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Abstract

Many fungi have inner-polysaccharides (IPS) that can modulate the immune response and/or have antioxidant activity.
Ganoderma australe, a species from Patagonia, is a likely candidate to produce bioactive IPS. Our aims were to assess the
ability of its IPS to induce maturation and activation of dendritic cells (DCs), to determine their antioxidant activity, and to
evaluate the influence of the chemical composition on the bioactivity of the IPS. Mycelia were cultivated in different liquid
culture media (M1, M2, and AG), and polysaccharides were extracted with hot water. Mice bone marrow-derived DCs were
exposed to the different IPS, and the percentage of cells expressing CD86, MHC II, and IL-12 was determined. The anti-
oxidant activity was evaluated through four assays. Results showed that the chemical composition of the three extracts was
different. Glucose, mannose, and galactose prevail in all the extracts, although in different proportions. IPS from mycelia
growing in M1 (IPS_M1) significantly increased the expression levels of MHC II and CD86 in a concentration-dependent
manner, and the same tendency was found for IL-12 production. This IPS extract was mainly composed of glucose. Only
IPS obtained from mycelia growing in M2 (IPS_M2) showed significant antioxidant activity, possibly related to the presence
of a greater amount of phenolic compounds in this extract. This is the first study reporting the ability of aqueous extracts of
mycelial polysaccharides from G. australe to maturate and activate mouse DCs, as well as to prevent oxidation, encouraging
further studies of the immunomodulatory and antioxidant effects of these compounds.
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Introduction

Medicinal mushrooms have been used to improve human
health and treat several diseases for centuries, and certain
extracts have been used by Traditional Chinese Medicine
for thousands of years [1]. Fungi have different chemical
compounds that can act as exogenous biological response
modifiers (BRMs). These BRM, such as polysaccharides and
proteins, have been successful as anti-tumor, anti-radiation,
anti-inflammation, anti-fatigue, anti-aging agents, and as
immunomodulators [2—4].

Ganoderma species are the most widely used and studied
among the over 2000 medicinal mushrooms reported [5, 6];
some species of this genus have polysaccharides with proven
effects related to anticancer activity, immunomodulation
[7-11], and antioxidant activity [12, 13]. Particularly, some
in vitro studies in human and other mammalian cells and
in vivo studies in rats and humans have shown that extracts
or purified polysaccharides of G. lucidum have an immu-
nomodulatory effect [14-16].

Several studies have shown the modulation of the immune
system by mushroom-derived polysaccharides [17]. Particu-
larly important is the modulation of antigen-presenting cells,
such as dendritic cells (DCs), because they link innate and
adaptive immunity. When the DCs capture an antigen, they
become mature and develop several phenotypic changes
that will trigger an effective immune response. One of
these changes is associated with the up-regulation of co-
stimulatory molecules, such as CD40, CD80, CD86, and
those of MHC (Major Histocompatibility Complex) class
II, which are important for priming lymphocyte T (T cells).
Also, depending on the antigen encountered and the different
signals that they receive from the environment, DCs can be
activated to induce either an immunogenic or a tolerogenic
response. For example, the former occurs when, through
the release of IL-12, DCs promote the polarization of the
immune response to a pro-inflammatory T helperl profile.
The latter occurs, for instance, through the generation of
regulatory T cells [18-20]. Hence, DCs have a fundamental
role in the initiation of the immune response; this is why
their handling is an attractive point to generate a desired
immune response. The identification of substances that can
shape DC phenotypes and their subsequent actions, like the
ability to trigger specific T cell responses, is a growing field
of study [21]. The maturation and activation of DCs may
occur through the stimulation of different receptors [22].
In this sense, natural ligands, such as certain polysaccha-
rides, may induce the activation of DCs, stimulating their
chemokine and cytokine production [23, 24].
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Free radicals are produced in the normal natural cellular
metabolism, mostly in the form of reactive oxygen species
(ROS); although they play important physiological roles, the
excess of ROS can result in diseases such as cancer, immune
system impairment, and others, and in the acceleration of
aging [25, 26]. Hence, once produced, most of them are
neutralized by cellular antioxidant systems, but when exces-
sive oxidative stress occurs, the natural antioxidant system is
not able to neutralize their deleterious effects. In this sense,
the identification of new natural products with antioxidant
compounds is an interesting area of research, and several
studies have demonstrated that the consumption of antioxi-
dants reduces the risks of diverse diseases [26]. Polysac-
charides are reported as effective free radical scavengers and
antioxidants, and have been employed as antioxidants both
in vitro and in vivo [27].

Most of the studies about the effects of polysaccharide
extracts on immunomodulation and about antioxidant activi-
ties were performed with polysaccharides extracted from
basidiomata [8, 28]. Nevertheless, submerged cultivation
is an alternative for the production of polysaccharides.
This type of culture involves growing mycelia in a defined
medium, in a short time and under controlled conditions.
In this sense, it has been reported that mycelia from Gano-
derma can produce polysaccharides with significant bio-
logical activities [29]. Considering that mycelia growing in
different culture media can produce polysaccharides with
different characteristics and/or properties [30] that might,
consequently, modify their potential biological activity, it is
important to evaluate the composition of the culture medium
and of the polysaccharide. Most of the bioactive polysaccha-
rides reported are composed of a/fB-glucans, glycoproteins,
and water-soluble heteropolysaccharides with glucose, man-
nose, galactose, fucose, xylose, and arabinose [31, 32].

