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Abstract

Background Beta-(1,3)(1,6)-D-glucan is a complex polysaccharide, which is found in the cell wall of various fungi,
yeasts, bacteria, algae, barley, and oats and has immunomodulatory, anticancer and antiviral effects. In the present
study, we investigated the effect of beta-(1,3)(1,6)-D-glucan derived from yeast on the proliferation of primary NK cells
and breast cancer cell lines in 2D and 3D models, and on the cytotoxicity of primary NK cells against breast cancer cell
lines in 2D and 3D models.

Methods In this study, we investigated the effects of different concentrations of yeast-derived beta-(1—3)
(1—6)-D-glucan on the proliferation and cytotoxicity of human NK cells and breast cancer cell lines in 2D and 3D
models using the XTT cell proliferation assay and the CellTiter-Glo® 2.0 assay to determine the cytotoxicity of human
NK cells on breast cancer cell lines in 2D and 3D models.

Results We found that the co-incubation of NK cells with beta-glucan in the absence of IL2 at 48 h significantly
increased the proliferation of NK cells, whereas the co-incubation of NK cells with beta-glucan in the presence of IL2
(70 U/ml) increased the proliferation of NK cells but not significantly. Moreover, beta-glucan significantly inhibited
the proliferation of breast cancer cell lines in 2D model and induced a weak, non-significant growth inhibitory effect
on breast cancer multicellular tumor spheroids (3D). In addition, the cytotoxicity of NK cells against breast cancer
cell lines was examined in 2D and 3D models, and beta-glucan significantly increased the cytotoxicity of NK cells
against MCF-7 (in 2D).

Conclusions Yeast derived beta-(1,3)(1,6)-D-glucan could contribute to the treatment of cancer by enhancing NK cell
immune response as well as contributing to inhibition of breast cancer cell growth.
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Introduction

Cancer is one of the most common causes of death in the
world. In 2020, an estimated 19.3 million people world-
wide were newly diagnosed and nearly 10 million died
from cancer [1]. According to the International Agency
for Research on Cancer (IARC), breast cancer (BC) has
recently become the most commonly diagnosed can-
cer worldwide with an estimated 2.3 million new cases
(11.7%) followed by lung cancer (11.4%), colorectal can-
cer (10%), prostate cancer (7.3%), and stomach cancer
(5.6%) [1]. The development of breast cancer is influ-
enced by several factors such as hereditary genetics, life-
style, gender, and age, the latter being the most important
risk factor [2].

Currently, there are several methods for the treatment
of breast cancer. Treatment efficacy for patients with
advanced breast cancer is still unsatisfactory despite
the use of various treatment modalities such as immu-
notherapy, chemotherapy, hormone therapy, targeted
therapy, radiotherapy, endocrine therapy, and surgical
resection [3, 4], which is considered the most recom-
mended approach to treat primary breast cancer [5].
Postoperative prognosis is disappointing due to the
appearance of residual tumor cells, leading to high mor-
tality [6, 7]. Moreover, cancer therapies are often associ-
ated with side effects and high resistance, which is why
a new effective supportive therapy is an essential part
of the treatment concept of patients with breast cancer,
such as the use of natural products derived from plants,
animals, fungi and other living microorganisms, which
can ameliorate cancer progression and the side effects of
various tumor therapies [8, 9].

Beta-glucans are polysaccharides of D-glucose mon-
omers linked by glycosidic bonds. They are widely
distributed in the cell walls of yeasts, fungi, some bacteria,
algae, and cereals (oats and barley) [10, 11]. The different
forms of beta-glucan identified from various sources vary
in their molecular weight, length, shape, beta-linkage,
and macromolecular structure either by different branch-
ing and linkage or by attachment of other types of mol-
ecules such as proteins [12, 13]. These differences in the
shape and structure of glucans are an important factor
influencing the expression of their biological activities.
The beta-1,3-D-glucose unit of beta-glucan is the linear
core structure and the most abundant form, for exam-
ple the yeast and fungal beta-glucan contain a beta-(1,3)
backbone with (1,6)-side branches and have antitumor,
anti-inflammatory and antioxidant effects, the bacte-
rial beta-glucan is structured with a beta-(1,3) bond and
has an immunomodulatory effect, and cereal beta-glu-
can is linked to the beta-(1,3)- and beta-(1,4)-backbones
with hypoglycemic effect and biological anti-cholester-
olemic activity [14—17]. These variations lead to different
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biological activities which are found as functional and
bioactive food constituents [18].

In vitro, animal and human clinical studies have dem-
onstrated the immunomodulatory activities of beta-glu-
can, highlighting its ability to protect against infection
and enhance vaccine immunogenicity, as well as its anti-
tumor activity [19, 20]. Mushroom-beta-glucan, along
with other formulations, has been used as an adjuvant in
both cancer prophylaxis and therapy, as well as a single
agent for immunomodulatory purposes, and is therefore
referred to as an immunoadjuvant [21].

Beta-Glucan possess several membrane-bound recep-
tors that can be recognized by specific receptors on cell
membranes of the immune system, such as Dectin-1
[22, 23], Complement Receptor 3 (CR3), CD11b / CD18
[24], scavenger receptors [25], Toll-like receptors (TLR)
[26], and lactosylceramide [27], which were involved in
beta-glucan signaling as pathogen-associated molecu-
lar patterns (PAMP). Fungal beta-glucan can function
as PAMPs or MAMPs (Microbe-Associated Molecu-
lar Patterns) by triggering host immune responses after
contact. In particular, beta-glucan can bind to defense
cells via these receptors and stimulate their activation,
differentiation, and production of ROS (Reactive oxygen
species) and cytokines in neutrophils, dendritic cells,
macrophages, T-lymphocytes, B-lymphocytes, and NK
cells to enhance microbial killing and immune response
against pathogens and tumors [28, 29].

The aim of the present study was to evaluate the thera-
peutic potential of beta-glucan on stimulating primary
NK cell activity and antitumor activities on breast cancer
cell line in a 2D and 3D culture system.

Materials and methods

Cell lines and cell culture

All work with cell cultures was always performed under
sterile conditions. All cell types were incubated in a CO,
incubator at 37 °C, 5% CO,, 95% humidity, and regularly
tested for mycoplasma (MycoAlert Lonza). The breast
cancer cell lines MCF-7, T47D, SK-BR-3, HCC1937,
obtained from DSMZ-German Collection of Micro-
organisms and Cell Cultures GmbH, and the MRC5
fibroblasts, obtained from LGC Standards GmbH, were
maintained in Roswell Park Memorial Institute (RPMI)
1640 medium (Gibco) supplemented with 10% fetal
bovine serum (FBS; Gibco), 200mM L-Glutamine and 1%
penicillin/streptomycin (Pen/Strep; Gibco). The breast
cancer cell lines MDA-MB-231 was cultured in Dul-
becco’s modified Eagle’s medium (DMEM; Gibco) sup-
plemented with 10% fetal bovine serum (FBS; Gibco),
200mM L-Glutamine and 1% penicillin/streptomycin
(Pen/Strep; Gibco).
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MCE-7 cells were isolated from a 69-year-old woman’s
pleural effusion who had metastatic disease. The name
MCEF-7 comes from the Michigan Cancer Foundation,
where it was founded in 1973 [30]. They are estrogen
(E2)-sensitive cells and depend on E2 to proliferate [31].
They express high levels of estrogen receptor alpha (ERa)
transcripts but low levels of estrogen receptor beta (ERp)
[32].

