
Statistical analysis was conducted by two-way ANOVA followed by
Dunnett’s for multiple comparisons. **#P < 0.0001 vs Ctrl group; P <
0.05, “P < 0.01, 7P < 0.001, 77"P < 0.0001 vs MSU + MIE vehicle
group. From Saviano et al. [121].
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Supplementary Fig. 8. (Chapter 2) Mice were treated with MIE (0.1, 1
and 10 mg kg, p.o.) or MIE vehicle (150 pl of DMSO/saline 1:3; p.o.
gavage; minimum concentration required to enable solubilization)
concomitantly (time 0), 6 and 12 h after intra-articular stimulation with
MSU crystals (200 pg 20 ul™) in the right knee joints. Thereafter, at 18 h
(peak of inflammation) total circulating lymphocytes were evaluated.
Data (expressed as 10° cells) are presented as means + S.D. of n = 6 mice
per group. Statistical analysis was conducted by one-way ANOVA
followed by Bonferroni's for multiple comparisons. From Saviano et al.
[121].
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Supplementary Fig. 9. (Chapter 2) Flow cytometry analysis was
employed to determine in situ and circulating CD3" (A, D), CD4" (B, E),
and CD8" (C, F) subsets. Histograms (A-F) indicate the total positive
populations (expressed as 10° cells), in the different experimental
conditions. FACS pictures are representative of three independent
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experiments with similar results. Values are presented as means = S.D. of
n = 6 mice per group. Statistical analysis was conducted by; one-way
ANOVA followed by Bonferroni's for multiple comparisons. *P < 0.05 vs
Ctrl group. From Saviano et al. [121].
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Supplementary Fig. 10. (Chapter 2) Flow cytometry analysis for the
isotype control antibodies. From Saviano et al. [121].
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Supplementary Fig. 11. (Chapter 2) Uncropped and triplicate original
western blots for COX-2 obtained from ankle joint tissues homogenates
in all experimental conditions (Ctrl, MSU + MIE vehicle, MSU + MIE
from left to right respectively). Images represent three separate
independent experiments run each with n =6 mice per group pooled.
From Saviano et al. [121].
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Supplementary Fig. 12. (Chapter 2) Uncropped and triplicate original
western blots for COX-1 obtained from ankle joint tissues homogenates
in all experimental conditions (Ctrl, MSU + MIE vehicle, MSU + MIE
from left to right respectively). Images represent three separate
independent experiments run each with n =6 mice per group pooled.
From Saviano et al. [121].
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Supplementary Fig. 13. (Chapter 2) Uncropped and triplicate original
western blots for PPARy obtained from ankle joint tissues homogenates
in all experimental conditions (Ctrl, MSU + MIE vehicle, MSU + MIE
from left to right respectively). Images represent three separate
independent experiments run each with n =6 mice per group pooled.
From Saviano et al. [121].

