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ARTICLE INFO ABSTRACT

Keywords: An arabinan polysaccharide of low molecular weight (SC-S50, 3.2 KDa) and a structurally-related high molecular

Sida cordifolia weight arabinan (SC-P50, 66 KDa) were isolated from Sida cordifolia root. NMR spectroscopy revealed the two

ralgf'ceae polysaccharides were structurally similar consisting of three motifs, the main one being an a-L-arabinofuranose
rabiman

disaccharide (A-(1 - 5)-D) in the linear backbone; the A unit is further substituted at O-2 and O-3 positions by
a-L-arabinofuranose. The two minority motifs also consist of a-1 — 5 linked L-arabinofuranose disaccharide, but
in contrast, the A unit is replaced by the E or F unit, which is substituted by a-L-arabinofuranose only at the O-2
or 0-3 position. SC-S50 did not activate macrophages cells in vitro, but in contrast, SC-P50 potently stimulated
nitric oxide production in RAW264.7 macrophages (EC50: 7.92 pg/mL). SC-P50 significantly increased pino-
cytosis (phagocytosis), cell proliferation and cytokine secretion (IL-2, IL-6, TNF-a, IL-8), with minimal cyto-
toxicity. SC-P50 was then screened in 12 human primary cell-systems simulating various human tissue and
disease characteristics. In 10 of these cell systems SC-P50 increased the production of IL-8. Mechanism-of-action
studies unpicked the receptors, intracellular signalling and metabolic responses underlying SC-P50's immuno-
modulatory actions. SC-P50 is a novel immunomodulatory plant-derived polysaccharide which should be eval-

Metabolic response
Mechanism-of-action
Immunomodulator

uated for its ability to prevent/treat infection.

1. Introduction

Recent years have seen an increased focus on the discovery of natural
immunomodulatory compounds (Khairy et al., 2023; Pillai & Antony,
2024; Zebeaman et al., 2023). Also referred to as biological response
modifiers, these compounds can interact with the immune system to up-
or down-regulate specific aspects of a host's response. Plant compounds
with such biological activities include alkaloids, flavonoids, terpenoids,
polyphenols, polysaccharides, lignans, essential oils, saponins, tannins
and phytosterols (Costa et al., 2016; Dabravolski et al., 2023; Guo et al.,
2024; Huyke et al., 2007; Jin et al., 2014; Klos & Chlubek, 2022;
Michalak, 2022; Peng et al., 2019; Rajasekaran et al., 2021; Samtiya
et al., 2021; Shen et al., 2024; Xue et al., 2019).

Immunomodulatory plant polysaccharides are particularly inter-
esting, inducing immune responses during infection and influencing
innate and cell-mediated immunity by interacting with various immune
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cells, such as T-cells, natural killer cells, and macrophages (Huang et al.,
2022; Surayot & You, 2017; Tabarsa et al., 2020). Appropriate modu-
lation of the immune response by these polymers has been shown to
improve a host's ability to fight various infections (Murphy et al., 2023;
Panggabean et al., 2022; Sindhu et al., 2021; Song et al., 2020). Poly-
saccharides can also be used to improve current treatments, particularly
antimicrobial therapies which are becoming less effective due to anti-
microbial resistance (AMR) (Ayrapetyan et al., 2021; Balducci et al.,
2023; Lai et al., 2024). Thus far, very few polysaccharide immuno-
modulators have been examined in detail, and structure-activity studies
are typically lacking.

A common approach in the discovery of novel immunomodulatory
compounds involves testing their ability to activate nitric oxide (NO)
production in macrophages (Igbal et al., 2022). It also can be useful to
determine to what extent they promote an ‘M1’ or ‘M2’ state. Macro-
phages typically exist in a baseline ‘MO’ state and can be polarised to M1
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macrophages (pro-inflammatory) by treating with lipopolysaccharide
(LPS), which activates Toll-like receptors (TLRs) (Chen et al., 2023). MO
can also be polarised to an M2 (anti-inflammatory) state by treating with
interleukins such as IL-4 or IL-13, acting via their respective receptors
(Laskin, 2009). The transition to M1 or M2 can be determined either by
identifying which receptors/intracellular activates. For example, TLR-4
and NF-kB are important signalling components of M1 with STAT/SMAD
signalling involved in M2 (Biswas & Mantovani, 2012). The transition
from MO to M1 or M2 can also be monitored by changes in cellular
metabolism. M1 macrophages rely heavily on glycolysis (Jha et al.,
2015) whereas M2 macrophages rely on beta-oxidation and gluta-
minolysis (Vats et al., 2006).

The present investigation undertook a detailed characterization of
the immunomodulatory glycans present in a perennial subshrub named
Sida Cordifolia, a member of Malvaceae family. S. cordifolia is used
widely in Indian, Chinese, African, Brazilian and American traditional
medicines to address conditions such as oral mucositis, bronchial
asthma and nasal blockage (Dinda et al., 2015; Franco et al., 2005;
Franzotti et al., 2000; Rodrigues & de Oliveira, 2020). Our research
group reported that an aqueous extract of S. cordifolia root powder
possessed potent and broad-ranging immunomodulatory activities,
including the ability to stimulate lymphocyte proliferation, augment IgG
production, enhance macrophages phagocytosis, and upregulate the
expression of several cytokines in RAW 264.7 cells (Igbal et al., 2022).
The extract appeared to contain a complex mixture of different poly-
saccharides, and it was possible to enhance their activity by the further
enrichment of the polysaccharide fraction. The aim of the present study
was to isolate individual immunomodulatory polysaccharides, to resolve
their precise structure, then to determine the cellular mechanism of
action of any purified polysaccharides.

Ultimately one low molecular weight, and one larger structurally-
related arabinan, were isolated, purified and structurally elucidated.
The low molecular weight arabinan (SC-S50) was inactive, but the
higher molecular weight arabinan (SC-P50) was highly potent and its
biological activities were characterized in detail. The purified
S. cordifolia arabinan (SCA), was structurally characterized by profiling
of its monosaccharide composition, partially methylated alditol acetates
(PMAA) and nuclear magnetic resonance (NMR). Subsequently, the
bioactivities of SC-P50 were confirmed in RAW 264.7 cells by mea-
surement of nitrite oxide (NO) production, pinocytosis, proliferation and
cytotoxicity. Additionally, this arabinan's ability to stimulate the
secretion of several cytokines were evaluated, and this involved the
measurement of IFN-y, IL-2, IL-16, IL-4, IL-6, IL-12, TNF-a and IL-10
secretion from RAW 264.7 cells. Moreover, SC-P50 was characterized
using the BioMAP Diversity PLUS panel of 12 primary human cell-based
systems which have been engineered to simulate intricate human tissue
and disease characteristics related to the vascular system, skin, lungs,
and inflammatory tissues. Precise assessments of biomarker activities
within this diverse array, combined with a comparative evaluation of
the biological effects of established bioactive substances present in a
reference database, serve as a means of forecasting the safety, effec-
tiveness and functionality of SC-P50. SC-P50 increased the production of
IL-8 in 10 human primary cell-based systems. This prompted a series of
studies in RAW 264.7 cells transfected with an IL-8 reporter gene (IL-8
LucRep-RAW 264.7 cells) which unpicked the underlying mechanisms
for SC-P50 induction of NO production, IL-8 expression and IL-8 secre-
tion. Finally, LC-MS/MS metabolomic profiling was conducted to assess
the various metabolic responses of RAW 264.7 cells to SC-P50. The
findings presented herein contribute valuable insights into the immu-
nomodulatory potential of a novel plant-derived polysaccharide with
future therapeutic potential.
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2. Materials and methods
2.1. Chemicals and reagents

S. cordifolia root powder was purchased from Pukka Herbs® (Keyn-
sham, UK). Chemicals and reagents used were of the highest analytical
grade available and are listed in Supplementary Method S1.