Ganoderma australe, commonly found in native forests of
Patagonia, is another species of this genus that has medicinal
properties [33, 34]. Although this species is also present in
Australia, New Zealand, and Malaysia [35], it has not been
thoroughly studied. Indeed, there are no studies about the
potential effects of polysaccharides from mycelia cultures
on immune response, and only de Melo et al. [11] reported
that a polysaccharide from its basidiomata is a BRM that
increases phagocytic activity and the production of IL-6 in
mouse macrophages. Regarding antioxidant activity, G. aus-
trale ethanolic extracts from basidiomata and mycelia were
reported to have antioxidant activity [36—38], but the role of
polysaccharides as antioxidants was not evaluated.

The objectives of this study were to determine whether
aqueous inner-polysaccharide (IPS) extracts from submerged
culture of G. australe produced an immunostimulatory and/
or antioxidant effect and, if so, to determine the chemical
composition of the extracts. Specifically, we aimed (a) to
evaluate and compare the potential effect of IPS extracted
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with hot water from G. australe growing in three different
culture media on the maturation/activation of dendritic cells
(DCs), (b) to evaluate and compare the potential antioxidant
activity of IPS extracted with hot water from G. australe
growing in three different culture media, and (c) to deter-
mine the chemical composition (percentage of carbohy-
drate, protein, phenolic and uronic acids, and monosaccha-
ride composition) of IPS extracted with hot water from G.
australe growing in three different culture media, and their
possible relation with their biological activity.

Materials and methods

Chemicals, strain, media, sample preparation
and culture

Chemicals

Monoclonal antibodies, Brefeldin A, and cytofix/cytop-
erm and perm/wash were purchased from BD Biosciences,
eBioscience, and Biolegend. LPS, free radical 1,1-diphe-
nyl-2-picryl-hydrazyl (DPPH.), 6-hydroxy- 2,5,7,8-tetra-
methylchroman-2-carboxylic acid (Trolox), 2,2 azino bis
(3-etheylbenzothiazoline-6-sulphonicacid) diammonium
salt (ABTS) radical cation, and 5,6-bis (4-phenyl-sulfonic
acid)-1,2,4-triazine (Ferrozine) were purchased from Sig-
maAldrich, St. Louis, MO, USA. All other chemicals and
reagents used were of the highest commercially available
purity.

Fungal strain

A Ganoderma australe strain was obtained from the culture
collection of CIEFAP (CIEFAPcc 657). This strain had been
isolated in 2016 from Nothofagus obliqua forests in Lanin
National Park, Yuco, Neuquén, Argentina (Lat.: — 40.09974;
Long.: — 71.31527; Alt.: 657.5 m.a.s.l.). The strain was cul-
tured on MEA (malt extract 2%, agar 1.5%) plates at 23 °C.

Media

To find a suitable culture medium for the production of
polysaccharides with potential immunomodulatory and/or
antioxidant effect, three culture media were evaluated (M1,
M2, and AG). M1 contained 3 g/l glucose, 7 g/l sucrose,
3 g/l yeast extract, 5 g/l meat peptone, 0.5 g/l KH,PO,,
0.1 g/1 K,HPO,, and 0.5 g/l MgSO,-7H,0. M2 contained
20 g/l maltose and 4 g/l meat peptone. AG contained
10 g/l glucose, 4 g/l asparagine, 0.5 g/l KH,PO,, 0.6 g/
K,HPO,, 0.5 g/l MgSO,:7H,0, 0.4 mg/l CuSO, 5H,0,
0.09 mg/l1 MnCl,-4H,0, 0.07 mg/l H;BO;, 0.02 mg/l
Na,Mo0,-2H,0, 2.5 mg/l ZnCl,, 1 mg/l FeCl;, 0.1 mg/l

thiamine hydrochloride, 0.005 mg/l biotin. The pH values
of the media were 6.3, 6.6, and 7 for M1, M2, and AG,
respectively.

Sample preparation and culture

A 10-day-old culture of G. australe growing on MEA plates
was used as inoculum, and it was transferred by punching
out a 10 mm surface agar plug to a 125 ml Erlenmeyer flask
containing 50 ml of one of the three liquid culture media.
For each culture media, nine Erlenmeyer flasks were used.
The cultures were statically grown in the dark, at 20 °C
(2 °C) for 30 days. Six Erlenmeyer flasks were used to
obtain the IPS, while the other three were used to determine
mycelia dry weight, by drying the mycelia at 40 °C until
constant weight. Uninoculated Erlenmeyer flasks served as
controls for possible preexisting polysaccharides contained
in the culture media.

