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ARTICLE INFO ABSTRACT

Keywords: Fungal p-glucans have received a lot of interest due to their proinflammatory activity towards cells of the innate
Mushroom glucans immune system. Although commonly described as (1-3)-f-glucans with varying degree of (1-6)-branching, the
NMR . fungal p-glucans constitute a diverse polysaccharide class. In this study, the alkali-soluble p-glucans from the
gfg ie:;(m edible mushroom Pleurotus eryngii were extracted and characterized by GC, GC-MS and 2D NMR analyses. The
THP-1 extracts contain several structurally different polysaccharides, including a (1-3)-p-p-glucan with single glucose

units attached at 0-6, and a (1-6)-p-p-glucan, possibly branched at O-3. The immunomodulatory activities of the
P. eryngii extracts were assessed by investigating their ability to bind to the receptor dectin-1, and their ability to
induce production of the proinflammatory cytokines TNF-a, IL-6 and IL-1p in LPS-differentiated THP-1 cells.
Although the samples were able to bind to the dectin-1a receptor, they did not induce production of significant
levels of cytokines in the THP-1 cells. Positive controls of yeast-derived (1-3)-p-p-glucans with branches at 0-6
induced cytokine production in the cells. Thus, it appears that the P. eryngii p-glucans are unable to induce
production of proinflammatory cytokines in LPS-differentiated THP-1 cells, despite being able to activate the

human dectin-1a receptor.

1. Introduction

Fungal p-glucans are well-known immunomodulatory compounds
that elicit a proinflammatory response from cells of the innate immune
system. Therefore, fungal p-glucans have been suggested to be used as
adjuvants in cancer treatments or vaccines, and as treatment against
infections (dos Santos et al., 2019; Graubaum et al., 2012; Vetvicka
etal., 2020). Their typical structural features are described as (1-3)-f-p-
glucans, with branches of p-(1-6)-linked glucan residues at 0-6 to
varying extents. The fungal cell wall also consist of other p-glucans, with
(1-6) or (1-4)-linked backbones and/or (1-23), (12) or (1-4)-linked
branches (Ruiz-Herrera & Ortiz-Castellanos, 2019; Synytsya & Novak,
2013). Additionally, different a-glucans have been reported from fungal
sources, the most typical of which are the (123)-a-p-glucans and the
glycogen-like (1-4),(126)-a-p-glucans, as further elaborated in the re-
view by Synytsya and Novak (2013).

Most research conducted towards the biological activity of fungal
B-glucans has revolved around p-glucans isolated from baker’s yeast
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(Saccharomyces cerevisiae). Zymosan is one such S. cerevisiae-derived
product, consisting of a (1-3)-p-glucan backbone with branches at 0-6,
mixed with non-glucan entities such as mannan and protein (Di Carlo &
Fiore, 1958). Zymosan has been shown to elicit a proinflammatory
response through binding to both the c-type lectin receptor dectin-1,
Toll-like receptor 2 (TLR2) and TLR4 (Brown et al., 2003; Ferwerda
et al., 2008; Gantner et al., 2003). Dectin-1 has been identified as a
major receptor responsible for f-glucan activity on some immune cells,
such as macrophages and dendritic cells. Another fungus that has been
studied in-depth is the Basidiomycota shiitake (Lentinus edodes). Shiitake
contains lentinan, a (1-3)-p-p-glucan with single glucose units attached
at 0-6, which has been the subject of several trials, including clinical
studies as adjuvant treatment in cancer therapy, as summarized by
Zhang et al. (2011) in their review.

A large number of f-glucans from other fungal sources have been
studied over the last decades. However, regarding their biological ac-
tivity, the results are often not concurring, and a consensus to the link
between structure and activity has not been reached (Han et al., 2020;
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Williams et al., 1996). The polymer structure is believed to be important
for dectin-1 binding and proinflammatory activation, and several
studies have attempted to elucidate this. For instance, the (1-3),(1->4)-
B-glucans from cereals are structurally related to the fungal p-glucans,
but lack the proinflammatory properties that the (1-3),(1-6)-glucans
possess (Han et al., 2020). Similarly, (1-6)-p-glucans from fungi have
been shown to lack the same proinflammatory activity. Cereal p-glucans,
(1-6)-p-glucans and (1-3)-p-glucans with less than seven units in the
main chain have been shown not to interact with murine dectin-1
(Adams et al., 2008). However, in other studies, both cereal p-glucans
and (1-6)-linked fungal p-glucans have been reported to stimulate the
release of proinflammatory cytokines from immune cells (Rosch et al.,
2016). These diverging results highlight the need for more studies
regarding the true nature of how the immunomodulatory properties of
fungal p-glucans relate to their structures. This also requires thorough
structural elucidation of the glucans that are tested.

Pleurotus eryngii, the king oyster mushroom, is a mushroom that is
easily cultivated and has been shown to contain both a- and p-glucans
(Abreu et al., 2021). We have previously investigated the water-soluble
polysaccharides of P. eryngii, and found that they do not possess any
significant ability to activate dectin-1, TLR2, or mouse D2SC/1 dendritic
cells (Ellefsen et al., 2021). The aim of this new study was to elucidate
the structures and assess the immunomodulatory properties of alkali-
soluble polysaccharides of this mushroom, as we hypothesized that
P. eryngii contains poorly water-soluble p-glucans with activity towards
dectin-1, as well as immunomodulatory activity.

2. Experimental
2.1. Materials

Fresh P. eryngii fruiting bodies were purchased from Trgndersopp
(Verdal, Norway, www.trondersopp.no) and identified by Prof. Klaus
Hgiland at the Section for Genetics and Evolutionary Biology, University
of Oslo. S. cerevisiae derived particulate p-glucans zymosan A (ZymA)
and zymosan depleted (ZymD) were purchased from Sigma-Aldrich (St.
Louis, MO, USA) and InvivoGen (www.invivogen.com, Toulouse,
France), respectively. The S. cerevisiae glucan Wellmune WGP Dispers-
ible powder (BG-P; Lot 09240-04; Biothera, Eagan, MN, USA) was kindly
provided from Immitec, Tgnsberg, Norway. The soluble Laminaria dig-
itata B-glucan laminarin (Lam) was purchased from Sigma-Aldrich,
Norway.