The breast cancer cell line HCC1937 (Harmon Cancer
Center) was derived from a grade III invasive ductal pri-
mary tumor in a 24-year-old breast cancer patient with a
BRCA1 germline mutation. During histological examina-
tion of the primary tumor, large vacuoles were observed
in many cells, suggesting a secretory variant of invasive
intraductal carcinoma [33, 34].

T47D are epithelial cells isolated from the pleural fluid
of a 54-year-old female patient with invasive ductal carci-
noma of the breast [35]. They represent luminal A condi-
tion, a subtype of breast cancer [36].

The SK-BR-3 cell line (Sloan-Kettering Breast Can-
cer Cell Line 3) was isolated in 1970 from pleural effu-
sion cells of a 43-year-old adenocarcinoma patient and
is named after the Memorial-Sloan Kettering Cancer
Center [37, 38]. It is a HER2 + breast cancer cell line that
has no hormone receptors for ER or PR [39].

The fibroblast and breast cancer cell lines were regu-
larly passaged once per week. For passaging of adher-
ent cells the method of cell dissociation with trypsin
was used. After passage, the cell pellet was resuspended
in fresh medium and cell number was determined using
Trypan blue exclusion assay.

Reagents

The aqueous preparation of beta-(1-3)(1-6)-D-glucan
(20 mg/ml), derived from the inner cell wall of Saccha-
romyces cerevisiae, was provided by Biotec Pharmacon
(Tromse, Norway) and was dissolved in PBS. The glucan
preparation contained a fraction of aggregated glucan
polymers, and its endotoxin level was <0.05 EU/ml.

NK cell isolation

Primary NK cells were isolated from buffy coats (DRK,
German Red Cross; Germany) using density gradient
centrifugation. First, PBMCs (Peripheral Blood Mono-
nuclear Cells) were isolated from the buffy coats, fol-
lowed by isolation of NK cells from the PBMCs using the
human NK cell isolation kit (Miltenyi Biotec) according
to the manufacturer’s protocol. The isolated NKs were
tested for purity by flow cytometry and further cultured
in 50% AIM V" Medium (Gibco) and 50% NK MACS
medium (Miltenyi) supplemented with 5% AB serum
(Merck), 500 U/mL IL-2 (ImmunoTools), 140 U/mL
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IL-15 (ImmunoTools), 1% NK MACS Supplement and 1%
penicillin/streptomycin (Pen/Strep; Gibco).

Preparation of 3D-cell culture (multicellular tumor sphe-
roids)

Breast cancer cell lines MCF-7, HCC1937, T47D and
the fibroblast MRC5 were used to prepare the spheroids.
First, the 96-well round bottom plate was pre-coated
with anti-adherence rinsing solution (Stemcell Technolo-
gies). Then, cells were counted, seeded on the pre-coated
96-well plate at 3x 10® cells/well in triplicate, and centri-
fuged at 100 g for 5 min. This allowed the cells to collect
at the bottom and grow into compact spheroids over 72 h.
The incubation was performed in an incubator at 37 °C,
5% CO, and 95% humidity. To better model the breast
cancer cell line MCF-7 and obtain a uniform MCTS
(Multicellular Tumor Spheroids), we added MRCS5 fibro-
blasts to MCF-7 at a ratio of 1:1 (MCF7:MRC5).

2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2 H-Tetrazo-
lium-5-Carboxanilide (XTT) cell proliferation assay

NK cells were counted, washed with PBS to eliminate all
cytokines, and resuspended in RPMI-1640 supplemented
with 10% FBS (Gibco), 200 mM L-glutamine, and 1% Pen/
Strep (Gibco), once with 70 U/ml IL2 (ImmunoTools)
(Fig. 1B) and once without IL2 (Fig. 1A). Next, the NK
cells were seeded with different beta-glucan concentra-
tions (0.1-1 — 10 and 100 pg/ml)) at a density of 1.5x 10°
cells/well in triplicate. Then, the NK cells were incubated
in an incubator at 37 °C and 5% CO, for 48 h.

Control wells were treated with culture media only
(beta-glucan concentration=0). After an incubation
period of 48 h, cells were treated with XTT by adding
the mixture of XTT-labeling reagent (50 pl/well) and
electron coupling reagent (1 ul/well), the plate was then
mixed gently and incubated at 37 °C in a CO, incubator
for 4 h. After incubation with XTT, the plate was gently
shaken to distribute the dye evenly and absorbance was
measured at 450 nm in an ELISA reader to determine the
proliferation of NK cells after treatment with beta-glucan
compared to untreated NK cells.

Breast cancer cell lines (2D) were passaged, counted,
and seeded in 1 ml RPMI-1640 for MCF-7, T47D,
SK-BR-3 and HCC1937, and in 1 ml DMEM for MDA-
MB-231, supplemented with 10% FBS (Gibco), 200
mM L-glutamine and 1% Pen/Strep (Gibco) in dupli-
cates of a 24-well plate (Sarstedt). The breast cell lines
(2D) were then incubated with different concentrations
of beta-glucan (0.1-1 —10 and 100 pg/ml) at 37 °C in a
CO, incubator for 24 h, 48 and 72 h. After incubation,
the supernatants were removed, 150 pl of fresh medium
was added and treated with XTT according to the
manufacturer’s protocol to determine the proliferation
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Fig. 1 Effect of beta-(1—3)(1—6)-glucan from yeast on the proliferation of the primary NK cells. The figure shows the percentage variation of NK
proliferation after 48 h incubation of (A) NK cells with different 3-glucan concentrations (0.1-1 — 10 and 100 pug/ml) without IL2 and (B) NK cells
with different 3-glucan concentrations (0.1-1 —10 and 100 pg/ml) with IL2 (70 U/ml) compared to untreated NK cells (control). The proliferation

was measured after 4 h incubation of untreated- and with 3-glucan treated NK cells using XTT by 450 nm. The results were presented in three
independent experiments. Statistical significance was determined by one-way ANOVA. * p <0.05; ** p<0.01; *** p<0.001; **** p <0.0001

of breast cancer cell lines (2D) after treatment with
beta-glucan compared to untreated cells (beta-glucan
concentration=0).

The Multicellular Tumor Spheroids of breast cancer
cell lines were prepared as described above for 3 days,
then fresh medium with different beta-glucan concentra-
tions was added to spheroids and further cultured in an
CO, incubator at 37 °C. After 24 h, 48 and 72 h, sphe-
roids proliferation was measured after treatment with
beta-glucan using XTT according to the manufacturer’s
protocol.