2.2. Extraction of S. cordifolia

S. cordifolia root powder (2 g) (Fig. 1) was soaked in 95 % ethanol
(15 mL) at room temperature (R.T.) overnight (o0.n.) under stirring and
then centrifuged at 4 °C for 30 mins at 6500 rpm. The supernatant was
discarded while the precipitate was collected in a laboratory bottle with
a screw cap, suspended in ultra-pure water (15 mL) and stirred at 100 °C
for 1 h in an oil bath on a hotplate stirrer (Stuart, Merck, UK) coupled to
a temperature controller (Stuart, VWR, UK). The suspension was
centrifuged at 4 °C for 30 mins at 6000 rpm, and the supernatant was
collected. This step was repeated five times, and the different superna-
tants were pooled together and reduced to approximately one-fifth
volume by a rotavapor (Biichi, rotavapor R-200, Merck, UK). This so-
lution was digested with (1 mg) a-amylase and (250 pL, ~ 250 NPUN)
pullulanase for 7 h, followed by digestion with (1 mg) Proteinase K (1
mg) overnight. After the enzymatic digestion, the solution was dialyzed
against ultrapure water (molecular weight cut-off of 3.5 kDa), with
water changes every 2-3 h for a total of three changes. The solution
inside the dialysis tube presented some precipitate that was removed by
centrifugation (30 mins at 6000 rpm) and 95 % ethanol was added to the

S. cordifolia (powder, 2 g)
|

(1) - 95% EtOH (15 ml), o.n
- centrifugation

Supernatant Precipitate
(discarded) (2) Hot water extraction (x5)
| - centrifugation
 precipitate
Supernatant (discarded)

- Enzymatic treatment
(3) (amylase, pullulanase, Proteinase K)
- Dialysis (3.5 kDa cut-off)

centrifugation
J/ = Precipitate
Supernatant (discarded)
80% EIOH, 4°C,on
(4) centrifugation
\! &
vV '
Precipitate Supernatant
SC-P (50 mg) SC-S (17 mg)
/"\
k (5) Y - SPE purification

0 5 10 20 30 40 50
SC-S50(0.4 mg)
SC-P50(0.7 mg)

ACN %

Fig. 1. Purification scheme used to isolate the arabinan (SC-S50 and SC-P50)
from S. cordifolia root powder.
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clear supernatant to reach 80 % final concentration, the solution was left
at 4 °C overnight and the resulting precipitate was separated by the
supernatant by centrifugation (30 mins at 6000 rpm).

The precipitate (SC-P) was solved in water and freeze-dried to yield
50 mg, while the supernatant (SC-S) was dried with dried with a rotary
evaporator, and the resulting solid was solved in water and freeze-dried
to yield to 17 mg. Both SC-P and SC-S were checked by proton NMR and
chemical analysis.

2.3. Solid phase extraction (SPE) purification of SC-S

The crude product was dissolved in water (3 mL) and purified by
using a Hypercarb™ SPE Cartridge. Prior use, the cartridge was acti-
vated by washing with the following solutions: 1 M NaOH (12 mL),
water (24 mL), 30 % acetic acid (12 mL), water (24 mL), 50 % ACN (12
mL), 5 % ACN (24 mL) and water (30 mL). The sample was dissolved in
water and the separation was performed, by varying in a stepwise
manner, the ACN content of the eluent, so that the fractions (15 mL
each) collected were 0, 5, 10, 20, 30, 40 and 50 % in the organic solvent,
each labelled by adding the ACN % as suffix to the initial name (e.g. SC-
SO indicated 0 % ACN content). Finally, the cartridge was regenerated
with ACN 100 % and TFA 0.1 M. ACN was removed from all fractions
using a rotary evaporator, the resulting water solutions were freeze-
dried and the material recovered was checked by proton NMR.

2.4. Structural characterization of SCA

2.4.1. Molecular weight determination of SCA

The molecular weight of the samples was determined by SEC-HPLC
(TSK gel G5000 PWyj, 30 cm x 7.8 mm I.D.). The sample (30 pL, 1
mg/mL solution) was injected on the TSK column and eluted with 50
mM ammonium bicarbonate (flow 0.8 mL/min). The eluate was moni-
tored with a refractive index detector, using a HPLC Agilent 1100 sys-
tem. The column was calibrated with dextrans of known molecular
weight (5, 50, 150, 410, and 610 kDa), the data were fitted by linear
regression and the molecular weight of sample was evaluated
accordingly.

2.4.2. Monosaccharide analysis

The monosaccharide composition was established by analysing the
corresponding acetylated O-methyl glycoside derivatives. SCA (~ 0.2
mg) was treated with HCl/MeOH (1.25 M, 80 °C, 16 h). The solvent was
removed under air flow and the methyl glycosides acetylated with acetic
anhydride (50 pL) in pyridine (100 pL) at 80 °C for 30 min (De Castro
etal., 2010), prior to GLC-MS analysis (See Supplementary Methods S2).

2.4.3. NMR spectroscopy

NMR spectra were recorded in deuterated water (D20) at 298 K by
using a Bruker 600 MHz spectrometer equipped with a reverse cryo-
probe with gradients along the z-axis. All spectra were calibrated with
acetone as the internal standard (*H 2.225 ppm; '3C 31.45 ppm). The 2D
set of NMR spectra comprised Correlation Spectroscopy (COSY), total
correlation spectroscopy (TOCSY), and Nuclear Overhauser enhance-
ment spectroscopy (NOESY) experiments, all performed by using data
sets (t1 x t2) of 2048 x 512 points, TOCSY and NOESY mixing time was
set to 100 and 200 ms, respectively. Heteronuclear single-quantum
coherence (HSQC), and heteronuclear multiple-bond correlation
(HMBC) experiments were performed using sets of 2048 x 512 points.
HMBC was optimized for 6-15 Hz coupling constants, while the mixing
time of the HSQC-TOCSY was set to 80 ms. Spectra were transformed
and analysed with Topspin 3.6 and/or or 4.0 version.

2.5. In vitro immunomodulation properties of SCA

2.5.1. NO production
RAW 264.7 cells were cultured as described in Supplementary
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Method S3. The NO production was determined using the Griess assay.
Briefly, cells were seeded at a density of 1 x 10° cells per well into a 96-
well microplate. Cells were incubated for 24 h (37 °C; 5 % CO»). Cells
were then stimulated with serially diluted test agents (3.125-100 pg/
mL) for 24 h. LPS from E. coli (1 pg/mL) was employed as a positive
control, and the medium was the negative control. Cell culture super-
natant (60 pL) was mixed with Griess reagent (60 pL) and incubated for
5 min in darkness. The absorbance was measured at 540 nm using a
microplate reader (TECAN, Saﬁrez, Austria). The amount of NO was
calculated using a calibration curve with various concentrations of so-
dium nitrite (0.78-100 pM).

2.5.2. Neutral red pinocytosis assay

The cellular pinocytic activity (serving as a proxy for phagocytosis)
was assessed using neutral red (NR). Briefly, 0.1 % NR solution was
made by solubilizing 0.1 g neutral red crystals in 100 mL sterile phos-
phate buffer (pH 7.2). The solution was subsequently purified through
filtration employing a syringe filter (0.45 pm) for removing insoluble
crystals and ensuring homogeneity.