2.1.1. Extraction

Lyophilized and milled P. eryngii fruiting bodies (150 g) were sub-
mitted to a sequential extraction procedure using solvents of increasing
polarities as described in Ellefsen et al. (2021). The residue from water
extraction was first treated with 1200 mL 0.1 M NaOH containing 0.104
M NaBHy4 and 20 mL 1-octanol, under reflux for 3 h (PeAl). The process
was repeated, first with 1000 mL 0.5 M NaOH (PeA2) and then with
1000 mL 1.0 M NaOH (PeA3), in both cases with 0.135 M NaBH,4 and 30
mL 1-octanol added, and over 4 h. The alkaline extracts were precipi-
tated with 3 volumes of EtOH at 4 °C overnight. The precipitates were
washed thrice with 70 % EtOH, dialyzed against distilled water (Mw cut-
off 12-14 kDa, SpectraPor® Dialysis membrane, Spectrum Chemical
Mfg. Corp., New Brunswick, NJ, USA) and lyophilized.

2.2. Polysaccharide characterization

2.2.1. Monosaccharide composition

Methanolysis, TMS-derivatization and subsequent GC-FID analysis of
the alkaline extracts were performed as previously described by Nyman
et al. (2016). A Restek-Rtx-5 silica column (30 m, i.d. 0.25 mm, 0.25 pm
film thickness) coupled to a Focus GC (Thermo Scientific, Waltham, MA,
USA) was utilized, with split (1/10) injection at constant pressure mode
and helium as the carrier gas. The injector and detector temperatures
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were set to 250 and 300 °C, respectively, while the column temperature
was 140 °C upon injection. After injection, the column temperature was
increased by 1 °C/min to 150 °C, held for 3 min, increased by 3 °C/min
to 170 °C, held for 5 min, increased by 15 °C/min to 310 °C, and held for
3 min. Chromatograms were analyzed using the Chromelion v.6.80
(Dionex Corporation, Sunnyvale, CA, USA) software.

2.2.2. Linkage analysis

Samples PeA2 and PeA3 (1-2 mg) were washed with anhydrous
methanol (200 pL) and dried with Ny (g) twice, before drying over P»0s5
overnight. DMSO (500 pL) was then added under Ny atmosphere. The
samples were heated to 80 °C for 30-60 min and then shaken for 30-60
min repeatedly, before being left at 4 °C overnight. Methylation and
hydrolysis were conducted and included a formic acid pre-hydrolysis
step, as recommended for less water-soluble polysaccharides, followed
by reduction and acetylation as described by Pettolino et al. (2012). The
products were analyzed on a GC-MS-QP2010 (Shimadzu Corporation,
Kyoto, Kyoto, Japan) using a Restek Rxi-5MS silica column (30 m, i.d.
0.25 mm, 0.25 pm film thickness) using split injection at constant
pressure mode. Helium was the carrier gas, the initial flow was at 1 mL/
min, and the interface temperature was 280 °C. The column temperature
was 80 °C upon injection and held for the first 5 min, before an increase
by 10 °C/min to 140 °C, then by 4 °C/min to 210 °C, then by 20 °C/min
to 310 °C, and held for 4 min. The ion source temperature was 200 °C.
Spectra were analyzed using GC-MS solution v.2.10 (Shimadzu Corpo-
ration) software.

2.2.3. Dispersion

Due to low water-solubility of PeA2 and PeA3, different dispersion
methods were attempted before samples were subjected to the phenol/
sulfuric acid assay. The samples PeA2 and PeA3 were left swelling in
water at 4 °C overnight, before milling at 25,000 rpm for 5 min, using a
T25 digital Ultra-Turrax® (Ika, Staufen, Germany) equipped with an S
25 N-8-G-ST tip (Ika). Another batch of samples were milled and then
left swelling at 4 °C overnight.

Dispersion was also attempted by dissolving 25 mg sample in 5 mL 1
M NaOH by heating at 60 °C for 15-20 min, followed by dilution (1:1)
and precipitation by dropwise addition into a stirring solution of 10 mL
0.5 M HCL. The same method was applied for sample preparation before
conducting reporter cell line assays.

For THP-1 cell experiments, a similar method was applied, but only
with PeA3, and with 10x or 40x dilution before precipitation. The
resultant samples, PeA3-PI (10x dilution) and PeA3-PII (40x dilution)
were lyophilized.

2.2.4. Total carbohydrate content

The total carbohydrate contents of samples PeA2 and PeA3 were
determined using the phenol/sulfuric acid assay (DuBois et al., 1956)
using a p-glucose standard curve and absorbance measurements at 490
nm. Measurements were performed in triplicates.

2.2.5. Elemental analysis

Sulfur, nitrogen and carbon were measured by elemental analysis via
total combustion using a Vario-EL cube elemental analyzer (Elementar
Analysensysteme GmbH, Langenselbold, Germany). Nitrogen contents
(% of dry weight) were calculated as the mean of two measurements,
and protein contents were estimated by the formula %N x protein factor
6.25.

2.2.6. Dynamic light scattering (DLS)

Lyophilized PeA3-PI and PeA3-PII were resuspended in milli-Q®
water (18.2 Q) and sonicated for 40 s at 40 % amplitude, using a Vibra
cell™ VCX 130 W ultrasonic processor (Sonics & Materials Inc., New-
town, CT, USA) with a 3 mm tapered microtip (Sonics & Materials Inc.).
Samples were measured by dynamic light scattering (DLS) using a
Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, UK). The
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measurements were performed using backscatter detection at 173° at
25 °C. The refractive index and viscosity were set to those of pure water.
Polystyrene latex particles were given as the material setting. The par-
ticle size (Z-average) and polydispersity index (PDI) were obtained using
the cumulant fit model. Measurements were made after a temperature
equilibration time of 300 s.