Extraction of polysaccharides

Mycelia mats were separated from the culture broth by vac-
uum filtration using a nitrocellulose filter with a pore size of
5 um. The extraction procedure of IPS was slightly modified
from the method of Berovic et al. [39]. To eliminate low-
molecular weight components, mycelia mats were washed
with methanol (2 x 1.5 h, with stirring). Then, mycelia mats
were cut with a scalpel, and IPS were extracted with hot
distilled sterile water (T=90 — 100 °C, 3 h with stirring).
The resulting filtered culture was concentrated by a rotary
evaporator at 50 °C and at reduced pressure, and 3 volumes
of 96% cold ethanol were added. The solution was mixed
and left overnight at 4 °C. The precipitate was centrifuged
at 3500 rpm for 20 min, and the supernatant was discarded.
Then, the precipitate was washed with acetone and centri-
fuged at 3500 rpm for 5 min. The precipitated IPS were air-
dried to remove residual acetone and re-dissolved in sterile
distilled water. To further purify the IPS extracts, a 48 h
dialysis against tap water and a 24 h dialysis against distilled
water were performed, using a cellulose membrane (cut-off
M,, 14,000 Da).

Immunomodulation assays with IPS extracts
Mice

Female C57BL/6 wild-type mice were acquired from
Ezeiza Atomic Center (Buenos Aires, Argentina). They
were kept under specific pathogen-free conditions and used
at 8—10 week of age. Animal protocols complied with the
Guide for the Care and Use of Laboratory Animals pub-
lished by the U.S. National Institutes of Health and local
institutional animal care committee guidelines.
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Preparation and culture of bone marrow-derived DC

To obtain immature DCs (iDCs), bone marrow was flushed
from the femur and tibia of C57BL/6 female mice, and
bone marrow progenitors were cultured in RPMI 1640
medium, with 10% fetal bovine serum (FBS), in the pres-
ence of granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) obtained from the supernatant of the J558
hybridoma cell line. Cells were fed every 2 days.

To obtain mature DCs (mDCs), at day 8, iDCs (1 X 106)
were incubated in 24-well culture plates, with IPS extracts
(IPS_M1, IPS_M2, and IPS_AG) previously filtered with
0.2 um nylon membrane, at different concentrations (30
and 100 pg/ml) at 37 °C in a humidified atmosphere of 5%
CO, in air. Alternatively, iDCs were incubated with Gram-
negative bacteria cell-wall agent lipopolysaccharide (LPS:
0.1 pg/ml, Escherichia coli strain 0111:B4) as a positive
control [40]; well culture plates with iDCs and without
polysaccharides were used as control (basal). After 24 and
48 h, DCs were collected and washed.

Flow cytometric analyses

The ability of IPS extracts to induce the maturation
of iDCs was evaluated and compared with the effects
achieved in assays without polysaccharides (basal) and
with LPS (positive control). The induction of maturation
was determined by the quantification of the percentage of
DCs, using CD11c as a marker for this specific population,
expressing MHC II and CD86 after 48 h or 24 h respec-
tively. The activation status was assessed by the quantifica-
tion of the percentage of IL-12 producing CD11c + cells.

DCs were washed twice with PBS and resuspended
(1x 10° cells/ml) in 2% FBS-PBS. Then, cells were incu-
bated with the following fluorochrome-conjugated mono-
clonal antibodies (mAbs) at 4 °C for 30 min: Allophy-
cocyanin (APC)-anti-CD11c, Phycoerythrin (PE)-Texas
Red-anti-IA/IE (MHC 1II), and PECy7-anti-CD86. For
intracellular cytokine staining, DCs were treated with Bre-
feldin A (10 pg/ml) for the last 4 h of cell culture. Subse-
quently, cells were fixed and permeabilized using Cytofix/
Cytoperm and Perm/Wash according to the manufacturer's
instructions; after that, cells were stained with PE-con-
jugated anti-IL-12 mAb. Then, cells were processed in
BD FACSCanto II and/or BD LSR Fortessa flow cytom-
eters (BD Biosciences), and data were analyzed using the
FlowlJo software (Tree Star, Ashland, OR, USA).
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In vitro antioxidant activity of IPS extracts

To test the reproducibility of each of the assays, each sin-
gle sample extract was performed in triplicate. The absorb-
ance in the different assays was measured using a UV—-Vis-
ible spectrophotometer (Biotraza model 752).

DPPH radical scavenging activity

The assay was carried out according to Blois [41], with
modifications. Each polysaccharide extract (0.25-2.5 mg/
ml, 1 ml) in distilled water was mixed with 2 ml freshly
prepared ethanol solution containing 0.1 mM DPPH. The
reaction mixture was vortexed and kept in the dark at room
temperature for 24 h. The absorbance of the resulting solu-
tion was measured spectrophotometrically at 517 nm against
the control or blank. Ascorbic acid (0-30 pg/ml) dissolved
in distilled water and TROLOX (0-25 pg/ml) dissolved in
ethanol were used as the positive controls. The percentage
of scavenging was calculated with the Eq. (1):

Percentage of scavenging =1 — [(AC - (AS - Asi))/Ac] x 100,

ey
where A_ is the absorbance of the control or control at 24 h
(1 ml of distilled water mixed with 2 ml of DPPH solu-
tion), and A is the absorbance of the sample at 24 h. To dis-
card any possible interference with color development, the
absorbance of the sample was measured immediately after
the addition of the DPPH and subtracted from the control
at 0 h, and the result was then subtracted from the absorb-
ance of the sample at 24 h (A;). The ECy, value (mg of
extract/ml) is an important index to evaluate the antioxidant
capacity of substances, because it represents the effective
concentration of the antioxidant at which DPPH radicals are
scavenged by 50%, and it was obtained by interpolation from
linear regression analysis.