Cytotoxicity assays

The CellTiter-Glo® 2.0 Assay (Promega) was used to
measure cytotoxicity following the manufacturers pro-
tocol. Briefly, cells were incubated at the indicated E:T
ratios with different beta-glucan concentrations (0.1-1
—10 and 100 pg/ml). After incubation (48 h for 2D cul-
tures and 72 h for 3D cultures), CellTiter-Glo® reagent
was added according to the manufacturer’s protocol and
subsequently measured using a Tristar 3 multimode plate
reader (Berthold Technologies). The addition of CellTi-
ter-Glo® reagent resulted in cell lysis and the generation
of a luminescence signal. The generated luminescence
signal represents the amount of ATP present, which cor-
responds to the amount of cells present in the culture.
The cytotoxicity of NK cells was calculated from the ATP

released from the target and effector cells using the fol-
lowing formula:

Cytotoxicity (%) =

Sample release—Effector release
100 — x 100
Target release

Statistical analysis

Statistical analysis was performed using Prism (v. 8.4.2,
Graphpad). The data were compared using the One-
way and Two-way ANOVA test. Statistical significances
are marked p<0.05 = * p<0.01 = **, p<0.001 = ***,
p<0.0001 = **** and non-significance is marked with ns.

Results

To investigate whether particulate beta-glucan derived
from yeast could stimulate proliferation of primary NK
cells, we co-incubated NK cells isolated from PBMC
(Peripheral Blood Mononuclear Cells) with different
beta-glucan concentrations (0.1-1 —10 and 100 pg/ml)
and measured proliferation after 48 h using XTT (Fig. 1).
The co-incubation of primary NK cells with beta-glu-
can in the absence of IL-2 after 48 h showed that beta-
glucan significantly increased the proliferation of NK
cells to 24% at the concentration of 1 pg/ml and to 21%
at the concentration of 10 pg/ml (Fig. 1A), while the co-
incubation of NK cells with beta-glucan in the presence
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of IL2 (70 U/ml) also showed that beta-glucan increased
the proliferation of NK cells to 39% at the concentration
of 0.1 pg/ml and to 33% at the concentration of 1 pg/ml
(Fig. 1B).

Yeast-derived beta-(1—3)(1—6)-glucan was used in
this study to investigate the effect of beta-glucan on the
proliferation of different breast cancer cell lines (in 2D
model) after 24 h, 48 and 72 h. From Fig. 2A, it can be
observed that the highest concentration of beta-glucan
(100 pg/ml) showed the greatest effect on the prolifera-
tion of MCEF-7 by significantly inhibiting the prolifera-
tion of MCEF-7 by 28% after 24 h. After 48 h and 72 h, the
beta-glucan concentration of 100 pg/ml also decreased
the proliferation of MCF-7 by 21% and 16% respectively.
In the case of MDA-MB-231 (Fig. 2B), yeast-derived
beta-(1—3)(1—6)-glucan was able to inhibit the prolif-
eration significantly after 24 h as well as 48 and 72 h. The
highest inhibition of the proliferation was at the beta-
glucan concentration of 100 pg/ml significantly by 15%
after 24 h and 23% after 48 h. After 72 h, the proliferation
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was inhibited by 22% at the beta-glucan concentration
of 100 pg/ml. The lowest inhibition was between 7% and
11% significantly after 72 h at the beta-glucan concen-
tration of 0.1 pg/ml. Furthermore, the co-incubation of
SK-BR-3 with yeast-derived beta-(1—3)(1—6)-glucan
(Fig. 2C) showed that beta-glucan inhibited the prolif-
eration of SK-BR-3 after 24 h, 48 h and significantly after
72 h. Here, it can be seen that at beta-glucan concen-
tration of 1 and 10 pg/ml, the proliferation of SK-BR-3
showed a significant inhibition after 72 h, which was a
decrease in proliferation by 26% and 23% consecutively.
At the beta-glucan concentration of 100 pg/ml and after
72 h, the proliferation of SK-BR-3 decreased by 26% com-
pared to the control. To this, beta-glucan showed no
effect on SK-BR-3 after 24 h at the concentrations of 0.1
and 1 ug/ml, whereas at the concentration of 1 ug/ml, the
proliferation of SK-BR-3 was slightly increased (by 3%)
compared with the control. The same results were found
for T47D (Fig. 2D) in that beta-glucan inhibited the pro-
liferation of T47D also after 24 h, 48 h, and 72 h. After
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Fig. 2 Effect of beta-(1—3)(1—6)-glucan from yeast on the proliferation of the breast cancer cell lines (2D). The figure shows the percent
variation of proliferation of (A) MCF-7, (B) MDA-MB-231, (C) SK-BR-3, and (D) T47D with different 3-glucan concentrations (0.1-1 — 10 and 100 ug/
ml) after 24 h, 48 h, and 72 h incubation compared with untreated cells (control). The proliferation was measured after 4 h incubation

of untreated- and with B-glucan treated breast cancer cells using XTT by 450 nm. The results were presented in three independent experiments.
Statistical significance was deter-mined by two-way ANOVA. * p <0.05; ** p<0.01; *** p <0.001; **** p <0.0001
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24 h as well as 72 h, beta-glucan significantly inhibited
the proliferation of T47D ranging from 7 to 11%. Further-
more, beta-glucan decreased the proliferation of T47D
after 48 h up to 13% at a beta-glucan concentration of
100 pg/ml.

In the present study, the MCTS from breast can-
cer cell lines was established and then incubated with
yeast-derived beta-(1—3)(1—6)-glucan for 24 h, 48
and 72 h together to investigate how the effect of yeast-
derived beta-glucan is on the MCTS from breast cancer
cell lines. The Fig. 3 showed that yeast-derived beta-
(I—3)(1—6)-glucan had small effect on the MCTS
from breast cancer cell lines compared to breast can-
cer cell lines in 2D. It was shown that beta-glucan had
a slight effect on the proliferation of MCTS of MCF-
7:MRC5 after 24 h, 48 h as well as 72 h, by bringing
down the proliferation up to 7% (data not shown). Fur-
thermore, beta-glucan also showed slight effect on the
proliferation of MCTS of HCC1937 in that beta-glucan
brought the proliferation down to 8% after 24 and 48 h.
After 72 h, beta-glucan showed no effect on prolifera-
tion except at the concentration of 100 pg/ml where the

Page 6 of 12

proliferation increased by about 8% (data not shown).
In the case of MCTS of T47D, also the proliferation
was inhibited by yeast-derived beta-(1—3)(1—6)-glu-
can up to 11% after 24 and 48 h. After 72 h, however,
beta-glucan showed no effect on the proliferation of the
MCTS of T47D (Fig. 3).