RAW 264.7 cells were prepared in 96-well plates and incubated for
24 h as described in 2.5.1. Test agents were added for 24 h, then 20 pL of
0.1 % NR solution was added to each well for 6 h. Supernatants were
carefully aspirated and discarded, and the wells were rinsed twice using
200 pL of PBS. Then 100 pL of cell lysis solution was added (50 % ab-
solute ethanol, 49 % deionized water, and 1 % glacial acetic acid), fol-
lowed by incubation at R.T. for 2 h. Absorbance was measured at 540 nm
using a microplate reader (TECAN, Safire?, Austria).

2.5.3. Macrophage proliferation assay

RAW 264.7 cells were prepared in 96-well plates and incubated for
24 h as described in 2.5.1. Cells were exposed test agent for 20 h. LPS
from E.coli (1 pg/mL) served as a positive control, whereas the medium
as a negative control. AlamarBlue (10 pL) was added to each well and
incubated (4 h) and protected from light. Absorbance was measured at
570 nm, with 600 nm as a reference wavelength (for normalisation)
using a microplate reader (TECAN, Safire?, Austria). Proliferation index
was calculated formula: PI = (Asample-Ablank)/ (Amedium -Ablank)-

2.5.4. Cytotoxicity assay

Cell cytotoxicity was assessed by using an MTT assay kit (Merck®,
UK) with cells at a density of 5 x 10° cells/mL in accordance with the
manufacturer's protocol, as described in Supplementary Method S4.

2.5.5. Cytokine secretion assay

Several proinflammatory and anti-inflammatory cytokines secretions
including IFN-y, IL-2, IL-1f, IL-4, IL-6, IL-12, TNF-a and IL-10 in the
culture supernatant after treating with SC-P50 were determined using
the ELISA kits respectively, following the manufacturer's protocol.
Briefly, RAW 264.7 cells were cultured, placed into 96-well plates and
incubated for 24 h as detailed in 2.5.1. Following a 24 h incubation
period at 37 °C with 5 % CO2, the medium from each well was extracted
and discarded, 100 pL of serial diluted SC-P50 solution was then added
to the wells. LPS from E.coli (1 pg/mL) served as the positive control,
whereas the medium was employed as the negative control. The plate
was subjected to an additional 24 h incubation period at 37 °C with 5 %
CO; and then ready for cytokines determination by ELISA Kkits.

2.5.6. Studies in human primary cells

SC-P50 was tested for biological activities using the BioMAP Di-
versity PLUS panel of 12 human primary cell-based systems (Table S1;
Eurofins Discovery, Missouri, USA). These systems have been engi-
neered to simulate intricate human tissue and disease characteristics
related to the vascular system, skin, lungs, and inflammatory tissues.
Biomarker activities (Table S1) within this diverse array, combined with
a comparative evaluation of the biological effects of established bioac-
tive substances present in the BioMAP reference database, serve as a
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means to forecast the safety, effectiveness, and functionality of the
arabinan.

2.5.7. Determination of IL-8 expression

Since the BioMAP Diversity PLUS panel indicated that IL-8 was
increased by SC-P50 in 10 human primary cell-based systems, the
expression of IL-8 in IL-8 LucRep-RAW 264.7 cells (Supplementary
Method S3) was determined using the luciferase assay reagent kit
(2BScientific™, Kirtlington, UK) with a luminometer (CLARIO Star®,
Germany) by following the manufacturer's protocol. The experimental
procedure is outlined in Supplementary Methods S5.

2.5.8. Inhibitors studies

Several attempts to chemically label SC-P50 by different approaches
were unsuccessful yielding derivatives that were devoid of biological
activity. This precluded receptor binding studies, and so inhibitors of
pattern recognition receptor (PRR) were employed to probe involve-
ment of TLR2, TLR4, Dectin-1 and mannose receptor (MR) in SC-P50's
stimulation of NO production and IL-8 expression/secretion in IL-8
LucRep-RAW 264.7 cells. Additionally, inhibitors of intracellular sig-
nalling molecules were (NF-kB, IkB-a, MEK/ERK inhibitor; MAPK, JNK
and MyD88) were also employed. The inhibitors used and the experi-
mental procedure are outlined in Supplementary Method S6.

2.5.9. Metabolic response studies

To investigate the metabolic responses of RAW 264.7 cells to SC-P50
or fucoidan, metabolomic profiling was undertaken. Briefly, RAW 264.7
cells were introduced onto a 6-well plate containing 2 mL of cell sus-
pension (1 x 10° cells/mL, totalling 2 x 10° cells per well). Following
this, the plate was subjected to incubation for a duration of 24 h at 37 °C
with 5 % CO;. The SC-P50 or fucoidan solution, which had been ster-
ilized, was further diluted to concentrations of 1, 10, and 100 pg/mL
with cell culture medium. After 24 h incubation, the medium from each
well was removed and 2 mL of each diluted arabinan solution was
introduced into the respective wells. The medium was employed as the
control. Following a 24 h incubation period at 37 °C with 5 % CO», the
medium was aspirated, and the cells were subjected to two rounds of
gentle washing with ice-cold PBS, then 2 mL of PBS was added to each
well. The procedure by which cells were detached, intracellular me-
tabolites extracted and measured is outlined in Supplementary Method
S7.

2.6. Statistical analysis

Data were shown as means + standard deviation (SD). Statistical
analysis was performed using Graphpad Prism 9.0 software (GraphPad,
California, USA), with a one-way ANOVA with Dunnett's multiple
Comparison Test comparing treatment groups and control, and signifi-
cance indicated (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

3. Results

3.1. Extraction of S. cordifolia root powder and preliminary chemical
analyses

An extraction protocol (Fig. 1) was devised based on several different
attempts to optimize and isolate a pure form the arabinan produced by
this plant. These other attempts consisted in the combined use of
different chromatographic techniques, such as size exclusion chroma-
tography on (Sephacryl HR-300, Sephacryl HR-100), ion exchange
chromatography (Q-Sepharose fast flow), ion hydrophobic chromatog-
raphy (Octyl-Sepharose), and graphitized carbon on solid phase chro-
matography. As for the protocol developed, the powdered plant root was
treated with 95 % ethanol to remove the lipophilic components (step 1,
Fig. 1) and then extracted with hot water (100 °C, step 2, Fig. 1). The
supernatant afforded after centrifugation was treated with both amylase
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and pullulanase (step 3, Fig. 1) since amylopectin-like glycans were
found during the preliminary purification trials. The clear solution was
made 80 % with ethanol to separate the glycans on the basis of their
different solubility in the solution (step 4, Fig. 1). Both the precipitate
(SC-P, 50 mg) and the supernatant (SC-P, 17 mg) were inspected by
proton NMR (Fig. 2).

The analysis of the proton spectra of the two fractions (Figs. 2 and
S1) disclosed the presence of carbohydrate material, due to the signals in
the anomeric region (5.3-4.3 ppm) along those in the carbinolic area
(4.3-3.0 ppm). However, the anomeric signals had no-apparent stoi-
chiometric ratio, suggesting the presence of a (or of a mixture of)
polysaccharide with a non-repetitive unit, like often occurs in plant
polysaccharides (Gorshkova et al., 2013).