ABTS radical cation decoloration assay

The free radical scavenging activity was determined by the
ABTS (2,2 azino bis (3-etheylbenzothiazoline-6-sulphoni-
cacid) diammonium salt) radical cation decolorization assay
according to Re et al. [42]. ABTS was dissolved in water to
a7 mM concentration. Then, ABTS radical cation (ABTS™")
was generated by mixing 5 ml of the ABTS solution with
88 ul of 140 mM potassium persulfate and allowing the mix-
ture to stand in the dark at room temperature for 16 h. The
ABTS"* solution was diluted with ethanol to an absorbance
of 0.70 at 734 nm, and the ABTS radical cation scavenging
activity was assessed by mixing 5 ml of this ABTS"" solution
with each polysaccharide extract (0.25-2.5 mg/ml, 1 ml).
The reaction mixture was kept in the dark for 6 min, and the
absorbance was measured spectrophotometrically against
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the control. Ascorbic acid dissolved in distilled water and
TROLOX dissolved in ethanol were used as positive controls
(0-30 pg/ml in both cases). The percentage of scavenging
was calculated with the Eq. (2):

Percentage of scavenging =1 — [(AC - AS)/AC] x 100,

@
where A_ is the absorbance of the control, and A, is the
absorbance of the sample. The ECs, value was obtained by
interpolation from linear regression analysis.

Ferric-reducing antioxidant power assay

Reducing power was determined according to Oyaizu [43].
Each polysaccharide extract (1 mg/ml, 2.5 ml) in distilled
water was mixed with 2.5 ml 0.2 M sodium phosphate buffer
(pH 6.6) and 2.5 ml of 1% potassium ferricyanide. The mix-
ture was vortexed and incubated at 50 °C for 20 min. Then,
2.5 ml of 10% trichloroacetic acid (w/v) was added, and the
mixture was centrifuged at 2000 g for 10 min. The upper
layer (5 ml) was mixed with 5 ml of distilled water and 1 ml
of 0.1% ferric chloride. The absorbance was measured at
700 nm against a control. The control was the solution with
all reagents but without the extract. A higher absorbance
indicates a higher reducing power. Ascorbic acid dissolved
in distilled water was used as the positive control (0-30 pg/
ml).

Chelating ability on ferrous ions

The ability of the extracts to chelate ferrous ions was deter-
mined according to the method of Dinis et al. [44] with
modifications [28]. Each polysaccharide extract (1 mg/ml,
1 ml) in distilled water was mixed with 3.7 ml of distilled
water and 0.1 ml of 2 mM ferrous chloride. The reaction was
initiated by the addition of 0.2 ml of 5 mM ferrozine. After
10 min at room temperature, the absorbance of the mixture
was determined at 562 nm against the control. The control
was the solution with all reagents but without the extract. A
lower absorbance indicated a greater chelating ability. EDTA
disodium salt was used as the positive control (0-200 ug/
ml). Results were expressed as a proportion of the absorb-
ance of the control.

Chemical composition of the different IPS extracts
Carbohydrate content and monosaccharide composition

Total carbohydrate content of the different extracts was
determined by the phenol-sulfuric acid method, using glu-
cose as the standard [45]. To determine monosaccharide
compositions, the polysaccharides were hydrolyzed with
2 M CF;COOH (90 min, 120 °C) [46]. The hydrolysates

were derivatized to the alditol acetates and analyzed by
gas—liquid chromatography (GLC) using a capillary col-
umn (30 mx0.25 mm) coated with SP-2330 (0.20 m) on a
HP-5890 Gas Chromatograph equipped with a flame ioni-
zation detector (FID). Nitrogen was used as the carrier gas,
with a head pressure of 15 psi and a split ratio of 100:1.
Chromatography runs were isothermal at 220 °C, while the
injector and detector were set at 240 °C. When confirmation
of identity was needed, the GLC-MS analysis was carried
out on a Shimadzu QP 5050 A GC/MS apparatus working
at 70 eV, in conditions similar to those described above, but
using He as a gas carrier with a split ratio of 60:1. The mole
percentages of different monosaccharides were calculated
by the area normalization method. Uronic acids were deter-
mined using the method of Filisetti-Cozzi and Carpita [47]
with glucuronolactone as the standard.

Content of proteins and phenolic compounds

To determine whether the IPS extract contained proteins
and/or phenolic compounds, total protein content was deter-
mined as described by Lowry et al. [48] using bovine serum
albumin as the standard, and total phenolic content was
determined according to Heleno et al. [49] with modifica-
tions. Each IPS extract (100 ul) was mixed with Folin—Cio-
calteu reagent (100 pl, previously diluted 1:5 with distilled
water). The mixture was allowed to stand at room tempera-
ture for 3 min. Sodium carbonate was added to the mixture
(50 pl, 20% w/v), and the total volume was adjusted to 750 ul
with distilled water and then mixed gently. After the mixture
stood at room temperature for 60 min, the absorbance was
measured at 725 nm using a Microplate Reader (Multiskan
™ SkyHigh—Thermo Scientific). The standard calibration
curve was plotted using gallic acid (5-150 pg/ml). The total
phenolic content was expressed as ug gallic acid equivalents
(GAE) per g of mycelia and pg GAE per ml of extract.