To test the major function of NK cells using yeast-
derived beta-(1—3)(1—6)-glucan in the context of
cellular immune defense in killing virus- and tumor-
infected cells, yeast-derived beta-(1—3)(1—6)-glucan
was incubated together with primary NK cells and
breast cancer cell lines (in 2D Model) to investigate the
cytotoxicity of NK cells in the presence of yeast-derived
beta-(1—3)(1—6)-glucan (Fig. 4). As shown in Fig. 4A,
beta-glucan could significantly induce the cytotox-
icity of NK cells. The cytotoxicity of NK cells against
MCEF-7 increased significantly to 94% after 48 h in the
ratio [3:1] [NK:MCF-7] at a beta-glucan concentration
of 0.1 pg/ml compared with the control (73%). At beta-
glucan concentrations of 1, 10, and 100 pg/ml, NK cell
cytotoxicity ranged from 86 to 91% (Fig. 4A). The same
conditions were used to examine the cytotoxicity of NK
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Fig. 3 Effect of beta-(1—3)(1—6)-glucan from yeast on the proliferation of the breast cancer Multicellular Tumor Spheroids (MCTS) (3D).
The figure shows the percent variation of proliferation of T47D spheroids with different 3-glucan concentrations (0.1-1 — 10 and 100 pg/
ml) after 24 h, 48 h, and 72 h incubation compared with untreated spheroids (control). The proliferation was measured after 4 h incubation
of untreated- and with 3-glucan treated breast cancer spheroids using XTT by 450 nm. The results were presented in three independent
experiments. Statistical significance was determined by two-way ANOVA. * p <0.05; ** p<0.01; *** p<0.001; **** p <0.0001
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Fig. 4 Effect of beta-(1—3)(1—6)-glucan from yeast on the cytotoxicity of NK cells against breast cancer cell lines (2D). The figure shows

the percent variation of cytotoxicity of NK cells against (A) MCF-7, (B) HCC1937, (C) MDA-MB-231, and (D) T47D with different $-glucan
concentrations (0.1-1 —10 and 100 pug/ml) after 48 h incubation compared with untreated cells (control) at an E:T ratio of 3:1. The cytotoxicity
was measured from the ATP released from the target and effector cells using CellTiter-Glo® 2.0 Assay. The results were presented in three
independent experiments. Statistical significance was determined by one-way ANOVA. * p <0.05; ** p<0.01; *** p<0.001; *** p <0.0001

cells against HCC1937. Beta-glucan also showed an
effect on the cytotoxicity of NK cells against HCC1937
after 48 h in the ratio of [3:1] [NK:HCC1937] and was
66% and 68% at the beta-glucan concentration of 0.1
and 1 pg/ml, respectively, compared with the control
(54%). At beta-glucan concentration of 10 and 100 pg/
ml, the cytotoxicity of NK cells against HCC1937
was 56% (Fig. 4B). However, beta-glucan showed small
effect on the cytotoxicity of NK cells against MDA-
MB-231 (Fig. 4C) and T47D (Fig. 4D) after 48 h in the
ratio of [3:1], where beta-glucan increased the cytotox-
icity of NK cells around 5% more compared to control.

Furthermore, the multicellular breast cancer tumor
spheroids (3D in vitro models) were co-incubated in the
present study with primary NK cells and beta-(1—3)
(1—6)-glucan from yeast (at different concentrations) at a
ratio of [3:1] [NK:MCTS] (Supplementary Fig. 1) to inves-
tigate the effect of beta-(1—3)(1—6)-glucan from yeast
on the cytotoxicity of multicellular tumor spheroids from
breast cancer (3D model). After 72 h, beta-glucan showed
an effect on the cytotoxicity of NK cells against the co-
culture of MCF-7:MRCS5 [1:1] spheroids at the two highest
beta-glucan concentrations, increasing cytotoxicity by 8%
at 10 pg/ml and 14% at 100 ug/ml compared to the control.
However, at the remaining beta-glucan concentrations,
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beta-glucan showed no effect on the cytotoxicity of NK
cells (Supplementary Fig. 1A). Moreover, for the same
conditions, beta-glucan showed small effect on the cyto-
toxicity of NK cells against the HCC1937 (Supplementary
Fig. 1B) and T47D (Supplementary Fig. 1C) spheroids
which were 3% more compared to the control.

Discussion

Beta-glucan are immune-stimulatory substances that
have a significant role in the therapy of cancer and infec-
tious diseases. Yeast-derived beta-glucan can initiate the
inflammatory process, activate the immune response,
improve resistance to infection, and inhibit cancer devel-
opment [40].

Previous studies have repeatedly shown that the addi-
tion of beta-(1—3)(1—6)-glucan from yeast or fungi
was able to activate NK cells in cancerous mice [41] as
well as in healthy adults [42] and inhibited a decrease in
NK cell activity and cell number in the recovery phase
after intense exercise [43]. In the present study, we could
confirm that beta-(1—3)(1—6)-glucan from yeast has
a stimulatory effect on the proliferation of primary NK
cells after 48 h incubation with and without IL2 (Fig. 1)
using XTT assay to assess mitochondrial activity and
cell viability. Beta-glucan can trigger systemic immune-
activation in fungal infections to interact with specific
receptors to release the production of proinflammatory
cytokines [44]. The activation of immune cells is thought
to be due to the binding of beta-glucan to dectin-1 on
immune cells, which in turn activate T cells, nuclear
factor kappa B (NF-kB), and the MAP kinase (MAPK,
mitogen activated protein kinase) signaling pathway by
triggering the production of various cytokines [45, 46].
Studies have also shown that beta-glucan leads to the
activation of monocytes and NK cells, and the produc-
tion of IL-6 and IL-8 via dectin-1 and NKp30 respectively
[47, 48]. This result was recently confirmed by Mehaj, V
et al. [49].

Based on a study investigating over 60 different beta-
glucans, Vetvicka and Vetvickova (2018, 2020) [50, 51]
reported that beta-glucans showed significant anticancer,
anti-infective, and immune-stimulatory activities. More-
over, several mushroom beta-glucans were commercial-
ized as food supplements and subjected to clinical trials
as cancer treatment adjuvants with inspiring results [52].
Furthermore, Dekker and Barbosa-Dekker also previ-
ously reported several biological activities of beta-(1—3)
(I—6)-glucan. These include in vitro antiproliferative
and proapoptotic properties in various tumor cell lines
including human breast carcinoma (MCEF-7) [53].

We were able to confirm these results in the present
study by showing that beta-(1—3)(1—6)-glucan from
yeast inhibited the proliferation of four breast cancer cell
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lines (MCF-7, SK-BR-3, MDA-MB-231, T47D) (Fig. 2).
Various studies have already shown that beta-glucan
has an anticancer effect on several cancer types [54-56]
including breast cancer [57, 58] using 2D cell culture.

Breast cancer cell lines are frequently used to study the
pathobiology of breast cancer and to screen and charac-
terize new therapies. The use of different cell lines allows
a better understanding of the diversity and heterogene-
ity of breast cancer [59, 60]. We chose breast cancer cell
lines with different origins and agressiveness reflecting
the association between loss of progesterone and estro-
gen receptors and poor therepeutic prognosis. The use of
different cell lines makes it possible to test the efficacy of
drugs in a broader context. For example, Herceptin has
been found to predict therapeutic response in several
HER2 + cell lines such as SK-BR-3 [61].

In order to successfully reproduce different aspects
of the tumor microenvironment (TME), 3D cell culture
such as multicellular tumor spheroids (MCTS) can be
used as a reliable alternative [62, 63] to better evaluate
the capacity of drugs to invade tumor tissues [64].