To acquire more information, monosaccharide composition analysis
was performed, and it disclosed that both fractions contained almost the
same type of monosaccharides, albeit in different proportions (Fig. S2)
as judged by the intensities of the peaks in the two chromatograms. In
particular, the presence of galacturonic acid and rhamnose suggested
the presence of a pectic-like glycan, while the occurrence of arabinose
and galactose suggested that an arabinogalactan could be present. Other
monosaccharides, like glucose, xylose (in traces at 8.2 min.) suggested
that glucans and/or hemicellulose-like glycans could be part of the
mixture. These chemical data supported the notion that SC-P and SC-S
were mixtures of different glycans, and additional purification trials
(step 5, Fig. 1) were conducted to separate them and to remove the
contaminants that were visible in the high- and low-field regions of the
proton spectra (Fig. S1).

3.2. Purification of SC fractions by solid phase extraction

SC-P and -S were further separated by using a graphite-based
adsorbent (step 5, Fig. 1). This matrix is mostly used for the separa-
tion of discrete size oligosaccharides (Koizumi, 2002), and it seems that
separation is driven by hydrophobic interactions. In order to make the
separation scalable and in high throughput manner, a SPE cartridge was
used instead of a HPLC column. TFA or other organic acids were not used
in contrast to what devised in many protocols, to avoid the cleavage of
labile glycosidic linkages like those of the furanose residues.

The different fractions were analysed by proton NMR (Fig. 3) and the
first result noted was the decrease in the level of contaminants (Figs. S3
and S4). All fractions lost the initial brownish colour which probably
remained adsorbed on the cartridge, as also supported by the fact that
the total sample recovery did not match the initial amount of sample
loaded. For SC-S, the recovery yield was 65 % (~ 11 mg recovered over
17 mg loaded) while for SC-P it was 75 % (~ 18 mg recovered over 25
mg loaded).

The fractions from 0 to 40 % ACN (except SC-S40) presented quite
broad signals, still non-carbohydrate signals in the high-field region
(Figs. S3 and S4) and non-stoichiometric ratio between the anomeric
signals. On the contrary, the fractions recovered with 50 % ACN (SC-P50
and SC-S50) had four main anomeric signals (5.4-5.20 ppm) in an
almost 1:1 ratio and almost no contaminants. Based on these findings,
these two fractions were characterized in more detail.

3.2.1. Molecular weight and linkage analysis

SEC-HPLC determined the average molecular weight (MW) of the SC-
P50 and SC-S50 by calibrating the column with a set of dextran stan-
dards of known molecular weight (Fig. S5). The calibration line was
determined by fitting the experimental points by linear regression, and
the equation Logyw = — 0.7105 x ¢ + 10.813 (R? = 0.9992, with “t* =
elution time in minutes) was used to determine the molecular weight of
the two SC fractions. SC-P50 (66 kDa) had a MW higher than that of SC-
S50 (3.2 kDa), in agreement with its lower solubility in cold ethanol.
There was very substantial overlap in both proton and HSQC (Fig. S6)
spectra profiles, and therefore SC-S50 (the oligosaccharide) and SC-P50
(the polysaccharide) were considered structurally identical, the main
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Fig. 2. (600 MHz, 298 K) Expansion of the 'H NMR spectra of the fractions afforded at step 4 (Fig. 1) of . cordifolia root powder purification. The precipitate (SC-P)
and the soluble fractions (SC-S) recovered after 80 % ethanol precipitation are reported at the bottom and at the top of the figure, respectively. The full range spectra
(Fig. S1) report the presence of non-carbohydrate material at both low and high field.
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Fig. 3. (600 MHz, 298 K) 'H NMR spectra of the fractions deriving from a) SC-P and b) SC-S by purification with graphite-based SPE (step 5 in Fig. 1). The elution
was performed by varying the ACN content of the eluent whose percentage is indicated at the side of the acronym. The numbers in brackets report the amounts (in
mg) recovered by the purification. The full range 'H NMR spectra are reported in Fig. S3 for SC-P, and Fig. 4 for SC-S.

difference being the molecular weight. Linkage analysis was tried on
both fractions, but it did not lead to any result since the chromatogram
did not contain peaks with recognizable fragments. Accordingly, the
structural elucidation relied only on the NMR data.

3.2.2. NMR spectroscopy analysis of SC-S50

The full set of 2D NMR spectra was measured by using SC-S50. This
fraction was preferred to SC-P50 because it was expected to generate
better resolved NMR spectra due to its lower molecular weight.

The analysis of the anomeric region (Fig. 4a, chemical shifts in
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Fig. 4. (*H 600 MHz, '3C 150 MHz, 298 K) 'H—3C NMR spectra recorded for SC-S50 arabinan (or SCA). Expansions of the HSQC spectrum (black densities for the
carbinolic carbon atoms and red densities for the hydroxymethylene carbons) are displayed in panels a, b and d. The HMBC spectrum (blue densities) is reported in
panels c and d, while the HSQC-TOCSY (pink densities) is reported in panels c (in overlay with the HMBC) and e. The full HSQC spectrum is given in Fig. S7, and the
labels correspond to the residues listed in Table 1 or in panel g. g) structure of SC-S50 or SCA, elaborated on the basis of the NMR data. The densities marked with “*”
are COSY-artifacts of the HSQC sequence (Speciale et al., 2022). “i” stands for impurity.

Table 1) disclosed the presence of four main signals, labelled A — D, in
almost 1:1 ratio along with others of lesser intensity, all associated to
carbon chemical shifts at about 108 ppm (Table 1), diagnostic of resi-
dues in the furanose form (Speciale et al., 2022). Starting from the
anomeric protons, the HSQC-TOCSY (Fig. 4e) reported the presence of
one density in the carbinolic region for each signal, with B and C also
displaying a second density of minor intensity. Since the magnetization
transfer in the HSQC-TOCSY sequence follows the sequence of the pro-
tons over the monosaccharide ring (e.g. H-3 cannot be detected if H-2 is
not detected first) and it decreases for protons that are far along the
sequence, the intense correlations were assigned to the C-2 of the units
(labelled as B2 and Co, respectively), while those less intense of B and C
to their C-3. The position of the carbinolic protons was determined by
integrating the information of the homonuclear spectra (Fig. 5b). The
COSY spectrum enabled the finding of the H-2 protons of each unit
(Fig. 5b) so that the correct C-2 density was labelled in the HSQC

spectrum (Fig. 4f). Regarding A, H-2 had no apparent correlation with
H-3 in the COSY spectrum, but the position of this proton was evaluated
by TOCSY spectrum because it connected H-1 of A to a signal at 4.26
ppm, which in turn had a COSY correlation with a proton at 4.31 ppm,
next but not coincident to H-2 (note the grey lines in Fig. 5d). The proton
at 4.31 ppm had a carbon at 82.3 ppm, which in turn correlated with the
anomeric proton of A in the HMBC spectrum (Fig. 4d). Based on this
finding, the density at 'H/*3C 4.31/82.3 ppm was assigned to A4, since
this C-4 displayed the long-range correlation with the anomeric proton
because involved in the ring closure, as deduced by the corresponding
density, labelled Ay 4 (Fig. 4d) in the HMBC spectrum.

Then, H-4 displayed three correlations in the COSY spectrum: that
with H-3 and other two (3.95 and 3.84 ppm) which were assigned to H-5
and H-5' of the residue (or A4 5 and A4 s, Fig. 5d), since both correlated
to a hydromethylene carbon atom at 67.2 ppm in the HSQC (labelled As,
Fig. 4f).
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Table 1

Proton (600 MHz) and carbon NMR chemical shifts (150 MHz) (Acetone as in-
ternal standard, 'H 2.225, 13C 31.45 ppm), deduced for SC-S50 arabinan isolated
from S. cordifolia.