Statistical analyses

Three replicates of each assay were performed. All modeling
and statistical analyses were performed in InfoStat software
[50]. InfoStat implements an interface of the R platform [51]
for estimation of linear mixed models through the functions
‘gls’ and ‘lme’ from Nonlinear Mixed-Effects Models library
[52, 53]. To create the artworks, Infostat software was used.

To evaluate and compare the effect of IPS extracts, linear
mixed models were performed using the mean value of each
response variable (percentage of CD11c + cells expressing
CD86, MHC 11, and IL.-12). These mean values were further
compared using Fisher's least significant difference (LSD) at
p level <0.05. The factor was ‘treatment’ with eight levels:
six corresponded to culture media and two concentrations
of IPS extracts (M1_30, M1_100, M2_30, M2_100, AG_30,
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AG_100), one was the control (BASAL), and another one
was the positive control (LPS); the factor was treated as a
fixed effect. Normality assumption was evaluated through
Shapiro-Wilks tests, and homoscedasticity assumption
through residuals. When heteroscedasticity was detected, a
second test modeling was carried out. Both models were
compared and, if p <0.05, the one with the lower Akaike
(AIC) value was selected.

To compare the chemical composition of the different IPS
extracts, linear mixed models were also performed using the
mean values of the response variables (percentage of carbo-
hydrates, percentage of proteins, and GAE per ml of extract
of phenolic compounds). Assumptions were tested and mean
values were compared as described above.

To compare the monosaccharide composition of the dif-
ferent IPS extracts, Pearson square tests were performed.
Categorical variables were ‘culture media’ and ‘monosac-
charide’, and the percentage of each monosaccharide in each
culture medium was used for comparison.

Results and discussion

Our aims were to determine whether IPS isolated from G.
australe mycelia had immunomodulatory and/or antioxidant
activities and, if so, whether these activities depended on the
composition of the IPS extract.

We cultivated G. australe in three different media and
extracted the IPS with hot water. The production of IPS was
29 (£6.5), 45 (£2.5), and 60 (+ 10) pg polysaccharides/mg
mycelium dry weight for mycelia growing in M1, M2, and
AG media, respectively (n=3). However, the mycelium dry
mass was 1.32- and 2.93- fold higher in M2 than in M1 and
AG, respectively, and 2.22- fold higher in M1 than in AG.
This could be explained by the fact that we extracted IPS
with hot water but, maybe, other fractions of IPS prevail in
M1 and M2. We found that a considerable amount of IPS
are extracted from Ganoderma sessile using sodium hydrox-
ide or ammonium oxalate (data not shown). Alternatively,
growth rates may be different in the different media and,
probably, the depletion of the carbon source in M2 occurs
earlier than in the other media, leading to the degradation
of its own IPS to favor new fungal growth. In this sense,

Diamantopoulou et al. [54] stated that the synthesis of IPS
seems to be a process related with mycelial mass production,
mainly at the early stages of growth in parallel with IPS syn-
thesis, until most of the available sugar is assimilated. Future
studies are needed to disentangle these results.

The chemical composition of the three extracts was sig-
nificantly different (p <0.0001); while carbohydrates were
the main biomolecules composing IPS_M1 and IPS_M2,
proteins were the main constituents of IPS_AG. The car-
bohydrates content was significantly higher in IPS_M]1,
intermediate in IPS_M2, and lower in IPS_AG. The protein
content was significantly higher in IPS_AG, intermediate in
IPS_M1, and lower in IPS_M2. The proportion of phenolic
compounds was significantly higher in IPS_M?2, intermedi-
ate in IPS_M1, and lower in IPS_AG (Table 1).

Moreover, the monosaccharide compositions of IPS
extracts was also significantly different (p < 0.0001; XZ
58.76, 43.17, and 31.15 for IPS_M1 vs. IPS_M2, IPS_M1
vs. IPS_AG, and IPS_M2 vs. IPS_AG, respectively). In gen-
eral, mannose, glucose, and galactose were the main con-
stituents of all extracts, although in different proportions;
ribose was also an important component of IPS, especially
IPS_M2. The IPS_MI1 extract was mainly composed of glu-
cose and, to a lesser extent, mannose; no ribose was found,
as opposed to IPS_M2, which had almost the same propor-
tion of ribose, glucose, and galactose, and a lower proportion
of mannose. The IPS_AG extract was mainly composed of
mannose and glucose, like IPS_M]1, but unlike the latter,
the percentages of these two monosaccharides were simi-
lar; galactose was also present in a considerable proportion.
None of the extracts presented detectable amounts of uronic
acids (Table 2).