Pattern recognition receptors expressed on immune
cells including macrophages, dendritic cells, neutro-
phils, and lymphocytes have been shown to be activated
by beta-glucan [65, 66]. Several in vitro studies have
shown that beta-glucan from yeasts, fungi, or cereals can
enhance the function of human primary immune cells
and elicit strong immune responses through their recog-
nition of various PRRs (Pattern Recognition Receptors),
particularly dectin-1 and complement receptor 3 (CR3)
[67]. Therefore, it has been reported that the increas-
ing of NK cell activity by beta-glucan plays an important
role in immune potency in in vitro and in vivo studies
[68, 69]. In addition, the effects of fungal or yeast beta-
glucan on primary NK cells have shown that these poly-
saccharides significantly enhance NK cell cytotoxicity
by stimulating the production of interferon-gamma and
perforin and increasing the expression of the activating
receptor NKp30 [70]. These cytotoxic effects are medi-
ated by upregulation of NKG2D and IFN and enhanced
in the presence of IL-2, while activation of cytokine pro-
duction is associated with upregulation of KIR2DL genes
[71]. It was confirmed in the present study that beta-
(1—3)(1—6)-glucan from yeast markedly increased the
cytotoxicity of NK cells against MCF-7 and HCC1937,
however, the effect of beta-glucan on the cytotoxicity
of NK cells against MDA-MB-231 and T47D was small
(Fig. 4) using CellTiter-Glo® 2.0 assay that is based on the
detection of the amount of adenosine triphosphate (ATP)
generated primarily in the mitochondria to assess mito-
chondrial activity. The XTT and CellTiter-Glo® 2.0 assay
are therefore used to assess cell viability and cell growth,
with the XTT assay directly targeting mitochondrial
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activity, while the CellTiter-Glo® 2.0 assay indirectly
reflects mitochondrial function by measuring ATP.

Although 2D models have many advantages in terms
of user-friendliness, mechanistic manipulation, specific
parameter measurement, cost-effectiveness, and time
efficiency [72, 73], 2D models suffer from inherent limi-
tations. Namely, they fail to capture the cellular hetero-
geneity and associated signaling cues linked to cell shape
and orientation [74, 75]. This discrepancy can lead to
inconsistencies with in vivo and clinical data, limiting the
generalizability of results obtained from 2D models [76].

Many factors make 3D in vitro models a very valuable
tool for cancer research because 3D in vitro models allow
recapitulation of the tumor microenvironment [77] and
provide cell-cell interactions, perfusion, and hypoxic
conditions. To this end, cell proliferation, cell morphol-
ogy and heterogeneity, cell migration, and gene expres-
sion are closer to in vivo in 3D in vitro models compared
to 2D models [78, 79]. In the present study, the beta-
(I—3)(1—6)-glucan from yeast could show only small
effect on the proliferation of multicellular breast cancer
tumor spheroids (Fig. 3) and the cytotoxicity of NK cells
against MCTS of breast cancer cell lines (Supplementary
Fig. 1) compared with the 2D model. This small effect of
beta-glucan on 3D model compared to 2D model may
justify that tumor cells in 3D models are usually more
resistant to drugs and more invasive than in 2D models
[76, 80—82].

Conclusions

Yeast derived beta-(1,3)(1,6)-D-glucan could contribute
to the treatment of cancer. It could increase the prolif-
eration of primary NK cells (isolated from PBMC) in the
presence and significantly in the absence of IL-2 (70 U/
ml). Moreover, beta-glucan significantly inhibited the
proliferation of breast cancer cell lines in 2D model at
the highest beta glucan concentration (100 pg/ml), and
the strongest inhibitory effect of beta glucan was on
the MCE-7 cell line. Beta glucan also induced a weak,
non-significant growth inhibitory effect on multicellu-
lar breast cancer tumor spheroids (3D). Furthermore,
yeast beta-(1—3)(1—6)-D-glucan showed little effect
on the proliferation of MCTS of breast cancer and cyto-
toxicity of NK cells against MCTS of breast cancer cell
lines compared to the 2D model. These results suggest
that beta-(1,3)(1,6)-D-glucan has an immunomodula-
tory and anticancer effect. Nevertheless, it is important
to investigate other (higher) beta-glucan concentrations
and the consequences of different beta-glucan sources on
immune cells with antitumor activities, which may cause
tumor regression and affect innate immunity, and to ver-
ify the actual clinical efficacy of beta-glucans.
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IL2 Interleukin 2
MAMP Microbe-Associated Molecular Pattern
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TLR Toll-like receptors
XTT 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2 H-Tetrazolium-5-Car-
boxanilide

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512885-024-11979-3.

[ Supplementary material 1. }

Authors’ contributions

Conceptualization, AB. A.S.F, and G.P, validation and formal analysis, A.B,,
MJR., ASF, CR.and AB. writing—original draft preparation, review and edit-
ing, AB, ASFMJR,S.S, J-UB.and G.P. All authors have read and agreed to the
published version of the manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This research
was funded by the Berlin Institute of Health at Charité SPARK-Validation Track
Il program.

Availability of data and materials
The datasets used and/or analysed during the current study available from the
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
All authors have agree the publication.

Competing interests
The authors declare no competing interests.

Author details

'Berlin Institute of Health at Charité — Universititsmedizin Berlin, Charité-

platz 1, Berlin 10117, Germany. ’Competence Center of Immuno-Oncology
and Translational Cell Therapy (KITZ), Department of Hematology, Oncology
and Tumor Immunology, CCM, Charité-Universitdtsmedizin Berlin, Corpo-

rate Member of Freie Universitédt Berlin and Humboldt-Universitdt zu Berlin,
Charitéplatz 1, Berlin 10117, Germany. >Department of Gynecology with Breast
Center Charité - Universitdtsmedizin Berlin, Corporate Member of Freie Uni-
versitdt Berlin and Humboldt-Universitat zu Berlin, Charitéplatz 1, Berlin 10117,
Germany.

Received: 25 August 2023 Accepted: 7 February 2024
Published online: 14 March 2024


https://doi.org/10.1186/s12885-024-11979-3
https://doi.org/10.1186/s12885-024-11979-3

Boulifa et al. BMC Cancer

(2024) 24:339

References

1.

20.

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I. Global cancer
statistics 2020: GLOBOCAN estimates of incidence and mortality world-
wide for 36 cancers in 185 countries. CA Cancer J Clin. 2021;71:209-49.
https://doi.org/10.3322/caac.21660.

Sun'YsS, Zhao Z,Yang ZN, Xu F, Lu HJ, et al. Risk factors and preventions of
breast cancer. Int J Biol Sci. 2017;13:1387-97. https://doi.org/10.7150/ijbs.
21635,

Noel B, Singh SK, Lillard JW, Singh R. Role of natural compounds in pre-
venting and treating breast cancer. Front Biosci (Schol Ed). 2020;12:137-
60. https://doi.org/10.2741/5544.

He X, XuT, Hu W, et al. Circular RNAs: their role in the pathogenesis and
orchestration of breast cancer. Front Cell Dev Biol. 2021,9:647736. https://
doi.org/10.3389/fcell.2021.647736.

Dubsky P, Pinker K, Cardoso F, Montagna G, Ritter M, Denkert C, et al.
Breast conservation and axillary management after primary systemic
therapy in patients with early-stage breast cancer: the Lucerne toolbox.
Lancet Oncol. 2021;22:218-28. https://doi.org/10.1016/51470-2045(20)
30580-5.