2.2.7. NMR

Samples (15 mg) were dissolved in 600 pL. DMSO-dg by heating at
60 °C for 2 h. The samples were sonicated for 5 min, filtered, and
transferred to 5 mm diameter NMR-tubes. Initially, Bi (2¢30) and HSQC
(hsqcedetgpsisp2.3 TD(F2) 2048, TD(F1) 256, NS 8) experiments were
recorded for all three samples on a Bruker Avance NEO 600 MHz
spectrometer, at 80 °C. D20 d-99.9 % (10 %) was added to the NMR tube
of PeA3, and the following experiments were recorded on a Bruker
Ascend HDIII 800 MHz spectrometer at 60 °C: g (w/NOESY presatu-
ration for solvent suppression, noesygpprld, TD 65536, NS 16, expt 2
min), 13C (2gpg30_baseline, TD 131072, NS 8192), HSQC (hsqcedetg-
psisp2.3, TD(F2) 2048, TD(F1) 512, NS 8, expt 2.5 h), HMBC
(hmbcetgpl3nd, TD(F2) 2048, TD(F1) 512, NS 24, expt 7.5 h), H2BC
(h2bcetgpl3pr, TD(F2) 2048, TD(F1) 512, NS 32, expt) and HSQC-TOCSY
(hsqcdietgpsisp.2, TD(F2) 2048, TD(F1) 400, NS 24, d9 70 ms, expt 6 h).
Additionally, a diffusion ordered spectroscopy experiment (DOSY;
dstebpgp3spr, TD(F2) 32768, TD(F1) 32, NS 32, p30 (8) 2 ms, d20 (A) 0.2
s, 5-85 % gradient strength) was recorded. A 2D NOESY experiment
(noesyesgpph, TD(F2) 4096, TD(F1) 800, NS 32, d8 80 ms, expt 11 h) was
recorded at 50 °C on the same spectrometer. The chemical shifts were
referenced to DMSO (‘H: 2.50 ppm; 13¢: 39.51 ppm). Spectra were
processed and analyzed using TopSpin 3.6.2.

2.2.8. Determination of lipopolysaccharide (LPS) content in f-glucan
samples

The content of lipopolysaccharide (LPS) in the samples (PeA2, PeA3)
and B-glucan references BG-P and laminarin (Lam; Sigma-Aldrich) was
determined through derivatization into 3-O-acetyl fatty acid methyl
esters followed by GC-MS analysis, as described by de Santana-Filho
et al. (2012). Briefly, 300 pL anhydrous methanol and 200 pL 3 M HCl
in anhydrous methanol were added to 3-5 mg of each sample. The
samples were vortexed gently and heated at 80 °C for 20 h. After this,
500 pL H,0 was added and the fatty acid methyl esters were extracted
with 3 x 1 mL n-hexane. The hydroxyl-fatty acid methyl esters were then
acetylated by addition of acetic anhydride in pyridine for 1 h at 100 °C.
The samples were dried, and then dissolved in 100 pL acetone before
analysis on a GCMS-QP2010 (Shimadzu Corporation) using a Restek
Rxi-5MS silica column (30 m, i.d. 0.25 mm, 0.25 pm film thickness),
with split injection and constant pressure mode. Helium was the carrier
gas, the initial flow was 1 mL/min, and the interface temperature was
250 °C. The column temperature was 60 °C upon injection and for the
following 1 min. Then, a 20 °C/min temperature increase until 110 °C
was followed by a 5 °C/min increase until the temperature reached
240 °C. Finally, the temperature was increased by 20 °C/min until
reaching 310 °C, where it was kept for 1 min. The ion source tempera-
ture was 200 °C. Spectra were analyzed using GC-MS solution v2.10
software (Shimadzu Corporation).

2.3. Bioassays

2.3.1. HEK-Blue™ reporter cell line assays

The HEK-Blue™ hDectin-1a (InvivoGen) reporter cell line and the
HEK-Blue hNulll-v (InvivoGen) parental cell line, were cultured in
Dulbecco’s modified Eagles medium (DMEM; Gibco, Bleisweijk, The
Netherlands) supplemented with 10 % fetal bovine serum (FBS; Gibco),
1 % PenStrep (Gibco) and 100 pg/mL Normocin™ (InvivoGen). The
selection antibiotics Puromycin (100 pg/mL; InvivoGen) and HEK-
Blue™ CLR Selection (1 x; InvivoGen) were added for the hDectin-1a
cell line, while Zeocin™ (100 pg/mL; InvivoGen) was added for the
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hNulll-v cells. Cells were passaged 2-3 times a week and maintained at
<90 % confluency.

PeA2 and PeA3, dispersed through precipitation (see Section 2.2.4),
were added to a 96-well microtiter plate in 20 pL triplicates. Lam (30 pg/
mL), and ZymD (10 pg/mL) were added as positive controls for the
dectin-1a cells, while TNF-a (100 ng/mL; Thermo Fischer) was used as a
positive control with the Nulll-v cells. Milli-q water was included as a
negative control with both cell lines. Cells were harvested using phos-
phate buffer saline (PBS; Gibco), as advised by the manufacturer, and
diluted to 280,000 cells/mL with HEK-Blue™ detection medium
(InvivoGen), such that addition of 180 pL cell suspension to each well
corresponded to 50,000 cells/well. The plates were incubated in a
humid incubator at 37 °C with 5 % CO» for 16 h. Cell supernatants were
transferred to new plates, and the absorbance at 635 nm was recorded.
The cell experiment was executed three times for each of the cell lines.