Supplementary Fig. 14. (Chapter 2) Uncropped and triplicate original
western blots for beta-actin obtained from ankle joint tissues
homogenates in all experimental conditions (Ctrl, MSU + MIE vehicle,
MSU + MIE from left to right respectively). Images represent three
separate independent experiments run each with n =6 mice per group
pooled. From Saviano et al. [121].
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Supplementary Fig. 15. (Chapter 2) Uncropped and triplicate original
western Dblots for mPGES-2 obtained from ankle joint tissues
homogenates in all experimental conditions (Ctrl, MSU + MIE vehicle,
MSU + MIE from left to right respectively). Images represent three
separate independent experiments run each with n =6 mice per group
pooled. From Saviano et al. [121].
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Supplementary Fig. 16. (Chapter 2) Uncropped and triplicate original
western blots for mPGDS-1 obtained from ankle joint tissues
homogenates in all experimental conditions (Ctrl, MSU + MIE vehicle,
MSU + MIE from left to right respectively). Images represent three
separate independent experiments run each with n =6 mice per group
pooled. From Saviano et al. [121].
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Supplementary Fig. 17. (Chapter 2) Uncropped and triplicate original
western Dblots for mPGES-1 obtained from ankle joint tissues
homogenates in all experimental conditions (Ctrl, MSU + MIE vehicle,
MSU + MIE from left to right respectively). Images represent three
separate independent experiments run each with n =6 mice per group
pooled. From Saviano et al. [121].
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Supplementary Fig. 18. (Chapter 3) Flow cytometry strategy applied to
CD4*CD25CD45RB" T-cell isolation (A). CD4-,
stained splenocytes from donor BALB/c mice were sorted by FACS into
CD4*CD25CD45RB" and CD4*CD25CD45RB" T cell populations.
CD4*CD45Rb" cells were the lowest 17.4%
CD4*CD45RB" cells were defined as the highest 63% of CD45RB" cells
(B). Data Submitted.
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Supplementary Fig. 19. (Chapter 3) Experimental colitis was induced
by the adoptive transfer of CD4*CD45RB" T cells from healthy donor
mice (BALB/c) into Rag1®" recipient mice. MIE (10 mg kg™) or MIE
vehicle (150 pl of DMSO/saline 1:3; minimum concentration required to
enable solubilization) were administered once daily p.o. from week 3,
after adoptive transfer, to week 7. Representative photographs of small
intestine isolated from mice were taken (A), and length was measured at
the experimental end-point (7 week) (B). Data are presented as means +
S.D. of n = 6 mice per group. Statistical analysis was conducted by one-
way ANOVA followed by Bonferroni’s for multiple comparisons. P <
0.05 vs Ctrl group. Data Submitted.
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Supplementary Fig. 20. (Chapter 3) Uncropped and triplicate original
western blots for ZO-1 (A), Occludin (B), B-actin (C) and Claudin-2 (D)
obtained from colonic epithelial cells in all experimental conditions (Ctrl,
CD45RB" + MIE vehicle, CD45RB" + MIE 10 mg kg™ from left to right
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Chapter 5

respectively). Images represent three separate independent experiments
run each with n = 6 mice per group pooled. Data Submitted.

X3

1 week

Hypoxanthine

Uracil
Formate

AMP

1B CD45RE" + MIE Vehicle
5L #cu T
00"y
Phe I @ Formate
@ Hypoxanthine ©@lle

® Glucose oval
Propionate
roplooe | .
AMP

-]
a2 Acetate

Uracil

@.

Lactate
Succinate

®pums

Gly, Ala
Gin
‘d-MA

©Asp
Butyrate

]
PC 1(48.55%)

4 week

04

08 08

W CO45RE" + MIE Vehicle
o
) @ Formate
[ Tyr
e
Propignate L]
&or

.Vs\ QAMP

0 © Phe Uracil
© Acetate

*
@ Ala

@ Succin:

Leu
Hypoxanthine © ASH

@ Lactate
@ Gly

DMS
@Glucose
utyrate|
o g
of
Glu

ate

0z 0 0.2
PC 1(57.65%)

04

06 08

Tyr

PC 2 (24.48%)

PC2 (34.74%)

PC2(26.37%)

08 .

02 0 02
PG 1(66.13%)