Krall JA, Reinhardt F, Mercury OA, Pattabiraman DR, Brooks MW, Dougan
M, et al. The systemic response to surgery triggers the outgrowth of dis-
tant immune-controlled tumors in mouse models of dormancy. Sci Trans|
Med. 2018;10:eaan3464. https://doi.org/10.1126/scitransimed.aan3464.
Balasubramanian |, Harding T, Boland MR, Ryan EJ, et al. The impact of
postoperative wound complications on oncological outcomes following
immediate breast reconstruction for breast cancer: a meta-analysis. Clin

Breast Cancer. 2021;21:e377-87. https://doi.org/10.1016/j.clbc.2020.12.005.

Almeida TS, Arantes MR, Neto JJL, Souza TM, Pessoa IP, et al. Evaluation of
seeds ethanolic extract of Triplaris Gardneriana Wedd. Using in vitro and
in vivo toxicological methods. J Toxicol Enviton Health A. 2020;83:135-52.
https://doi.org/10.1080/15287394.2020.1731035.

Mitra S, Dash R. Natural products for the management and prevention of
breast cancer. Evid Based Complement Altern Med. 2018;2018:8324696.
https://doi.org/10.1155/2018/8324696.

Zhu F, Du B, Bian Z, Xu B. Beta-glucans from edible and medicinal mush-
rooms: characteristics, physicochemical and biological activities. J Food
Compos Anal. 2015;41:165-73. https://doi.org/10.1016/jjfca.2015.01.019.

. Du B, Bian Z, Xu B. Skin health promotion effects of natural beta-glucan

derived from cereals and microorganisms: a review. Phytother Res.
2014;28:159-66. https://doi.org/10.1002/ptr.4963.

Nazarkiewicz-Zajac D, Harasym J, Brach J, Czarnota JL, Stechman M, Sla-
bisz A, et al. A Kit and a method of producing beta-glucan, insoluble food
fiber as well as preparation of oat proteins. 2011. https://patents.google.
com/patent/W02011078711A1/en.

De Marco Castro E, Calder PC, Roche HM. 3-1,3/1,6-glucans and
immunity: state of the art and future directions. Mol Nutr Food Res.
2021,65:1901071. https://doi.org/10.1002/mnfr.201901071.

Murphy EA, Davis JM, Carmichael MD. Immune modulating effects of
-glucan. Curr Opin Clin Nutr Metab Care. 2010;13:656-61. https://doi.
0rg/10.1097/MCO.0b013e32833f1afbp.

Meng X, Liang H, Luo L. Antitumor polysaccharides from mushrooms:

a review on the structural characteristics, antitumor mechanisms and
immunomodulating activities. Carbohydr Res. 2016;424:30-41. https://
doi.org/10.1016/j.carres.2016.02.008.

Kaur R, Sharma M, Ji D, Xu M, Agyei D. Structural features, modification,
and functionalities of beta-glucan. Fibers. 2020;8:1. https://doi.org/10.
3390/fib8010001.

Han B, Baruah K, Cox E, et al. Structure-functional activity relationship of
B-glucans from the perspective of immunomodulation: a minireview.
Front Immunol. 2020;11:658. https://doi.org/10.3389/fimmu.2020.
Naumann E, van Rees AB, Onning G, Oste R, Wydra M, Mensink RP.
Beta-glucan incorporated into a fruit drink effectively lowers serum LDL-
cholesterol concentrations. Am J Clin Nutr. 2006;83:601-5. https://doi.
0rg/10.1093/ajcn.83.3.601.

Geller A, Shrestha R, Yan J. Yeast-derived beta-glucan in cancer: novel
uses of a traditional therapeutic. Int J Mol Sci. 2019,20:3618. https://doi.
0rg/10.3390/ijms20153618.

Pan P, Huang YW, Oshima K, Yearsley M, Zhang J, Arnold M, Yu J, Wang LS.
The immunomodulatory potential of natural compounds in tumor-bear-
ing mice and humans. Crit Rev Food Sci Nutr. 2019;59:992-1007. https://
doi.org/10.1080/10408398.2018.1537237.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

33

34.

35.

36.

37.

38.

39.

40.

41.

Page 10 of 12

JinY, Li b Wang F. Beta-glucans as potential immunoadjuvants: a review
on the adjuvanticity, structure-activity relationship and receptor recogni-
tion properties. Vaccine. 2018,;36:5235-44. https://doi.org/10.1016/j.vacci
ne.2018.07.038.

Taylor PR, Brown GD, Reid DM, Willment JA. The beta-glucan receptor,
dectin-1, is predominantly expressed on the surface of cells of the mono-
cyte/ macrophage and neutrophil lineages. J Immunol. 2002;169:3876-
82. https://doi.org/10.4049/jimmunol.169.7.3876.

Ariizumi K, Shen GL, Shikano S, Xu S, Ritter R, Kumamoto T, Edelbaum D,
Morita A, Bergstresser PR, Ta-kashima A. Identification of a novel, dendritic
cell-associated molecule, dectin-1, by subtractive cDNA cloning. J Biol
Chem. 2000,275:20157-67. https://doi.org/10.1074/jbc.M909512199.
Cain JA, Newman SL, Ross GD. Role of complement receptor type three
and serum opsonins in the neutrophil response to yeast. Complement.
1987;4:75-86. https://doi.org/10.1159/000463011.

Rice PJ, Kelley JL, Kogan G, Ensley HE, Kalbfleisch JH, Browder IW, Williams
DL. Human monocyte scavenger receptors are pattern recognition
receptors for (1-3)-beta-D-glucans. J Leukoc Biol. 2002;72:140-6. https://
doi.org/10.1189/jlb.72.1.140.

Vannucci L, Krizan J, Sima P, Stakheev D, Caja F; Rajsiglova L, Horak V, Saieh M. Immu-
nostimulatory properties and antitumor activities of glucans (review). Int J Oncol.
2013:43:357-64. https//doiorg/103892/ij0.2013.1974.

Zimmerman JW, Lindermuth J, Fish PA, Palace GP, Stevenson TT, DeMong
DE. A novel carbohydrate-glycosphingolipid interaction between a beta-
(1-3)-glucan immunomodulator, PGG-glucan, and lactosylceramide of
human leukocytes. J Biol Chem. 1998;273:22014-20. https://doi.org/10.
1074/jbc.273.34.22014.

Novak M, Vetvicka V. Glucans as biological response modifiers. Endocr
Metab Immune Disord Drug Targets. 2009,9:67-75. https://doi.org/10.
2174/187153009787582423.

Smiderle FR, Ruthes AC, van Arkel J, Chanput W, lacomini M, Wichers HJ,
Van Griensven LJ. Polysaccharides from agaricus bisporus and agaricus
brasiliensis show similarities in their structures and their immunomodula-
tory effects on human monocytic THP-1 cells. BMC Complement Altern
Med. 2011;11:58. https://doi.org/10.1186/1472-6882-11-58.

Soule HD, Vazguez J, Long A, Albert S, Brennan M. A human cell line from
a pleural effusion derived from a breast carcinoma. J Natl Cancer Inst.
1973;51:1409-16. https://doi.org/10.1093/jnci/51.5.1409.
Perrot-Applanat M, Di Benedetto M. Autocrine functions of VEGF in breast
tumor cells: adhesion, survival, migration and invasion. Cell Adh Migr.
2012;6:547-53. https://doi.org/10.4161/cam.23332.