2.3.2. THP-1 culturing, differentiation and stimulation

The human monocytic cell line THP-1 (ATCC, Manassas, VA, USA)
was cultured in RPMI 1640 medium (Gibco) supplemented with 10 %
fetal bovine serum (FBS; Gibco). The cells were passaged 1-2 times a
week and maintained at <1.0 x 10° cells/mL.

THP-1 human monocytes were seeded in 96 well plates (625,000
cells/mL, 80 pL), and differentiated into macrophage (Mg)-like cells by
addition of 500 ng/mL LPS (20 pL) for 24 h. The LPS-containing medium
was removed, and the cells were washed gently with PBS, before 100 pL
LPS-free growth medium (RPMI 1640, containing 10 % FBS) was added,
and the cells were incubated for 24 h.

The Mg-like cells were stimulated with samples and controls for 20 h.
The lyophilized samples PeA3-PI, PeA3-PII (see Section 2.2.4) and PeA3
were resuspended in water and sonicated for 20 s at 40 % amplitude.
Further dilutions were made with growth medium, and the samples
were then added to the cells at 100, 10 and 1 pg/mL, in triplicates. The
yeast-derived f-glucans ZymA (10 pg/mL), ZymD (100 pg/mL), and BG-
P (100 pg/mL), along with Lam (100 pg/mL; Sigma-Aldrich), were also
included. As a non-p-glucan positive control 500 ng/mL lipopolysac-
charide (LPS, from Escherichia coli, 055:B5, Sigma-Aldrich) was also
included. The cells were incubated at 37 °C in a humid incubator con-
taining 5 % COz. The actin polymerization inhibitor cytochalasin D
(CytD; from Zygosporium mansonii; Sigma-Aldrich) was added 30 min
prior to stimulation and maintained at 2.5 pM concentration (Hernanz-
Falcon et al., 2009). The experiment was performed three times in total.

2.3.3. Cytokine detection

The content of the human proinflammatory cytokines TNF-a, IL-6
and IL-1p in THP-1 cell supernatants was determined using DuoSet
ELISA kits (Bio-Techne, Minneapolis, MN, USA). The kits were used at
halved volumes in half-area 96-well plates, but otherwise as instructed
by the manufacturer.

2.3.4. Cell viability assay

The viability of the THP-1 cells stimulated with samples and controls
was determined using the MTT assay (Cell Proliferation Kit I, Roche).
After removal of the cell supernatants 100 pL growth medium was added
to the cells and they were incubated for 1 h in a humid incubator with 5
% COq at 37 °C. Then, 10 pL MTT-reagent (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) was added and the cells were incu-
bated for another 4 h. The MTT-solubilizing reagent (100 pL) was then
added, and the plate was left to incubate overnight before absorbance
measurements at 570 and 690 nm. The viability of the cells was calcu-
lated based on subtracting A690 from A570 and compared with the
A570-A690 difference of the untreated cells (100 % viability) and the
cells treated with 33 % DMSO (0 % viability).

2.4. Statistical analysis

Data were expressed as the mean =+ standard deviation. Significance
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P. eryngii fruiting bodies
150 g
Lyophilized, milled,
pre-extracted with
DCM, EtOH and H,0O

0.1 M NaOH (1200 mL)
0.104 M NaBH,

20 mL I-octanol
Reﬂlr, 3h

PeAl

0.25 g (0.17 % yield)

0.5 M NaOH (1000 mL)
0.135 M NaBH,

30 mL 1-octanol
Reﬂle, 4h

Residue IT

PeA2
3.85g (2.6 % yield)

1.0 M NaOH (1000 mL)
0.135 M NaBH,

30 mL 1-octanol

ReﬂT(, 4h

PeA3
2.32 g (1.5 % yield)

Fig. 1. Flowchart of the sequential extraction procedure that was followed to
obtain the alkaline extracts PeAl, PeA2 and PeA3 from dried fruiting bodies of
the mushroom Pleurotus eryngii.

Table 1
Monosaccharide compositions (w/w%) of the P. eryngii alkaline extracts PeAl,
PeA2 and PeA3.

Fuc Xyl Man Gal Glc GlcA GalA 3-0-Me Gal
PeAl 1 2 16 10 61 4 4 2
PeA2 <1 6 9 3 80 <1 <1 <1
PeA3 <1 2 6 2 89 <1 1 <1

Fuc, fucose; Xyl, xylose; Man, mannose; Gal, galactose; Glc, glucose; GlcA;
glucuronic acid; GalA, galacturonic acid; 3-O-Me Gal, 3-O methyl galactose.

was determined using a one-way ANOVA with Dunnett’s multiple
comparisons test using GraphPad Prism v.9.3.1 (GraphPad Software,
San Diego, CA, USA). P < 0.05 was considered statistically significant.

3. Results and discussion
3.1. Polysaccharide characterization

As shown in Fig. 1, the alkaline extraction resulted in the three
alkaline extracts, PeAl, PeA2 and PeA3 with yields of 0.17 %, 2.6 % and
1.5 %, respectively. PeAl was light brown-beige, while PeA2 and PeA3
were white. Otherwise, the three extracts were similarly cotton-like
substances. All three samples contained glucose as their main
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Table 2

Total carbohydrate content (w/w%) of P. eryngii alkaline extracts PeA2 and
PeA3 as determined using the phenol/sulfuric acid assay following various
methods of sample dispersion. The presented numbers are the average and SD of
five parallel measurements.

No Milling - Swelling — Precipitation
pretreatment swelling milling
PeA2  49.2+83 43.9+25 90.1 £ 9.6 94.7 + 3.9
PeA3  39.5+7.2 36.4 £ 0.6 75.0 + 8.4 84.5+ 4.0

Table 3
Relative abundance of linkage types (% of total) found in the P. eryngii alkaline
extracts PeA2 and PeA3.