Propionate
Butyrate
Dimethylamine Lactate
cetate
val
Butyrate| |
Glucose tys Propianate -
‘ Succinate, \
Ala
Dimethylsufone |
n
Glucose o P
™ Leu |
) {I | Btyrate
Uragil
J‘ \ Asp i
W’j‘ hL\u \
b, S
6 5 4 3 1 0
2 week D 3 week
08
B CD4SRB" + MIE Vohicle BICO45RE™ + MIE Vehicle
00l WOM osl o
© Uracil
04 @ Leu @Gl 04 s oamp OLey
lucose
QA © ¥ Formate o P
Hypoxanthine ’
- lie, ’3\’:_3‘ s ©Lactate 302 L oy Hypoxanibing @0,
v
L - : i ¢ o 5
e’ @AMP | ] Val
. Bulvr:l!'-"ﬂ P ®Ala 'Buweatﬁ
L oms® 8cin ] o\s::
i Succinate@  9-MA 02 ..F ;:cum;le Succmax:
© Acetate P Formate
a4 @ Propionate PS 04 -
@Glucose
I 28] @ Uracil
agl ., o
fo o6 o4 oz 0 0z 04 08 08 bs o6 04 0z__0 0z 04 06 08
PC 1 (82.80%) PC1(71.57%)
5 week G 6 week
08 - T - T - o
EICD45RB" + MIE Vehicle 1B CO45RE" + MIE Vehicle
$cm Formate nE 2=t AMP.
o o 8.0 0Succinae . F"""::. %R
Gly WCOSE phe® DMS
o Val @ DMS o @ Butyrate
. Succinate Leu
= Phe
02 lle Tyr & 02| @
L * Uracil 2@0Gin H -1 Glucass Y™y
. Lactate g © d-AM 8 ° Hypoxanthineg ~ © Tw.‘lle
g @ Acetate oG 1 o Propionate e Og
Propionate Asp 2 Lactate
e .’ - © Acetate =
— oAl
* © Buyrate
" © Al © Hypoxanthine | o
Uracil ¢
@ Amp
06 08
a8
08 06 04 02 0 02 04 05 08 08 08 04 D2 0 02 04 06 08
PC1(49.05%) PC 1 (45.97%)
7 week
08 - T r ™
[E CD45RE" + MIE Vehicle
$om
a8 Formate @ Acetate
Propionate
04
o2 © Succinate DMS
e
. Uracil
I
EOG&VI Hypoxanthine® ‘.ﬁ‘,{j
Phe @y Butyrate
0.2 Tyr A
Lactate @ ¢-AM
m @fucose Asp
04
@ Glu
a8 ® Leu

Supplementary Fig. 21. (Chapter 3) 'H-NMR spectrum of a
representative control sample along with the metabolites’ assignment.
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*Ethanol and water residual signals were removed from the spectrum.
Keys: lle (Isoleucine), Leu (Leucine), Val (Valine), Ala (Alanine), Glu
(Glutamate), GIn (Glutamine), Asp (Aspartate), Tyr (Tyrosine), Gly
(Glycine), Phe (Phenylalanine) (A). PC1 vs PC2 biplots of the PCA
models calculated on the metabolome data of faecal samples collected
from the (B) 1% up to the (H) 7" week of the study. Keys: Control group
(Ctrl, red); Sick group (CD45RB"™ + MIE Vehicle, green). Data
Submitted.
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Supplementary Fig. 22. (Chapter 3) Flow cytometry strategy applied to
identify Thl (A), Thl7 (B) and Treg (C) cells after MIE-treatment in
colonic lamina propria cells. Data Submitted.
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Supplementary Fig. 23. (Chapter 3) Flow cytometry analysis was
employed to determine in situ CD4* (A, B), CD3" (C, D), and CD8" (E,
F) subsets. Histograms (B, D, F) indicate the total positive populations
(expressed as 10° cells), in the different experimental conditions. FACS
pictures are representative of three independent experiments with similar
results. Values are presented as means = S.D. of n = 6 mice per group.
Statistical analysis was conducted by; one-way ANOVA followed by
Bonferroni's for multiple comparisons. P < 0.01 vs Ctrl group; “P <
0.01 vs CD45RB" + MIE vehicle. Data Submitted.
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Supplementary Fig. 24. (Chapter 3) Flow cytometry analysis for the
isotype control antibodies for CD4 (A), CD25 (B), IFN-y (C), IL-17 (D),
FOXP3 (E) CD3 (F) and CD8 (G) on colonic lamina propria. Data
Submitted.
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Supplementary Fig. 25. (Chapter 3) Flow cytometry analysis was
employed to determine splenic CD4* (A, B), CD3" (C, D), and CD8" (E,
F) subsets. Histograms (B, D, F) indicate the total positive populations
(expressed as 10° cells), in the different experimental conditions. FACS
pictures are representative of three independent experiments with similar
results. Values are presented as means + S.D. of n = 6 mice per group.
Data Submitted.
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Supplementary Fig. 26. (Chapter 3) Flow cytometry strategy applied to
identify splenic Thl (A), Thl7 (B) and Treg (C) cells after MIE-
treatment. Data Submitted.
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Supplementary Fig. 27. (Chapter 3) Flow cytometry analysis for the
isotype control antibodies for CD4 (A), CD25 (B), IFN-y (C), IL-17 (D),
FOXP3 (E) CD3 (F) and CD8 (G) on the spleen. Data Submitted.
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Supplementary Fig. 28. (Chapter 3) In a static adhesion/migration
assay, HDBECs were treated with TNF-a (100 U ml) and IFN-y (10 ng
ml?) in the presence of MIE extract (0.1 and 10 pg ml?t) or its
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corresponding vehicle (DMSO, 0.25%) for 24 h. PBLswere added for 7
min on stimulated HDBEC, followed by washing to remove all non-
adherent cells. In the panel A presentative images of cells adhesion
(indicated as phase bright and spherical in morphology, green square)
and transmigration (indicated as black and elongated morphology, orange
square) are shown. Quantification of PBLs total adhesion (expressed as
mm? x 10° cells) (B) and % of transmigration (C) was performed using
Image-pro 7.0 software. Data are presented as means £ S.D. of n = 4
independent healthy donors. Statistical analysis was conducted by one-
way ANOVA followed by Bonferroni’s for multiple comparisons. = P <
0.01 vs TNF-0/IFN-y + MIE vehicle. Flow cytometry analysis was used
to quantify the ICAM-1 (D, F) and VCAM-1 (E, G) protein level on
HDBECs (expressed as MIF) (F, G). FACS pictures are representative of
three independent experiments with similar results. Data are presented as
means = S.D. of n = 3 independent experiments. Statistical analysis was
conducted by one-way ANOVA followed by Bonferroni’s for multiple
comparisons. #P < 0.01 vs Untreated group. Data Submitted.