Effect of G. australe IPS on DC maturation

Dendritic cells can regulate immune responses through their
activation and maturation state [55]; the biological signals
that modulate these characteristics are constantly being stud-
ied and developed. To evaluate whether IPS influence the
phenotypic maturation of DCs, cells were cultured with IPS
extracts (30 and 100 pg/ml) or LPS (0.1 pg/ml) for 24 and
48 h for CD86 and MHC 11, respectively, and then analyzed
for surface expression of these molecules by flow cytometry.

Table 1 Carbohydrate, protein,

henoli ¢ Sample Carbohydrates  Proteins (%) Phenolic compounds (ug Phenolic compounds
and phenolic contents o (%) GAE/ml extract) (ug GAE/g dry
inner-polysaccharides (IPS) of mycelia)
Ganoderma australe growing
in three different culture media IPS_MI 63.9% 21.7° 19.68° 35.02°
(M1, M2, AG) 1PS_M2 60.9° 16.2¢ 68.77° 547.03°

IPS_AG 19.5¢ 51.7% 6.05° 120.9°

Different letters indicate significant differences (p <0.0001)
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Table 2 Monosaccharide

i Sample  Monosaccharide content in polysaccharides (%) Ua (%) Pearson square test
composition (mole percentages)
and uronic acid content of Man Gal Glc Rib Fuc Ara Xyl
inner-polysaccharides (IPS) of
Ganoderma australe growing IPS_M1 17.8 55 732 nd 14 0.8 1.3 nd p<0.0001 vs. IPS_M2 and IPS_AG
in three different culture media IPS_ M2 131 220 320 290 38 nd nd nd p<0.0001 vs. IPS_M1 and IPS_AG
(M1, M2, AG) IPS_AG 368 167 286 73 63 06 38 nd p<0.0001 vs. IPS_M1 and IPS_M?2
Man mannose; Gal galactose; Glc glucose; Rib ribose; Fuc fucose; Ara arabinose; Xyl xylose; Ua uronic
acid; nd not detected
80,0- 80,0~
A
A
70,0- 70,0- ]
S A AB =
5 B A =
8 ] 4 :
% 60,0- % 60,0 N ]
I . a i
i BC ‘Z o
50,0 Be c ¢ 50,0-
40,0+ = — 40,04 - ]
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a 35,0~ b
A
L

26,3~

BC

17,5-

CD11c+ IL-12+ cell (%)

8,8-

0,01

BASAL  M1.30 M1_100
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Fig. 1 Dendritic cell (DC) maturation and activation by inner-poly-
saccharide extracts (IPS_M1, IPS_M2, and IPS_AG) of Ganoderma
australe at two different concentrations (30 and 100 pg/ml), obtained
from mycelia growing in three different culture media (M1, M2, and

DCs treated with IPS_M1 (100 pg/ml) and with IPS_AG
(30 pug/ml) exhibited a significantly increased surface expres-
sion of MHC II after 48 h (p <0.0001) (Fig. 1a). Also, DCs
treated with IPS_M1 (30 and 100 pg/ml) exhibited a signifi-
cant increase in the surface expression of CD86 molecules
on the surface of DCs after 24 h (p <0.0001) (Fig. 1b).
Moreover, a tendency to increase the production of IL-12
by DCs was found after 24 h of treatment with IPS_M1 and
with IPS_AG (Fig. 1¢). In contrast, a tendency of IPS_M2 to
reduce MHC II levels and IL-12 production was observed in
comparison with the control (Fig. 1a, c). As expected, LPS

M2_30

BC

M2_100 AG_30 AG_100  LPS

AG). a MHC 1I expression after 48 h. b CD86 expression after 24 h.
¢ IL-12 production after 24 h. Results are expressed as percentage of
positive cells, media=+ SE. Different letters indicate significant differ-
ences (p<0.05)

could stimulate the expression of MHC II, CD86, and IL-12
production by DCs. The results showed, at least for IPS_MI1,
that the immunomodulatory effects promoting the matura-
tion of DC are concentration-dependent, as demonstrated by
the increase in CD86 and MHC II expression. (Fig. 1 a,c).
The increase in the expression of CD86 and MHC II
molecules after DC treatment with IPS_M1 extract was the
evidence that this extract induces the maturation of DCs
(Fig. 1a, b). In addition, an induction of the production
of IL-12 by DCs was observed after IPS_M1 stimulation
(Fig. Ic). This pro-inflammatory cytokine is related to Th1
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immune response polarization [56, 57] and, therefore, it
is essential for cell-mediated immunity and inflammation
against intracellular bacteria and protozoa [58]. The Thl
cells also promote the production of CD8 + T cells with the
achievement of a cytolytic phenotype, required for antitumor
immunity [59]. Hence, the induction of IL-12 production
by IPS_M1 may have implications in different processes of
the adapted immunity. In accordance with our results, Chan
et al. [60] demonstrated that a mycelial polysaccharide of
G. lucidum extracted with hot water can induce human DC
maturation with IL-12 production. In addition, Cao and Lin
[23] have shown that a polysaccharide from basidiomata of
the same species was able to promote the cytotoxicity of
specific T cells induced by DCs pulsed with tumor anti-
gens. In a previous report, these authors demonstrated the
maturation of DCs and the secretion of IL-12 of DCs under
the same polysaccharide stimulation [61]. Similar results
were observed with different polysaccharide extracts (from
basidiomata and from the culture broth) in other Ganoderma
species [62, 63]. However, Yoshida et al. [64] found that
aqueous extracts of mycelia of G. lucidum, cultured in a
solid medium, led to the activation of DCs with an increase
in IL-23 production and without IL-12 increment, inducing
Th17 cell differentiation, which might have implications in
the anti-cancer and anti-allergic effects reported for Reishi
(G. lucidum). These contrasting results reinforce the fact
that the origin of the polysaccharide (basidiomata, mycelia,
or culture broth) and the culture conditions are crucial in
determining the biological activity of polysaccharides.