Linkage type PeA2 PeA3
Fucp-(1~> <1 <1
Xylp-(1> 4 1
-2)-Xylp-(1> 2 1
-3)-Galp-(1> 2 1
-6)-Galp-(1»> <1 <1
-2,6)-Galp-(1»> <1 <1
-3)-Manp-(1-> 9 6
Glep-(1> 26 16
-3)-Glep-(1»> 19 36
-6)-Glep-(1> 25 20
-3,6)-Glcp-(1> 11 17

carbohydrate component (Table 1). Out of the total carbohydrates, PeAl
contained only 61 % glucose, and relatively large amounts of mannose
(16 %) and galactose (10 %). The mannose and galactose were likely
remains of the water-soluble 3-O-methylated mannogalactan previously
described (Ellefsen et al., 2021). Elemental analysis revealed that PeAl
contained approximately 8.4 % protein. Due to low content of glucose
and the high protein content, PeA1 was not included for any further
experiments.

Out of the total carbohydrates, PeA2 and PeA3 contained 80 % and
89 % glucose, respectively, indicating high contents of p-glucan.
Furthermore, they were found to contain low amounts of protein:
approximately 0.6 % and 1.0 %, respectively.

The initial results of the phenol/sulfuric acid assay indicated very
low total carbohydrate contents of samples PeA2 and PeA3 (Table 2).
This was probably due to low water-solubility of the samples. Limited
water-solubility and aggregation of polysaccharides in the samples are
likely to affect their availability for dehydration by sulfuric acid in the
phenol/sulfuric acid assay, and thereby the formation of the final,
colored complex.

Attempts were made to prepare more homogeneous dispersions to
improve measurement accuracy and precision. Milling the samples fol-
lowed by swelling overnight did not increase the measured carbohy-
drate content, whereas swelling overnight followed by milling did
improve measurements, although standard deviations were relatively
high. Dispersion through precipitation before the phenol/sulfuric acid
assay resulted in the highest measured carbohydrate content of both
samples: 94.7 £ 3.9 % and 84.5 + 4.0 %, respectively. The lowered
standard deviation indicated that this method yielded more homoge-
neous dispersions compared to the other methods. A dispersion of
smaller particles, with larger surface-volume ratios may explain the
improvement of the method.

The same linkage types were found in PeA2 and PeA3, but the
relative abundance of the various linkages differed between the samples
(Table 3). While PeA2 contained 26 % non-reducing end glucose, 19 %
-3)-Glcp-(1- and 25 % -6)-Glcp-(1-, PeA3 contained more of the - 3)-
Glcp-(12 (36 %), and less 26)-Glcp-(1= (20 %), and only 16 % non-
reducing ends of glucose.

The HSQC spectra of PeA2 (presented in supplementary data) and
PeA3 (Fig. 2A) were found to be very similar, the main difference being
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Fig. 2. NMR spectra of PeA3 in 90 % DMSO-d, recorded on a Bruker Ascend HDIII 800 MHz spectrometer at 60 °C, with markings of cross peaks from residues A-F. A

DEPT-135 edited HSQC, B NOESY spectrum close-up C Suggested structures of alkali-soluble P. eryngii glucans: a linear (1-3)-a-p-glucan

., a (123)-p-p-glucan

branched at O-6 with single glucose residues 2 and the two fragments 3 and 4, possibly making up a (1-6)--p-glucan branched with single glucose residues attached

at 0-3. The chemical shifts were referenced to DMSO.

the presence of some a-glucan signals in PeA3 that were absent in PeA2.
The structure elucidation of the P. eryngii alkaline extracts was therefore
based upon the spectra of PeA3, as this sample also contained the highest
relative amount of glucose. In the DEPT135-edited HSQC spectrum, five
main cross peaks were found in the anomeric region. These were
assigned to glucose residues with different linkage positions using cor-
relations found in the HMBC, H2BC, HSQC-TOCSY and NOESY spectra
(Fig. 2B and supplementary data), as well as through comparison to
reference spectra, as described in the following paragraphs. Correlations
and assignments of all residues are presented in Table 4.

The anomeric signals appearing from the typical fungal -3)-p-p-
Glcp-(1- (residue B) and -6)-p-p-Glep-(1- (residue E) were found at
4.53/103.4 ppm and 4.27/103.7 ppm, respectively. In addition, the H-
1/C-1 cross-peaks of non-reducing end p-p-Glcp-(1- (residues C and F)
were identified at 4.38/104.3 and 4.23/103.4 ppm, while -3,6)-f-p-
Glcp-(1- (residue D) appeared at 4.35/103.1 ppm. An anomeric signal
was visible in the o-region, at 5.08/100.2 ppm. This was identified as
-3)-a-p-Glcp-(1- (residue A) through comparison to reference spectra