146



Chapter 5

Supplementary Fig. 29. (Chapter 3) Uncropped and triplicate original
western blots for COX-2 (A), DP2(B), DP1(C), B-actin (D) and mPGES-
1 (E) obtained from HDBEC:S in all experimental conditions (Untreated,
TNF-o/IFN-y + MIE vehicle, TNF-0/IFN-y + MIE 1 ug mI* from left to
right respectively). In F is reported the original western blot for mPGES-
1 obtained from HDBECs in all experimental conditions (Untreated,
TNF-o/IFN-y + MIE vehicle, TNF-a/IFN-y + MIE 1 pg ml? from left to
right respectively) and from colon tissues homogenates used as internal
control (on the right). Images represent n = 3 separate independent
experiments. Data Submitted.
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Supplementary Fig. 30. (Chapter 3) Uncropped and triplicate original
western blots for COX-2 (A), DP2(B), DP1(C), B-actin (D) and mPGES-
1 (E) obtained from colon tissues homogenates in all experimental
conditions (Ctrl, CD45RB" + MIE vehicle, CD45RB" + MIE 10 mg kg™
from left to right respectively). Images represent three separate
independent experiments run each with n = 6 mice per group pooled.
Data Submitted.
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Supplementary Fig. 31. (Chapter 3) Human whole blood, collected
from healthy volunteers (HV), was pre-treated with MIE vehicle (veh;
DMSO at the highest concentration used in test wells, 0.25%) or MIE
extract (0.03-10 pg ml™) for 1 h before stimulation with (A, B) LPS (0.1
ng mlt) for 3 h at 37 °C. Serum was collected for the assessment of TNF-
o (A) and 1L-17 (B) by Elisa assay. Data are expressed as pg ml™ and
presented as Box-and-whisker plots of n = 10 for TNF-a and n = 7 for
IL-17 detection. Solid horizontal lines denote the median value *
interquartile ranges (min 25%, max 75%). Statistical analysis was
conducted by one-way ANOVA followed by Bonferroni’s for multiple
comparisons. ##p < 0.0001 vs Ctrl; “P < 0.01, ™"P < 0.001 vs LPS +
vehicle. Data Submitted.
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