Residue Nucleus 1 2 3 4 5

A H 5.26 4.33 4.26 431  3.95;3.84
2,3,5-0-Araf  13C 107.4 86.0 81.3 82.3 67.2

B 'H 5.19 413 3.97 4.09  3.73;3.84
t-a-Araf 3¢ 108.0 82.4 77.7 85.1 62.2

C H 5.16 4.14 3.97 4.04  3.73;3.84
t-a-Araf 3¢ 108.0 82.4 77.7 85.0 62.2

D 'H 5.09 413 4.05 423  3.89;3.80
5-a-Araf 3¢ 108.5 82.4 77.8 83.4 67.6

E 'H 5.12 4.29 4.10 431  3.95;3.84
3,5-a-Araf 3¢ 108.6 80.4 83.3 82.3 67.2

F H 5.20 4.16 417 421  3.89;3.79
2,5-a-Araf 3¢ 107.5 88.2 76.4 82.5 67.9

Collectively, these data indicated that A was a pentose in the fura-
nose form, which based on the monosaccharide composition (Fig. S2)
was assigned to an arabinose unit since this was the only pentose
detected in the mixture. Its L absolute configuration was assumed on the
basis that plants only produce this isomer (Kotake et al., 2016). Finally,
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the C-1 chemical shift value (107.4 ppm) indicated the o configuration
of the anomeric centre, while the low field shifted values of C-2 (86.0
ppm), C-3 (81.3 ppm) and C-5 (67.2 ppm) disclosed that A was
substituted at all the available positions (Speciale et al., 2022).
Regarding B and C, the F1 dimension of the TOCSY spectrum
(Fig. 5¢) defined the position of all the protons, overcoming the limits
related to the severe overlap between B (4.13 ppm) and Cz (4.14 ppm),
B3 and C3 (both at 3.97 ppm) and their H-5 s, identifying their H-4 s (B4
and C4) at 4.09 and 4.04 ppm, respectively. Differently from A, B and C
were two a-arabinofuranose units non-substituted, namely they
occurred as terminal units (Speciale et al., 2022). The identification of
the proton/carbon chemical shifts of D followed the same strategy used
for the other units. The COSY correlation identified Dy at 4.13 ppm
(Fig. 5b), namely clustered with By and Cg, but the TOCSY density at
4.05/5.09 ppm (Fig. 5b) determined the position of D3, then the other
protons were found by following the connections dictated by the COSY
spectrum (Fig. 5d), while HSQC analysis returned the corresponding
carbon values. Accordingly, D was a a-arabinofuranose unit only
substituted at O-5 (C- 5 at 67.6 ppm, Fig. 4f). The analysis of the residues
with lesser intensity was possible by raising the levels of the homonu-
clear spectra (Figs. S8 and S9) and it led to the assignment of only two of
them, E (H-1 at 5.12 ppm) and F (H-1 at 5.20 ppm). As for E, its E (4.30

] cosy
I TocsY
[ NOESY

5.3 5.2 5.1 ppm 4.3 4.2

41 4.0 39 3.8 ppm

Fig. 5. (600 MHz, 298 K) 1H—'H NMR spectra recorded for SC-S50 arabinan (or SCA). Suitable expansions of the COSY spectrum (red and cyan densities) are
displayed in panels d, and e. The TOCSY spectrum (black densities) is reported in panels a - d, while the NOESY spectrum (pink densities) is reported in panels ¢ (in
overlay with the TOCSY), e and f. The two grey dotted lines in panel d indicate the exact position of H-2 and H-4 of A. The labels correspond to the residues listed

in Table 1.
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ppm, Fig. S8) had a TOCSY correlation with a proton at 4.10 ppm,
labelled Eg, whose carbon (80.4 ppm, Fig. 4f) was glycosylated. Then, H-
3 of E had one TOCSY correlation with a proton at 3.95 ppm (Fig. S8)
which crossed two carbon densities at 77.8 and 67.2 ppm in the HSQC
spectrum. The possible match with the density at 77.8 ppm was
excluded since C-4 of an arabinofuranose unit never reaches such a high
field value even when the neighbouring positions are substituted.
Accordingly, the proton at 3.95 ppm was matched with the hydroxy-
methylene carbon at 67.2 ppm with the consequence it had to be
assigned to Es. The position of H-4 was then assumed to coincide with
that of H-2 while the corresponding H-4/C-4 density was defined as
coincident with that of A4 in the HSQC spectrum (Fig. 4f).

Regarding F, H-1 (5.20 ppm, Figs. 5b and S8) was connected to a
proton at 4.16 ppm which in turn had other three correlations with the
protons at 4.21, 3.89 and 3.79 ppm (Fig. S8). These last two protons
correlated with the hydroxymethylene carbon at 67.9 ppm (Fig. 4f),
therefore were assigned to H-5 and H-5' of F, respectively. Then, the
proton at 4.16 ppm crossed with two different carbon atoms at 88.2 and
76.2 ppm in the HSQC spectrum (Fig. 4f). Based on the carbon chemical
shifts values reported for the corresponding methylglycoside (C-2 at
81.8, C-3 at 77.5, C-4 at 84.9 ppm) and taking into account the chemical
shifts variations due to the glycosylation effects (6 to 10 ppm for the
a-effect, O to - 3 ppm for the p-effect) (Speciale et al., 2022), both den-
sities were assigned to F as Fo and F3, respectively, while the other
proton left at 4.21 ppm, was assigned to H-4 in turn connect to a carbon
at 82.5 ppm (Fig. 5f). Thus, F was a a-arabinofuranose 2,5-linked, while
E was 3,5-linked.

Finally, the HMBC and NOESY spectra disclosed the sequence be-
tween the different units. First, C was placed on O-3 of A based on the
C1A3 correlation in the HMBC spectrum (Fig. 4d), so that the HMBC
density at 'H/'3C 4.33/108.0 ppm could be assigned to ApB; instead of
A,C; (Fig. 4c). The NOESY then correlated H-1 of A (Fig. 5f) to Ds and
D5, namely the sequence A-(1 — 5)-D, in agreement with the
displacement at low field found for C-5 of D, the correlation A1D4
instead arose by the spatial proximity between the two protons. Then,
the NOE effects AsD; and As'D; (Fig. 5f) indicated that D was attached
to O-5 of A.

Regarding the location of E and F, both had a correlation with H-5' of
D (Fig. 5c¢, Fig. S9), meaning that they occupied a position equivalent to
that assigned to A. This apparent contradiction was solved by making
the hypothesis that the glycosylation on the A residues was not complete
and that when the substituent at O-3 was absent, the residue detected
was F, while if only O-3 was substituted the residue detected was E. The
analysis of the NOESY spectrum with an increased number of levels
(Fig. S9) determined also that substituents located at O-3 and O-2 of E
and F, respectively, which were coincident with the previously defined C
and B units, respectively.