(Ellefsen et al., 2021, supplementary data). The remaining signals of
each residue were assigned as follows: From A;, H2BC correlations were
found to the signal at 3.42/71.3 ppm, which was assigned as A;. Addi-
tionally, HMBC correlations to 3.64/83.4 ppm and 3.83/72.5 ppm
indicated that these signals belonged to A3 and As, of which the former
was identified as A3 due to H2BC correlations with A,. Furthermore, the
higher '3C chemical shift indicated that A5 participated in a glycosidic
linkage. The cross peak appearing from A4 was found at 3.42/70.1 ppm,
with H2BC correlations to both Az and As, and HMBC correlations to Az,
As, and Ag, which was identified as the signals at 3.64 & 3.51/60.9 ppm.
The anomeric signal of residue B at 4.52-4.54/103.4 ppm shared
H2BC correlations with the signal cluster at 3.30-3.39/73.1-73.3 ppm,
splitting the residue into three, B, B” and B". All three residues were
found to participate in (1-3)-glycosidic linkages, as they shared HMBC
correlations with the signal cluster at around 3.49-3.52/86.1-87.1 ppm.
Inter residue correlations were identified between B'; and B”3, and B";
and B'3 in the HMBC spectrum, indicating a glycosidic linkage forming a
(1-3)-B-p-glucan backbone. B"g was identified at 4.08, 3.55/68.9 ppm,
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Table 4
Chemical shift assignments and correlations found in the NMR spectra of sample PeA3, assigned to a- and p-glucan residues, A-F. Bold indicates interresidual
correlations.
Assigned monomer 5 'H (ppm) 8 13C (ppm) HMBC H2BC HSQC-TOCSY NOESY
A -3)-a-p-Glep-(1-> 1 5.07 99.8 A4, A5 A2 A2, A3, A4 A2/AA4, A3, A5, A6
2 3.41 70.9 A3 Al, A3 A3, A5
3 3.64 82.9 Al, A2, A4 A2, A4 A2, A4, A5 Al
4 3.41 69.6 A3, A5, A6 A3, A5 A3, A5, A6
5 3.83 72.1 Al, A4 A4, A6 A2, A3, A4, A6 Al
6 3.63, 3.50 60.5 A4 A5 A2, A4, A5 Al
B -3)-B-b-Glep-(1> 1 4.51 102.9 B'3, (B"3) B2 B3 B3
2 3.29 72.6 B'3 B'1, B3
3 3.49 86.7 B"1, B'2, B'4 B'2, B'4 B1 Bl
4 3.23 68.4 B'3, B'5, B'6 B3, B5
5 3.26 76.1 B'4 B'4, B'6
6 3.70, 3.45 60.9 B4 B5
B’ -3)-p-p-Glep-(1» 1 4.52 102.9 B3, (B"3) B"2 B3
2 3.29 72.9 B3 B'3
3 3.48 86.1 B'1,B'2, B'4 B2, B'4 B'1,B"2, B'4, B'6 Bl
4 3.23 68.4 B'3, B'5, B'6 B'3, B'S
5 3.26 76.4 B'4 B'4, B'6
6 3.70, 3.45 60.9 B'4 B'5 B'3
B” -3,6)-p-0-Glcp-(1> 1 4.53 102.9 B'3 B"2 B"3, B"5 B3
2 3.33 72.7 B"3 B"3 B"5
3 3.51 85.8 B"1,B"2,B"4, B'1/B'1 B"2, B"4 B"1 B1,B"6
4 3.27 68.5 B"3,B"5 B"3,B"5 B"5 B"6
5 3.51 74.8 B"4, B"6 B"4 B"1, B"2, B4, B'6
6 4.07, 3.54 68.5 B"S5, F1 B"5 B"4, F1
C B-p-Glep-(1-> 1 4.37 103.9 C2,D3 c2 C2,C3, C4 D3
2 3.08 73.8 C1,C3 C1,C3 C1 C4
3 3.22 76.2 C2, C6 c2 Cl
4 3.18 70.0 C1 c2
5
6 3.67, 3.43 61.1 C3
D -3,6)-B-0-Glep-(1> 1 4.35 102.7 D2, (E6) D2 D2, D3, D4 D5, (D6/E6)
2 3.22 72.4 D1, D3 D1, D3 D1
3 3.41 87.2 D2, C1 D2, D4 D1, D2, D4 C1
4 3.31 68.6 D3 D1, D3
5 D1
6
E 6)-p-p-Glep-(1> 1 4.26 103.3 E6, E2 E2 E2, E3, E5, E6
2 3.02 73.4 El, E3 El, E3 El, E5 El, E5
3 3.19 76.4 E2 E2 El
4 3.14 70.0 E5 E5 E1, E5
5 3.31 75.5 E4, E6 E2, E6 El, E2, E3, E4, E6 El, E2, E4, E6
6 3.99, 3.59 68.6 El, E5, (D1) E5 E1, E2, E4, E5, (D1)
F B-p-Glep-(1> 1 4.22 103.0 F2, F5 B"6 F2 F2, F3, F4, F5 F2, F3, F5, B"6
2 3.01 73.6 F1, F3 F1, F3 F1, F4, F6 F1, F3
3 3.18 76.2 F2 F2 F1, F6 F1, F2
4 3.08 70.1 F5, F6 F5 F1, F2, F6 F6
5 3.13 76.6 F1, F4, F6 F4, F6 F1, F6 F1, F6
6 3.68, 3.46 61.0 F4, F5 F5 F2, F3, F4, F5 F4, F5

m

through HMBC correlations with B”4 and H2BC correlations with B"s
and supported by an intra residue correlation between B”; and B" in the
HSQC-TOCSY spectrum. The higher 13C chemical shift of B”g indicated a
glycosidic linkage and that residue B” was -3,6)-p-p-Glcp-(1>. B
shared an HMBC correlation with the H-1/C-1 cross peak of residue F
indicating a glycosidic linkage between the two residues that is further
confirmed by a NOESY correlation between B"g and F; (Fig. 2B). Intra
residue H2BC and HMBC correlations enabled the assignment of the
remaining H/C signals from residue F as p-p-Glcp-(1-> attached at O-6 of
the (1-3)-glucan backbone.

The assignment of residue E was made through H2BC and HMBC
correlations and supported by HSQC-TOCSY correlations. HMBC cor-
relations from E; to Eg (4.00, 3.60/69.0 ppm) confirmed the linkage
point at O-6, making E residues form a (1-6)-p-p-glucan backbone. The
presence of inter residue NOESY correlations from E; to Eg confirmed
this.