The immunomodulatory effects of Ganoderma polysac-
charides on DCs were mainly attributed to B-glucans or poly-
saccharides containing -glucan regions [64, 65]. However,
some protein-bound polysaccharides (5 to 6.5% of proteins)
[60, 66] or polysaccharides mainly composed of mannose
and galactose with a low proportion of glucose [62] were
also effective in activating DCs. The high content of glu-
cose in IPS_M1 (Table 2) suggests that glucans may also be
involved in the maturation and activation of murine DCs,
although more studies are needed to confirm glycoside-type
links, polysaccharide structure, and the role of proteins in
the observed effect.

Antioxidant activity of IPS of G. australe

To analyze the in vitro antioxidant activity of IPS extracts,
four parameters were evaluated: scavenging ability on DPPH
and on ABTS free radicals, ferric-reducing antioxidant abil-
ity, and chelating ability on ferrous ions.

The suggested antioxidant mechanisms of polysaccha-
rides involve the termination of radical chain reactions [67].
The DPPH and the ABTS assays are based on the reduction
of a radical by a hydrogen donor (DPPH) or by an electron
donor (ABTS), which leads to radical scavenging. Of the
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three fractions analyzed, IPS_M?2 was the only extract show-
ing very good DPPH scavenging activity at the concentra-
tion of 1 mg/ml (p <0.001) (Fig. 2). Moreover, our results
showed that is an excellent DPPH scavenger antioxidant, as
evidenced by its ECs, value (0.46 mg/ml), even better than
IPS extracts from G. curtisii and G. applanatum basidiomata
[68, 69], and from G. lucidum basidiomata and spores at the
same concentration [13, 28].

Regarding the ABTS assay, IPS_M?2 also showed sig-
nificantly higher ABTS free radical scavenging activity
(p<0.001) (Fig. 2), although its EC5,, value was much higher
than that in DPPH (1.38 mg/ml). Our results are in accord-
ance with those reported by Shi et al. [70]; these authors
found approximately 40% ABTS scavenging activity at a
concentration of 1 mg/ml for G. lucidum mycelial polysac-
charide. They also reported that this activity was concen-
tration-dependent, reaching almost 100% of activity at a
concentration of 5 mg/ml. Although IPS_M?2 seems to be a
good antioxidant, the findings reported above reinforce the
importance of taking into account the origin of the polysac-
charide, the culture conditions, and the concentration of the
extract needed for achieving the desired antioxidant activity.

The IPS_M1 scavenger activity (5.52% at 1 mg/ml) was
also better than that of G. tsugae mycelial polysaccharide
at a much higher concentration (20 mg/ml) [12]; it is worth
noting that Saltarelli et al. [71] did not find scavenger activ-
ity in G. lucidum polysaccharide extracted from mycelia.
Ascorbic acid and TROLOX were both confirmed as excel-
lent scavengers of DPPH (EC5,=0.015 and 0.013 mg/ml,

100 s
[J ope
= B ss7s

75

Radical scavenging (%)
o
o

25

[

IPS_AG

A b
; [N

1PS_M1

1PS_M2

Fig.2 Antioxidant activity of inner-polysaccharide extracts (IPS_M1,
IPS_M2, and IPS_AG) of Ganoderma australe at a concentration of
1 mg/ml, obtained from mycelia growing in three different culture
media (M1, M2, and AG). Media+SE are shown. Different letters
(uppercase letters for DPPH, lowercase letters for ABTS) indicate
significant differences (p <0.05)
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respectively) and of ABTS radicals (EC50=0.015 and
0.020 mg/ml, respectively).

The reduction in Fe** ions is often used as an indicator of
electron-donating activity, while iron chelators mobilize tis-
sue iron by forming soluble, stable complexes that are then
excreted [72]. In line with the DPPH and ABTS results, in
the ferric-reducing power assay, our IPS_M?2 extract showed
significantly higher reducing power (p <0.0001) (2.29-fold
increase in the activity in comparison with the control at
1 mg/ml), while IPS_M1 and IPS_AG showed no activity
(1.11- and 1.08-fold increase respectively in comparison
with the control) (Fig. 3). However, at the concentration of
1 mg/ml, none of the extracts showed ferrous ion chelating
activity. The proportions obtained, in comparison with the
control, were 1.098 (£0.014), 1.101 (x0.014), and 1.017
(+0.013) for IPS_M1, IPS_M2, and IPS_AG, respectively.
EDTA showed good chelating ability (ECs,=0.080 mg/ml).