Thus, combining the information from all the NMR data, it was
possible to recognize the presence of three distinct structural motifs. The
main motif consisted of the arabinofuranose A — D units, connected
through a-(1 — 5) linkages with A further substituted at O-2 and O-3
with B and C, respectively (Fig. 4g). Beside this major structural unit, it
was possible to recognize other two minor motifs, apparently in similar
proportions and involving E and F, which replaced the unit A of the main
backbone, or that could be considered as deriving by its incomplete
glycosylation. Due to the heavy overlap of the NMR signals, it was not
possible to estimate the between the different anomeric protons, and due
to the lack of linkage analysis, it was not possible to establish the relative
ratio between the different motifs. Given the equivalence of the proton
spectra of SC-S50 and SC-P50 (Fig. S2), these were considered having
the same arabinan with the only difference being the molecular weight
and for both, the acronym SCA (S. cordifolia arabinan) was adopted.
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3.3. In vitro experiments of SCA

3.3.1. NO production determination on RAW 264.7 cells

At each stage during the optimization of the arabinan's isolation (as
described in Section 3.1) the bioactivity was monitored by measuring
the ability of fractions to activate macrophages in vitro. This involved
measuring concentration-dependent (3.125 pg/mL to 100 pg/mL) ef-
fects on cellular NO production in RAW 264.7 cells and then focusing
extraction studies on fractions of increased activity. Fig. 6 shows the
performance of the fractions that were ultimately arrived at in the flow
chart in Fig. 1. SC-P50 (high molecular weight) markedly increased the
NO production in RAW 264.7 cells compared with the control (culture
media). This occurred in concentration-dependent manner (15.92 +
1.36 pM to 68.28 + 4.04 pM). By comparison, the NO production of SC-
S50 (low molecular weight) was negligible, reaching 2.18 4+ 0.18 pM at
100 pg/mL. During further confirmatory testing the ECso for SC-P50 for
NO production was determined to be 7.92 pg/mL (Fig. S10a).

3.3.2. Effects of SC-P50 on proliferation, pinocytic activity and viability in
RAW 264.7 cells

The proliferation index results indicated that SC-P50 stimulated
RAW 264.7 cells proliferation in a concentration-dependent manner
from 1.23 to 300 pg/mL (Fig. 7a). SC-P50 significantly enhanced the
pinocytic activity of RAW 264.7 cells when it ranged from 12.5 to 100
pg/mL (Fig. 7b). SC-P50 increased the membrane projections and
number of vacuoles of RAW 264.7 cells in internalising pathogens. SC-
P50 did not reduce cell viability at concentrations of 333.3 pg/mL and
below (Fig. 7¢). However, viability was significantly reduced at 1000
pg/mL.

3.3.3. Effects of SC-P50 on cytokine secretion from RAW 264.7 cells

In Fig. 8, SC-P50 stimulated strong concentration-dependent secre-
tion of IL-6 and TNF-o from RAW 264.7 cells. The production of IL-6 in
RAW 264.7 cells was above 400 pg/mL when the cells were treated with
25-100 pg/mL of SC-P50 for 24 h. The production of TNF-a in RAW
264.7 cells ranged from above 2000-5000 pg/mL when the cells were
exposed to SC-P50 doses ranging from 3.125 to 100 pg/mL. SC-P50 only
had weak stimulatory activity on IL-2 secretion, and this only occurred
at the highest concentration tested (100 pg/mL; Fig. 8a). SC-P50 did not
increase the secretion of IFN-y, IL-1f, IL-4, IL-12 or IL-10 from RAW
264.7 cells (Fig. S11).

3.3.4. Results of screening of SC-P50 using the BioMAP diversity PLUS
panel of 12 human primary cell-based systems

In Fig. 9a, SC-P50 is active with >50 annotated readouts which are
outlined fully in Table S2.

SC-P50 was antiproliferative to endothelial cells (3C system), human
primary T-cells (SAg system), coronary artery smooth muscle cells
(CASM3C system), and fibroblasts (HDF3CGF system). SC-P50 was non-
toxic in all cell systems at concentrations up to 100 pg/mL.

SC-P50 impacted inflammation-related activities as indicated by its
ability to decrease Eotaxin 3, MCP-1, I-TAC, MIG, ICAM-1 and IP-10; and
to increase MIP-1q, IL-8, IL-6; modulated VCAM-1 and IL-1a. There was
clear evidence of immunomodulatory activities (decreased M-CSF, sIL-2;
and increased sIL-17A, sIL-6, sIL-17F), and tissue remodelling activities
(decreased Collagen I, Collagen IV, uPA, PAI-1, MMP-9, bFGF; increased
TIMP-2, TIMP-1, MMP-1, MMP-3, uPAR).

SC-P50 increased secreted IgG, sIL-17A, sIL-17F, sIL-2, sIL-6, and
TNF-a in BT system. However, SC-P50 diminished IgG and sIL-17F
secretion at higher test concentrations (100 pg/mL), and sIL-2 secre-
tion at lower concentration (1, 10 pg/mL) in the same systems (Fig. 9b).

Very notably, SC-P50 decreased MIG in 3C, SAg, BE3C, CASM3C,
HDF3CGF, and KF3CT systems (Fig. 9c).

Also, very notable it was the increased IL-8 in 3C, LPS, SAg, BF4T,
BE3C, CASM3C, HDF3CGF, KF3CT, MyoF and /Mphg systems (Fig. 9d).
This finding led to the secretion/expression of IL-8 being investigated in
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Fig. 6. NO production of polysaccharide fractions (SC-P50 and SC-S50) in RAW 264.7 cells. The figure shows the concentration-dependent (NO) production
stimulated by the high (SC-P50) and the low (SC-S50) molecular weight arabinan structures, along with a negative control (culture media) and a positive control LPS

(1 pg/mL). ****P < 0.0001 compared with medium control.
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Fig. 7. Cell culture results. a). Proliferation index of SC-P50 on RAW 264.7 cells, b). Pinocytosis of SCA on RAW 264.7 cells as measured by neutral red. The OD was
assessed at 540 nm using a microplate reader, ¢). MTT assay of SC-P50 on RAW 264.7 cells. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 compared with

medium group.

RAW264.7 cells.

An unsupervised search for mathematically similar compound pro-
files was performed against the BioMAP Reference Database (Fig. 9e).
The profile of SC-P50 (100 pg/mL) was most closely aligned to fucoidan
(37 pg/mL) with 31 common activities between SC-P50 and fucoidan as
listed in Table S2.

Using the BioMAP analysis it was also possible to assess the effects of
SC-P50 on cells with an either M1 or M2 phenotype. SC-P50 was active
in both the ‘M1-like’ 3C system (HUVEC cells pre-treated with IL-1f,
TNFa and IFN-y; i.e.) and the ‘M2-like’ 4H system (HUVEC cells pre-
treated with IL-4 and histamine (Fig. S12).

3.3.5. Inhibitor studies of NO production mechanisms in IL-8 LucRep-RAW
264.7 cells

In Fig. 10a, the findings of the inhibitor studies revealed that the
inhibitor TAK 242, which targets TLR4, significantly impeded the

arabinan-stimulated production of NO, to levels comparable to those
observed in the medium control group. Conversely, other inhibitors
targeting PRRs did not demonstrate notable inhibition of NO produc-
tion. This suggests that TLR4 has a vital role in recognizing SC-P50 by IL-
8 LucRep-RAW 264.7 cells. All inhibitors targeting NF-xB pathways,
including PDTC, TPCK, and BAY 117082 (Fig. 10b), significantly
diminished the SC-P50-stimulated NO production, indicating that ara-
binan activates RAW 264.7 cells via NF-kB pathways. Additionally, in
Fig. 10c, SP600125, a selective inhibitor of the JNK pathway, signifi-
cantly impeded the SC-P50-induced NO production, suggesting that JNK
is involved in SC-P50 signal transduction in macrophages. In Fig. 10d,
the inhibitory peptide for MyD88 signalling did not exhibit any signif-
icant inhibition of NO production, indicating that SC-P50-mediated
intracellular signal transduction may occur via the MyD88-
independent pathway. Furthermore, in Fig. 10e and f, mianserin and
MD-2 antibody, which target TLR4's extracellular domain and cofactors,
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Control (medium).

significantly reduced the SC-P50-stimulated NO production, indicating
that SC-P50 can bind to the extracellular domain of TLR4 and induce the
activation of RAW 264.7 cells.