C, and C3 were assigned by H2BC and HMBC correlations. Cz did not
appear to participate in any glycosidic linkage. HMBC correlations from
Cs3 enabled the assignment of Cg at 3.44/61.4 ppm, which was also not a
linkage site. C4 is suggested to be the signal at 3.29/70.4 ppm based on a

HSQC-TOCSY correlation with C;. Cs was not assigned due to lack of
correlations/severe overlap of correlations. Reference spectra report f3-p-
Glcp-(1- signals to appear in the vicinity of C; (Abreu et al., 2021) and
this assignment fits well with the current data. Dy, D3 and D4 were
assigned through H2BC and HSQC-TOCSY correlations. D5 and Dg were
not assigned due to lack of correlations/severe overlap of correlations.
An inter residue HMBC correlation was observed between C; and Ds,
indicating a (1-3)-glycosidic linkage between the two residues. This
was further confirmed by a NOESY correlation between C; and D3. The
HMBC spectrum showed an inter residue correlation between H-(D;)
and the deshielded CH; carbons at ~69 ppm, indicating that residue D is
(1-6)-linked, possibly to residue E. Another possible D;/E¢ correlation
was found in the NOESY spectrum (Fig. 2B). Residue D is suggested to be
-3,6)-p-p-Glcp-(1-, which fits well with reference spectra that report
anomeric signals of ©3,6)-p-p-Glcp-(1- to appear in the vicinity of Dy
(Abreu et al., 2021).

In addition to the characterized glucan signals, the 'H spectrum also
revealed an anomeric signal at around 4.9 ppm. A cross peak was found
in the HSQC spectrum, at 4.92/102.2 ppm. However, the lack of HMBC
and H2BC correlations made any further structure elucidation difficult.
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Fig. 3. B-Glucan dectin-l1a binding to HEK-Blue™ hdectin-1a cells as deter-
mined by measuring the optical density at 635 nm (ODg3s).

Based upon the results from the linkage analysis, it is possible that the
signal stems from (1-3)-linked a-p-mannose, although this has not been
confirmed.

The DOSY spectrum (Fig. S8, supplementary data) provided diffusion
coefficients to each of the 'H resonances, thus giving an indication of
which protons resided on the same molecule. However, the diffusion
coefficients are dependent upon the hydrodynamic radii of the mole-
cules in solution and is therefore related to their Mw. Because of this,
protons sharing the same diffusion coefficients may either be attached to
the same molecule, or they may be attached to molecules having the
same Mw. Based on this, the branched (1-3)-f-p-glucan (2) was found
to be a separate polymer from structures 1, 3 and 4. Additionally, some
population of residues B and F shared a diffusion coefficient with the
signal at 4.92 ppm, making up another polymer. Residues A, C, D and E
shared the same diffusion coefficient. It is possible that these residues
belong to separate polymers, although the existence of one polymer
consisting of fragments 1, 3 and 4 cannot be ruled out. Both linear
(1-3)-a-p-glucans and branched (1-6)-p-p-glucans are known to be
found in fungi and mushrooms (Carbonero et al., 2006; Maji et al., 2012;
Samuelsen et al., 2019; Synytsya & Novak, 2013). Based on this, the
P. eryngii alkali soluble glucans are suggested to be a linear (13)-a-p-
glucan (1), a (1-3)-B-p-glucan with single Glcp units attached at 0-6 (2),
and a (1-6)-p-p-glucan with single Glcp units attached at O-3 (3 + 4).

Linear (1-3)-a-p-glucans are known to be poorly soluble in DMSO.
Accordingly, the estimated abundance of glucan 1 may be slightly too
low, whereas that of glucans 2 and 3 + 4 may be slightly too high. Still,
an approximation of the relative content of each of the glucans 1, 2 and
3 + 4 in PeA3 could be calculated by integrating the '>C peaks of Az and
B3, B'3, B”3, and combining this with the relative abundance of the
various linkage types found in the methylation analysis. The results
showed that 1 constituted approximately 9 %, while 2 and 3 + 4
constituted approximately 43 % and 38 % of the total sample mass,
respectively.

3.2. Pro-inflammatory activity of P. eryngii glucans

Both the samples PeA2 and PeA3 were able to bind to the dectin-1
receptor at their two highest concentrations (10, 100 pg/mL), but only
weakly at the lowest concentration (1 pg/mL) in the reporter cell line
assay (Fig. 3). Although there was a definite binding from both samples,
neither of them reached the binding levels of the positive controls.

The human monocytic cell-line THP-1 was chosen for further ex-
periments to assess whether the dectin-1 binding correlated with
proinflammatory activation. THP-1 cells have been shown to express
high levels of dectin-1 after stimulation with LPS (Rogers et al., 2013)
and LPS was therefore used to differentiate the cells into macrophage
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(Me)-like cells. PeA3 activated dectin-la similarly but slightly more
than PeA2 and was therefore chosen for further cell experiments. The
sample was dispersed into fine particles by precipitation using different
dilutions yielding PeA3-PI and PeA3-PII. This was done according to our
method for dispersing poorly water-soluble p-glucans (Ellefsen et al.,
2023). The previous work showed that different p-glucan dilutions
yielded different particle sizes and morphology of the precipitated ma-
terial. DLS measurements showed that PeA3-PII, which was produced at
the highest dilution, contained a more homogeneous dispersion of
smaller particles (Z-average 479 + 81.9 nm, PDI 0.41 + 0.1) than PeA3-
PI (Z-average 1433 + 442 nm, PDI 0.83 + 0.16).