. Buteau-lozano H, Ancelin M, Lardeux B. Transcriptional regulation of

vascular endothelial growth factor by estradiol and tamoxifen in breast
cancer cells: a complex interplay between estrogen receptors a and {3.
Cancer Res. 2002;62:4977-84 PMID: 12208749.

Tavassoli FA, Noms HJ. Secretory carcinoma of the breast. Cancer (Phila).
1980;45:2404-13. https://doi.org/10.1002/1097-0142(19800501)45:9%
3c2404:aid-cncr2820450928%3e3.0.co;2-8.

Rosen PP, Cranor ML. Secretory carcinoma of the breast. Arch Pathol Lab
Med. 1991;115:141-4 PMID: 1992979.

Keydar I, Chen L, Karby S, Weiss FR, Delarea J, Radu M, Chaitcik S, Brenner
HJ. Establishment and characterization of a cell line of human breast
carcinoma origin. Eur J Cancer (1965). 1979;15(5):659-70. https://doi.org/
10.1016/0014-2964(79)90139-7.

Holliday DL, Speirs V. Choosing the right cell line for breast cancer
research. Breast Cancer Res. 2011;13:215. https://doi.org/10.1186/bcr2889.
Cellusaurus. Available online: https://www.cellosaurus.org/. Accessed 25
Nov 2023.

Hsu HY, Lin TY, Lu MK, Leng PJ, Tsao SM, Wu YC. Fucoidan induces toll-like
receptor 4- regulated reactive oxygen species and promotes endo-
plasmic reticulum stress-mediated apoptosis in lung cancer. Sci Rep.
2017;23:7. https://doi.org/10.1038/srep44990.

Cailleau R, Olivé M, Cruciger QV. Long-term human breast carcinoma
cell lines of metastatic origin: preliminary characterization. Vitro.
1978;14:911-5. https://doi.org/10.1007/BF02616120.

Synytsya A, Novak M. Structural diversity of fungal glucans. Carbohydr
Polym. 2013;92:792-809. https://doi.org/10.1016/j.carbpol.2012.09.077.
Vetvicka V, Vetvickova J. Glucan supplementation enhances the
immune response against an influenza challenge in mice. Anticancer
Res. 2015;3:22. https://doi.org/10.3978/j.issn.2305-5839.2015.01.08.


https://doi.org/10.3322/caac.21660
https://doi.org/10.7150/ijbs.21635
https://doi.org/10.7150/ijbs.21635
https://doi.org/10.2741/S544
https://doi.org/10.3389/fcell.2021.647736
https://doi.org/10.3389/fcell.2021.647736
https://doi.org/10.1016/S1470-2045(20)30580-5
https://doi.org/10.1016/S1470-2045(20)30580-5
https://doi.org/10.1126/scitranslmed.aan3464
https://doi.org/10.1016/j.clbc.2020.12.005
https://doi.org/10.1080/15287394.2020.1731035
https://doi.org/10.1155/2018/8324696
https://doi.org/10.1016/j.jfca.2015.01.019
https://doi.org/10.1002/ptr.4963
https://patents.google.com/patent/WO2011078711A1/en
https://patents.google.com/patent/WO2011078711A1/en
https://doi.org/10.1002/mnfr.201901071
https://doi.org/10.1097/MCO.0b013e32833f1afbβ
https://doi.org/10.1097/MCO.0b013e32833f1afbβ
https://doi.org/10.1016/j.carres.2016.02.008
https://doi.org/10.1016/j.carres.2016.02.008
https://doi.org/10.3390/fib8010001
https://doi.org/10.3390/fib8010001
https://doi.org/10.3389/fimmu.2020
https://doi.org/10.1093/ajcn.83.3.601
https://doi.org/10.1093/ajcn.83.3.601
https://doi.org/10.3390/ijms20153618
https://doi.org/10.3390/ijms20153618
https://doi.org/10.1080/10408398.2018.1537237
https://doi.org/10.1080/10408398.2018.1537237
https://doi.org/10.1016/j.vaccine.2018.07.038
https://doi.org/10.1016/j.vaccine.2018.07.038
https://doi.org/10.4049/jimmunol.169.7.3876
https://doi.org/10.1074/jbc.M909512199
https://doi.org/10.1159/000463011
https://doi.org/10.1189/jlb.72.1.140
https://doi.org/10.1189/jlb.72.1.140
https://doi.org/10.3892/ijo.2013.1974
https://doi.org/10.1074/jbc.273.34.22014
https://doi.org/10.1074/jbc.273.34.22014
https://doi.org/10.2174/187153009787582423
https://doi.org/10.2174/187153009787582423
https://doi.org/10.1186/1472-6882-11-58
https://doi.org/10.1093/jnci/51.5.1409
https://doi.org/10.4161/cam.23332
https://doi.org/10.1002/1097-0142(19800501)45:9%3c2404::aid-cncr2820450928%3e3.0.co;2-8
https://doi.org/10.1002/1097-0142(19800501)45:9%3c2404::aid-cncr2820450928%3e3.0.co;2-8
https://doi.org/10.1016/0014-2964(79)90139-7
https://doi.org/10.1016/0014-2964(79)90139-7
https://doi.org/10.1186/bcr2889
https://www.cellosaurus.org/
https://doi.org/10.1038/srep44990
https://doi.org/10.1007/BF02616120
https://doi.org/10.1016/j.carbpol.2012.09.077
https://doi.org/10.3978/j.issn.2305-5839.2015.01.08

Boulifa et al. BMC Cancer

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

(2024) 24:339

Eom SY, Zhang YW, Kim NS, et al. Effects of Keumsa Sangwhang (Phel-
linus linteus) mushroom extracts on the natural killer cell activity in
human. Korean J Food Sci Technol. 2006;38:717-9.

Bobovcak M, Kuniakova R, Gabriz J, Majtan J. Effect of Pleuran (8 -glu-
can from Pleurotus ostreatus) supplementation on cellular immune
response after intensive exercise in elite athletes. Appl Physiol Nutr
Metab. 2010;35:755-62. https://doi.org/10.1139/H10-070.

Elder MJ, Webster SJ, Chee R, Williams DL, Gaston JSH, Goodall JC.
{-Glucan size controls dectin-1-mediated immune responses in
human dendritic cells by regulating IL-13 production. Front Immunol.
2017;8:791. https://doi.org/10.3389/fimmu.2017.00791.

Xu 'S, Huo J, Lee K, Kurosaki T, Lam K. Phospholipase Cg2 is critical for
Dectin-1-mediated Ca2 + Flux and cytokine production in dendritic
cells. J Biol Chem. 2009;284:7038-46. https://doi.org/10.1074/jbc.
M806650200.

Dillon S, Agrawal S, Banerjee K, et al. Yeast zymosan, a stimulus for TLR2
and dectin-1, induces regulatory antigen-presenting cells and immu-
nological tolerance. J Clin Invest. 2006;116:916-28. https://doi.org/10.
1172/JC127203.