3.3.6. IL-8 expression determination on IL-8 LucRep-RAW 264.7 cells

As shown in Fig. 11a. SC-P50 exhibited a notable concentration-
dependent increase in the IL-8 expression index on IL-8 LucRep-RAW
264.7 cells compared with control.

3.3.7. Inhibitor studies of IL-8 producing mechanisms in IL-8 LucRep-RAW
264.7 cells

In Fig. 11b, the results of the study revealed that inhibitors con-
taining TL2-C29, TAK242, laminarin, and mannan significantly inhibi-
ted the arabinan-stimulated IL-8 expression index in IL-8 LucRep-RAW
264.7 cells, but the specific PRR involved was not clear. To investigate
this further, the secretion of IL-8 was measured using the mouse IL-8
ELISA kit in the presence of different PRR inhibitors (Fig. S13). The
findings revealed that the inhibitors of dectin-1 and TLR4 significantly
suppressed the SC-P50-induced up-regulation of IL-8 secretion in IL-8
LucRep-RAW 264.7 cells. Thus, it could be concluded that TLR4
played a crucial role in this process, with dectin-1 also implicated. In
Fig. 11c, the BAY 117082 inhibitor, which targets IkBa phosphorylation,
significantly reduced the IL-8 expression index, indicating that the NF-
kB pathway was involved in the SC-P50-induced up-regulation of IL-8 in
IL-8 Luciferase reporter RAW 264.7 cells. Conversely, the MAPK
pathway inhibitors and MyD88 signalling inhibitory peptide did not
exhibit any significant inhibition of IL-8 expression (Fig. 11d and e),
indicating that the SC-P50-induced up-regulation of IL-8 was mediated
by the MyD88-independent pathway and that the MAPK pathway was
not involved in IL-8 Luciferase reporter RAW 264.7 cells. In Fig. 11f, the
TLR4's ectodomain inhibitor, mianserin, significantly lowered the IL-8
secretion index, indicating that the TLR4 extracellular domain binding
with SC-P50 contributes to the SC-P50-induced up-regulation of IL-8
expression. The potential involvement MD-2 and/or CD-14 at the
TLR4 receptor could not be confirmed because the neutralising anti-
bodies markedly increased IL-8 expression (Fig. 11g). Despites this, the
same anti-MD-2 antibody does appear to suppress SC-P50-induced
secretion of IL-8 from RAW cells (Fig. S13).

3.3.8. Metabolic responses to SC-P50 treatment
The metabolic responses of RAW 264.7 cells to either SC-P50 or
fucoidan differed substantially from vehicle control (Fig. S14). Although

10

the metabolic responses of RAW 264.7 cells to SC-P50 and fucoidan were
more separated at 100 pg/mL, responses of RAW 264.7 cells to SC-P50
and fucoidan at 10 pg/mL were similar to one other. Fucoidan treat-
ment (1 pg/mL) results in less variability compared to SC-P50 treatment
(1 pg/mL), as indicated by the tighter clustering on the PCA plot. Con-
centration changes of some amino acids, polyamines, glycolysis related
metabolites, acylcarnitines and fatty acids are displayed in Fig. S15.
Fig. 12 shows volcano plots generated for SC-P50 (Fig. 12a) and
fucoidan (Fig. 12b). These display averaged fold-change differences
from the vehicle control at all treatment concentrations (1, 10 and 100
pg/mL). Significantly increased metabolites are shown in red and
decreased metabolites are shown in blue. A total of 70 metabolites were
significantly increased with SC-P50 treatments, and 37 with fucoidan
treatments. There were 35 metabolites significantly decreased with SC-
P50 treatments, and 54 with fucoidan treatments. There was consider-
able overlap between SC-P50 and fucoidan responses (Fig. 12¢) with 34
metabolites commonly increased and 16 commonly decreased.

4. Discussion

This study identified and structurally elucidated compounds from
the root of Sida Cordifolia responsible for this plant's potent immuno-
modulatory activity (Igbal et al., 2022). This perennial subshrub of the
mallow family produces a distinctive arabinan structure containing
specific arabinofuranose motifs. This arabinan exists both in low and
high molecular weight forms, and the larger form (SC-P50) possesses
highly specific and potent immunological actions. In microgram
amounts SC-P50 concentration-dependently activates RAW 264.7
macrophage cells (NO production and phagocytosis). SC-P50 also
stimulates proliferation and the secretion of at least four cytokines. SC-
P50 is non-toxic, only inducing cytotoxicity at extremely high concen-
trations (>1000 pg/mL). At such concentrations proliferation and
cytotoxicity differed, perhaps reflecting the differing metabolism of the
assay reagents (resazurin: mitochondrial and cytoplasmic; MTT: pri-
marily mitochondrial).

SC-P50's actions are both pro- and anti-inflammatory in nature. The
polysaccharide induces profuse secretion of pro-inflammatory IL-6 and
TNF-a (Gonzalez Caldito, 2023; Jang et al., 2021; Kaur et al., 2020;
Tanaka et al., 2014), but on the other hand, it induces the secretion of IL-
2 and IL-8, which are both pro- and anti-inflammatory (Banchereau
et al., 2012; Bickel, 1993; Leonard et al., 2024; Qazi et al., 2011; Sharma
et al., 2011). SC-P50 induced 50 annotated readouts across 12 human
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Fig. 9. Findings of screening of SC-P50 using the BioMAP Diversity PLUS panel of 12 human primary cell-based systems. a). BioMAP profile of SC-P50 at three
concentrations (1, 10 and 100 pg/mL) obtained from the Diversity PLUS panel in 12 cell-based systems, b). BT system responses to SC-P50, c¢). CXCL9/MIG responses
to SC-P50 in 6 different cell systems, d). CXCL8/IL-8 responses to SC-P50 in 10 different cell systems. e) The BioMAP profile of SC-P50 (100 pg/mL) against fucoidan

(37 pug/mL), which was the closest database match.
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Fig. 10. Effect of pathway inhibitors on the NO production of SC-P50 (100 pg/mL) with different inhibitors in IL-8 LucRep-RAW 264.7 cells. a). pattern recognition
receptor inhibitors for TLR2 (TL2-C29: 5 pg/mL); TLR4 (TAK-242: 5 pg/mL); Dectin-1 (laminarin: 300 pg/mL) and MR (mannan: 200 pg/mL). b). NF-kB pathway
inhibitors (PDTC: 300 pM; TPCK: 30 uM; BAY 117082: 30 pM), c¢). MAPK pathway inhibitors (U0126: 10 pM; SB203580: 20 pM; SP600125: 20 M), d). MyD88
signalling pathway inhibitors (Pepinh-MyD88: 10 pM; Pepinh-MyD88: 10 uM), e). TLR4 ecto-domain inhibitors (naloxone: 100 pM; mianserin: 100 pM), f). TLR4's
extracellular domain cofactors antibodies (MD-2 antibody: 5 pg/mL; CD-14 antibody: 10 pg/mL). *P < 0.05, **P < 0.01 and ****P < 0.0001 compared with the SC-

P50 treatment group.

cell systems, and therefore its actions are not confined to macrophages.
A remarkable, near universal, augmentation of human IL-8 is a central
feature of SC-P50's bioactivity. IL-8 has two key functions. Firstly,
inducing chemotaxis in target cells (neutrophils & granulocytes)
migrating them to a site of infection. Secondly, it stimulates phagocy-
tosis once these have arrived at the site of infection (David et al., 2016).