Treating LPS-differentiated THP-1 cells with PeA3-PI, PeA3-PII, or
with the crude extract PeA3 only led to release of low to negligible
amounts of TNF-a, IL-6 and IL-1f, compared to treatment with the
positive control LPS and the S. cerevisiae particulate $-glucan controls
ZymA, ZymD and BG-P. Neither of the P. eryngii samples led to pro-
duction of statistically significant levels of any of the cytokines at any of
the assayed concentrations. The same was found for the water-soluble
B-glucan laminarin. The S. cerevisiae glucans present in both zymosan
samples, and in BG-P, have been thoroughly characterized as (1-3)-
pB-glucans with branching at O-6 (Berven et al., 2015; Gao et al., 2012).
In contrast, the P. eryngii glucans were (1-3)-f-p-glucan (2), (1-6)-f-p-
glucan (3-4), and (1-3)-a-p-glucan (1). Dectin-1 is highly specific for
(1-3)-B-p-Glep recognition, but is also affected by the polymer size and
branching (Adams et al., 2008). As the dectin-1 expression in the THP-1
cells is likely a lot lower than in the HEK-Blue™ hDectin-1a cells, it is
possible that a higher sample amount would have been needed to ach-
ieve activation in this assay, since the sample only contain about 43 % of
(1-3)-linked p-glucan. The observation that ability to activate dectin-1a
did not correlate with proinflammatory activation of the Me-like cells
could also suggest that a dual activation is necessary to achieve proper
activation. However, as ZymD was able to activate the Me-like cells, and
this product lacks activity towards TLR2, this cannot be the only
explanation for the observed results.

Laminarin did not induce production of either cytokine in the cells.
Laminarin is a water-soluble (1-3)-f-p-glucan (www.sigmaaldrich.
com) with few branches at 0-6 and relatively low molecular weight
(Kim et al., 2000). This indicates that to achieve proinflammatory
activation in the THP-1 cells, either a more branched structure, a higher
molecular weight or a particulate state is required. Laminarin has pre-
viously shown to function as an antagonist to the dectin-1 receptor in
murine cells, whereas its effect on human cells has not been equally
elucidated, partly due to the structural diversity of commercially
available “laminarins” (Smith et al., 2018). Laminarin is able to activate
the human dectin-1a receptor expressed on a reporter cell line (Ellefsen
et al., 2021), but whether this will lead to cellular activation is thus still
unclear.

Addition of the actin polymerization inhibitor cytochalasin D (CytD)
has previously been shown to increase the release of proinflammatory
cytokines from cells treated with p-glucan microparticles (Brown et al.,
2003; Hernanz-Falcon et al., 2009; Rosas et al., 2008). This happens as
internalization of the dectin-1 receptor is avoided due to inhibited
phagocytosis. However, addition of CytD did not increase the release of
the proinflammatory cytokines in the cells treated with samples or
controls (Fig. 4, red bars). Interestingly, addition of CytD rather
decreased the release of TNF-a and IL-1§ from cells treated with BG-P.
BG-P has previously been shown to be phagocytized by murine macro-
phage RAW264.7 cells (Berven et al., 2015). At the same time, at least a
portion of BG-P is too large for phagocytosis (Ellefsen et al., 2023). BG-P
would thus be expected to induce cytokine production in the absence of
CytD as the largest particles would bind to the receptor but not be
phagocytized. The observed reduction in cytokine production in the
presence of CytD is in accordance with observations made by both Rosas
et al. (2008) and Hernanz-Falcon et al. (2009). In their experiments
CytD in combination with ~3 pm S. cerevisiae glucan microparticles
(GluMP) resulted in increased cytokine production in murine dendritic
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Fig. 4. Activation of LPS-differentiated THP-1 cells after incubation with P. eryngii alkaline extract PeA3, dispersed samples PeA3-PI and PeA3-PIl, and controls as

indicated by release of A TNF-a. B interleukin (IL) 6. C IL-1p. Error bars represents the SD of three series of experiments. *P < 0.0332, **P < 0.0021, ***P < 0.0002,

****¥P < 0.0001, as compared to the untreated control.

The measurement of LPS content is important to confirm that the
B-glucan is responsible for the observed activity rather than contami-
nation by endotoxin, and several methods for the detection or quanti-

cells and macrophages, while cytokine production was reduced in the

presence of CytD and curdlan, a (1-3)-p-p-glucan from Alcaligenes fae-
calis, with particle sizes up to 200 pm. This was explained by limited
cellular migration and accordingly limited contact between the cells and

the glucan particles as a result of actin polymerization inhibition.

fication of LPS in polysaccharide samples are available (de Santana-

Filho et al., 2012; Rieder et al., 2013). Neither the samples nor the
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Fig. 5. Cell viability of LPS-differentiated THP-1 cells after incubation with P. eryngii alkaline extract PeA3, particulate samples PeA3-PI and PeA3-PII, and controls
as compared to untreated cells (100 % viability) and cells treated with 33 % DMSO (0 % viability). Error bars represent the SD of three series of experiments.

B-glucan controls BG-P and laminarin contained LPS exceeding the limit
of detection (0.29 %owt) in the current analysis. The absence of LPS in
PeA3 and laminarin is also indicated by the lack of cytokine production
arising from cell stimulation with these samples. BG-P induced pro-
duction of both TNF-a and IL-1p at statistically significant levels. Since
LPS was not detected in BG-P the activation is unlikely to be caused by
contamination.

The viability of the LPS-differentiated THP-1 cells after treatment
with the samples and controls was investigated. The results showed that
the P. eryngii samples did not alter the cell viability (Fig. 5). The par-
ticulate p-glucans ZymD and BG-P seemed to increase the cell viability
without CytD, indicating increased cell proliferation. None of the sam-
ples were toxic and the absence of a proinflammatory response was
accordingly not caused by cell death.

4. Conclusion

The current results show that P. eryngii contains a mixture of alkali-
soluble (1-23) and (1-6)-p-p-glucans, and that there are at least three
structurally different polymers in the P. eryngii alkali extracts. These
structures are likely closely associated. Despite their ability to activate
the human dectin-1a receptor, the alkali-soluble glucans of P. eryngii
lacked the ability to induce production of proinflammatory cytokines in
LPS-differentiated THP-1 cells. Yeast-derived p-glucans with a (1-3)-
linked backbone and branching at 0-6 activated the human dectin-1a
receptor and induced cytokine production in the THP-1 cells. Thus,
the branched (1-3),(1-6)-p-p-glucans from yeast seem to have more
potent proinflammatory activity than the P. eryngii glucans.
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