Polysaccharide extracts from mycelia of G. tsugae, from
spores of G. lucidum, and from basidiomata of G. applana-
tum also showed reducing activity, although a much higher
concentration of the extract was needed in all cases [12, 28,
68]; but, contrary to our results, G. lucidum extract from
spores and basidiome showed 85% and 25% chelating ability
at 1 mg/ml, respectively [28, 68]. In addition, G. applana-
tum extracts from basidiome exhibited 35% chelating ability
approximately at the same concentration but greater ability
at a higher concentration [68], and G. tsugae extracts from
mycelia showed 5% chelating ability at 20 mg/ml [73]. It
seems that IPS_M2 extract is able to donate an electron and,
hence, reduce Fe**, but it is not able to form complexes
with iron. Alternatively, the concentrations required to do
so may be much higher than the tested one, as found for hot

0,40

B
0,301
0,21
o A
A
0,101 I
0,00 .

CONTROL 1PS_M1 1PS_M2 IPS_AG

Absorbance

=

Fig. 3 Ferric reducing power activity of inner-polysaccharide extracts
(IPS_M1, IPS_M2, and IPS_AG) of Ganoderma australe at a con-
centration of 1 mg/ml, obtained from mycelia growing in three dif-
ferent culture media (M1, M2, and AG), and control (without IPS).
Media+SE are shown. Different letters indicate significant differ-
ences (p<0.05)

water extracts from mycelia of other species [74]. Moreo-
ver, this difference in the biological activity of our extract
and the previous studies mentioned above could also be due
to the characteristics of the polysaccharides, such as their
molecular structure, molecular mass, solubility [74], mono-
saccharide composition [70, 71], as well as the composition
of the extracts [75], especially the content of carbohydrates,
phenolic compounds, proteins, and uronic acids.

The extracts obtained from mycelia growing in M1 and
M2 were mainly composed of carbohydrates, and, to a lesser
extent, proteins (Table 1). These results are in agreement
with those reported for Agaricus blazei hot water extract
(81% carbohydrates, 16% proteins), which turned out to be
an excellent antioxidant [74]. Regarding phenolic content,
IPS_M2 showed a greater total phenolic content than the
other extracts, and it also showed the highest antioxidant
values. Similarly, previous studies showed a linear relation-
ship between total phenolic content and antioxidant proper-
ties of mushroom extracts [75] and, particularly, Wei [76]
reported a highly significant relationship between the scav-
enging activity of polysaccharide extracts and their content
of phenols. Moreover, Subramaniam et al. [36] found a cor-
relation between the antioxidant activity of G. australe and
the total phenolic content of mycelia extracts.

Proteins do not seem to enhance antioxidant activity
in proteoglycans, at least for G. lucidum [77]. Our extract
obtained from mycelia growing in AG media had a great
percentage of proteins and a much lower percentage of car-
bohydrates (Table 1). This extract did not show antioxidant
activity (Figs. 2 and 3) and only increased the expression of
MHC 11, but it did not increase the other activation parame-
ters of the dendritic cells (Fig. 1). Further studies are needed
to disentangle this mechanism, leading to a more accurate
use of G. australe IPS extracts as an antioxidant and/or anti-
carcinogenic/immunomodulatory agent.

The comparison of the chemical composition of the dif-
ferent extracts and the results of their antioxidant effects
led us to hypothesize that the phenolic content of IPS_M?2
might be involved in this biological activity. It must be
noted that, although mycelia were washed with methanol
and IPS precipitated with ethanol, these steps might not
be sufficient to remove all phenolic compounds from the
extracts; hence, the antioxidant activity could be due to
the presence of polysaccharide and phenolic compound
complexes, or phenolic compounds that were not removed,
which could contribute to the antioxidant activity of the
extract [28, 49]. In addition, the presence of ribose in this
extract (Table 2) could also enhance its antioxidant activ-
ity. There is little available information concerning the
role of ribose in antioxidant functions but, in line with
our results, previous studies reported that polysaccharides
with ribose, among other monosaccharide constituents,
had antioxidant activity [78, 79]. It is interesting that
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this monosaccharide was one of the main constituents of
IPS_M2 and that it was not present in IPS_M1 (Table 2).
Although ribose is not generally reported in the chemi-
cal composition of Ganoderma IPS, it has been found to
be a constituent of polysaccharides from aqueous extracts
of several basidiomycetes [79-81]. Further studies are
needed to evaluate the role of this monosaccharide in this
biological activity.

Conclusion

To our knowledge, this is the first study to report the
immunomodulatory effect of different aqueous extracts of
G. australe on dendritic cell maturation/activation and to
relate this effect with the composition of the extract. It also
highlights the importance of an extract of this species as
an antioxidant. In addition, our study shows that culture
media influences the production of polysaccharides from
the same species and, consequently, the biological activity
of these carbohydrates. Indeed, our results showed that
IPS_M1 induced the in vitro maturation of mouse bone
marrow-derived DCs, while IPS_M2 turned to be an excel-
lent antioxidant. Future studies could aim at deepening the
understanding of the key chemical features responsible
for the immunomodulatory activity of IPS_M]1 and of the
antioxidant activity of IPS_M2.
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