Human cell studies also confirmed SC-P50's observed augmentation
of IL-6 and IL-2 secretion, revealed that it also modulates IL-17,
immunoglobulin G (IgG) and various chemokines. SC-P50's suppres-
sion of the chemokine MIG (monokine induced by gamma interferon
(CXCL9) was highly consistent across cell types. MIG is involved in
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regulating immune cell migration, differentiation and activation
(Tokunaga et al., 2018). Therefore, SC-P50 has profound immunomod-
ulatory effects both up- and down- regulating key signalling proteins of
the immune system.

SC-P50's cellular mechanisms of action were probed by two ap-
proaches. First, using various receptor/pathway inhibitors, and second,
by metabolomic profiling to understand its impact on macrophage cell
metabolism. These results further support SC-P50's actions being both
pro-inflammatory and anti-inflammatory. TLR4 is at least one of the
cognate receptors for SC-P50, and the TLR4-NF-xB pathway appears
pivotal for its stimulation of NO production. TLR4 is partially
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compared with the respective control.
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Fig. 12. Metabolic responses of RAW 264.7 cells to SC-P50 and fucoidan. Cells were exposed to various treatments for a period of 24 h, treatments were then
removed, cells were gently washed and metabolites extracted by a published methodology (Andresen et al., 2022). Metabolites in extracts were quantified by LC-MS/
MS using a commercially available kit, MxP Quant500 kit (Biocrates Life Science AG, Innsbruck, Austria). The concentrations of many intracellular metabolites were
altered by exposure to a) SC-P50 or b) fucoidan at 1, 10 and 100 pg/mL. The plots indicate statistically significant (FDR < 0.05) metabolite changes. Those shaded in
red were significantly increased (70 for SC-P50; 37 for fucoidan) and those in blue (35 for SC-P50; 54 for fucoidan) significantly decreased compared with culture
medium (vehicle). c). Lists the metabolite levels commonly increased or decreased by both SC-50 and fucoidan.

responsible IL-8 secretion. SC-P50 must however, interact with other
PPRs. For instance, the blockade of dectin-1 suppressed IL-8 secretion;
and blockade of dectin-1, MR, TLR2 or TLR4 affects its IL-8 gene
expression.

SC-P50 interacts with the TLR4 ectodomain, but intriguingly, does
not involve the adaptor protein MyD88. SC-P50 could transduce TLR4

14

signalling through the TRIF pathway, but it is clear is that NF-kB sig-
nalling underlies NO production. Further probing of intracellular SC-
P50 signalling is required to fully understand its mechanism of action,
perhaps using gene knock-out or Western blotting methods that were not
available during these studies.

The BioMAP analysis also enabled an unsupervised search for
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mathematically similar profiles against a reference database of all pre-
viously tested compounds. SC-P50's profile closely aligned with that of
fucoidan which shared 31 common activities. Fucoidan is a complex
polysaccharide, occurring in species of brown seaweed (Li et al., 2008).
It is structurally unrelated to SC-P50, being composed of repeating units
of fucose along with other monosaccharides including galactose, xylose,
and uronic acid (Anisha et al., 2022), but is extensively studied as a
human health supplement. Fucoidan exhibits anti-inflammatory, anti-
oxidant, antiviral, and anticancer properties by targeting various mo-
lecular components including enzymes, growth factors, and immune
cells (Lin et al., 2020; Luthuli et al., 2019; Wijesekara et al., 2011; Zayed
et al., 2024). Fucoidan was deemed a useful comparator compound, and
when assayed stimulated concentration-dependent NO production
comparable in potency to SC-P50 (Fig. S16a). It was not possible to
conduct inhibitor studies for fucoidan, so it still must be determined
whether SC-P50 and fucoidan share common receptors/signalling
pathways, and that includes the TLR4-NF-kB pathway. The intracellular
metabolomic profiles of macrophages, as determined by mass spec-
trometry, for SC-P50 and fucoidan treatment differed substantially from
vehicle control; and although these responses were far from identical,
there were many common metabolite changes. Ceramide and phos-
photidylcholine increases, likely reflect cellular inflammatory responses
and membrane remodelling. Common up- and down-regulation of
acylcarnitines, reflect common effects on lipid metabolism. Both com-
pounds affected metabolites mediating immunological responses, for
example increased histamine and homocysteine and suppressed poly-
amines. Unique changes for SC-P50 were increased glutamine, lactate
and ornithine levels. The metabolic changes in the macrophage cell,
could indicate changes in the proportion M1 (pro-inflammatory) and M2
(anti-inflammatory/pro-resolving) phenotypes. Further studies should
use flow cytometry to measure complex changes in immune cell pop-
ulations as modulated by SC-P50 (Heieis et al., 2023; Jiang et al., 2022;
Soto-Heredero et al., 2020; Viola et al., 2019). Although, it is notable
that BioMAP profiling shows that SC-P50 is active in cells with either an
M1-like or M2-like phenotype.

Finally, comparative studies with three commercially-available
sources of sugar beet arabinan (Fig. S16b), showed that linear ara-
binan (only a-(1 — 5) araf linkages), a debranched arabinan (also only
a-(1 - 5) araf linkages), and branched arabinan (a-(1 — 5) and a-(1 — 3)
araf linkages) did not induce NO production. These had extremely weak
effects of IL-8 secretion, even at 100 pg/mL (Fig. S16c). Arabinans are
comprised of small amounts of monosaccharides other than araf (such as
galactose, rhamnose and galacturonic acid) and differences in the
amounts of these could explain differences in bioactivity. Another
explanation is that a-(1 — 2) araf linkages in addition to a-(1 — 5), and
a-(1 - 3) araf linkages (as found in SC-P50) are required for this
bioactivity. The repeating pattern of a-(1 — 3) araf, a-(1 — 2) araf and
a-(1 - 2)/(1 — 3) araf branching points are quite different to other
natural sources (Wefers et al., 2018). Future studies should compare SC-
P50 with a wider range of naturally occurring arabinans, especially
where the polysaccharide structure is known. Structure-activity rela-
tionship (SAR) studies could then pinpoint the structural motifs involved
in the bioactivities observed here.

There remains a pressing need to discover new immunomodulatory
agents that can modulate adaptive immune responses. Enhancing the
immune system's ability to fight bacterial infections could reduce the
development of AMR, by circumventing bacteria's ability to become
resistant to antimicrobial agents. The main limitations for SC-P50's
further development are the lack of flow cytometry data (to understand
SC-P50's effects on immune cell sub-types), and the lack of in vivo data
(to demonstrate bioavailability and efficacy). In vivo studies using SC-
P50 alone or in combination with other antimicrobial therapies
appear to be a logical next step.
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5. Conclusion

This investigation outlines the discovery and characterization of a
unique arabinan occurring in the roots of Sida cordifolia. The unique
structural features of this arabinan are its three motifs, the main one
being an a-L-arabinofuranose disaccharide (A-(1 — 5)-D), where the A
unit is completely substituted at O-2 and O-3 positions by a-L-arabino-
furanose, while the minor motifs differ from the main one in the degree
of substitution of the A unit, distinguishing it from other previously
characterized arabinans. The immunomodulatory and metabolic activ-
ities of Sida cordifolia arabinan appear to be highly potent and act across
a range of human cell types. Its actions appear focused on a select
number of cytokines (IL-6, TNF-a, IL-8 and IL-2). The discovery of this
novel polysaccharide provides a scientific basis for the known immu-
nomodulatory properties of the Sida cordifolia plant and perhaps other
plants of the mallow family. Very few polysaccharide immunomodula-
tors have been characterized to the extent that SC-P50 has been here,
and this could pave the way for in vivo studies in animals and humans.
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