Heldt S, Prattes J, Eigl S, et al. Diagnosis of invasive aspergillosis in
hematological malignancy patients: performance of cytokines, asp
LFD, and aspergillus PCR in same day blood and bronchoalveolar
lavage samples. J Infect. 2018;77:235-41. https://doi.org/10.1016/jjinf.
2018.05.001.

Hefter M, Lother J, Wei3 E, et al. Human primary myeloid dendritic cells
interact with the opportunistic fungal pathogen aspergillus fumigatus via
the C-type lectin receptor Dectin-1. Med Mycol. 2017;55:573-8. https.//
doi.org/10.1093/mmy/myw105.

MehrajV, Ramendra R, Isnard S, et al. Circulating (1—3)-B-D-glucan is
associated with immune activation during human immunodeficiency
virus infection. Clin Infect Dis. 2020;70:232-41. https://doi.org/10.1093/
cid/ciz212.

Vetvicka V, Vetvickova J. Glucans and cancer: comparison of commercially
available B-glucans — part IV. Anticancer Res. 2018;38:1327-33. https://
doi.org/10.21873/anticanres.12355.

Vetvicka V, Vetvickova J. Anti-infectious and anti-tumor activities of
-glucans. Anticancer Res. 2020;40:3139-45. https://doi.org/10.21873/
anticanres.14295.

Steimbach L, Borgmann AV, Gomar GG, Hoffmann LV, Rutckeviski R,

de Andrade DP, Smiderle FR. Fungal beta-glucans as adjuvants for
treating cancer patients — a systematic review of clinical trials. Clin Nutr.
2021;40:3104-13. https://doi.org/10.1016/j.cInu.2020.11.029.

Dekker RFH, Barbosa-Dekker AM. Botryosphaeran. In: Oliveira J, Radh-
ouani H, Reis RL, editors. Polysaccharides of microbial origin: biomedical
applications. Cham: Springer International Publishing; 2020. p. 1-17.
Chaichian S, Moazzami B, Sadoughi F, Haddad Kashani H, Zaroudi M,
Asemi Z. Functional activities of beta-glucans in the prevention or treat-
ment of cervical cancer. J Ovarian Res. 2020;13:24. https://doi.org/10.
1186/513048-020-00626-7.

Filiz AK, Joha Z, Yulak F. Mechanism of anticancer effect of B-glucan on
SH-SY5Y cell line. Bangladesh J Pharmacol. 2021;16:122-8. https://doi.
0rg/10.3329/bjpv16i4.54872.

Sadeghi F, Peymaeei F, Falahati M, Safari E, Farahyar S, Roudbar Moham-
madi S, Roudbary M. The effect of Candida cell wall beta-glucan on
treatment-resistant LL/2 cancer cell line: in vitro evaluation. Mol Biol Rep.
2020;47:3653-61. https://doi.org/10.1007/511033-020-05459-7.

Xu H, Zou S, Xu X. The -glucan from Lentinus edodes suppresses cell
proliferation and promotes apoptosis in estrogen receptor positive breast
cancers. Oncotarget. 2017;8:86693-709. https://doi.org/10.18632/oncot
arget.21411.

Zhang X, LiT, Liu S, et al. B-glucan from Lentinus edodes inhibits breast
cancer progression via the Nur77/ HIF-1a axis. Biosci Rep. 2020;40:1-12.
https://doi.org/10.1042/BSR20201006.

Lacroix M, Leclercq G. Relevance of breast cancer cell lines as models

for breast tumours: an update. Breast Cancer Res Treat. 2004;83:249-89.
https://doi.org/10.1023/B:BREA.0000014042.54925 cc.

Vargo-Gogola T, Rosen JM. Modelling breast cancer: one size does not fit
all. Nat Rev Cancer. 2007;7:659-72. https://doi.org/10.1038/nrc2193.
Neve RM, Chin K, Fridlyand J, Yeh J, Baehner FL, FevrT, Clark L, Bayani N,
Coppe JP,Tong F, et al. A collection of breast cancer cell lines for the study

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

Page 11 of 12

of functionally distinct cancer subtypes. Cancer Cell. 2006;10:515-27.
https://doi.org/10.1016/j.ccr.2006.10.008.

Bhattacharya S, Calar K, Evans C, Petrasko M, de la Puente P. Bioengineer-
ing the oxygen-deprived tumor microenvironment within a three-
dimensional platform for studying tumor-immune interactions. Front
Bioeng Biotechnol. 2020;8:1040. https://doi.org/10.3389/fbioe.2020.
01040.

Ramos AA, Almeida T, Lima B, Rocha E. Cytotoxic activity of the seaweed
compound fucosterol alone or in combination with 5-fluorouracil

in colon cells using 2D and 3D culturing. J Toxicol Enviton Health A.
2019;82:537-49. https://doi.org/10.1080/15287394.2019.1634378.

Pinto B, Henriques AC, Silva PMA, Bousbaa H. Three-dimensional sphe-
roids as in vitro preclinical models for cancer research. Pharmaceutics.
2020;12:1186. https://doi.org/10.3390/pharmaceutics12121186.

Chan GC, Chan WK, Sze DM. The effects of B-glucan on human immune
and cancer cells. J Hematol Oncol. 2009;2:25. https://doi.org/10.1186/
1756-8722-2-25.

Willment JA, Marshall AS, Reid DM, Williams DL, Wong SY, Gordon S,
Brown GD. The human f-glucan receptor is widely expressed and func-
tionally equivalent to murine Dectin-1 on primary cells. Eur J Immunol.
2005;35:1539-47. https://doi.org/10.1002/€ji.200425725.

Del Corno M, Gessani S, Conti L. Shaping the Innate Immune response
by Dietary glucans: any role in the control of cancer? Cancers (Basel).
2020;12:155. https://doi.org/10.3390/cancers12010155.

Yoon TJ, Koppula S, Lee KH. The effects of -glucans on cancer metastasis.
Anticancer Agents Med Chem. 2013;13:699-708. https://doi.org/10.2174/
1871520611313050004.

Mantovani MS, Bellini MF, Angeli JP, Oliveira RJ, Silva AF, Ribeiro LR.
B-glucans in promoting health: prevention against mutation and cancer.
Mutat Res. 2008;658:154-61. https://doi.org/10.1016/j.mrrev.2007.07.002.
Huyan T, Li Q, Yang H, et al. Protective effect of polysaccharides on
simulated microgravity-induced functional inhibition of human NK cells.
Carbohydr Polym. 2014;101:819-27. https://doi.org/10.1016/j.carbpol.
2013.10.021.

El-Deeb NM, El-Adawi HI, EI-Wahab AEA, et al. Modulation of NKG2D,
KIR2DL and cytokine production by Pleurotus Ostreatus Glucan enhances
natural killer cell cytotoxicity toward Cancer cells. Front Cell Dev Biol.
2019;7:165. https://doi.org/10.3389/fcell.2019.00165.

Duval K, Grover H, Han LH, Mou Y, Pegoraro AF, Fredberg J, Chen Z.
Modeling physiological events in 2D vs. 3D cell culture. Physiology.
2017;32:266-77. https://doi.org/10.1152/physiol.00036.2016.
Edmondson R, Broglie JJ, Adcock AF, Yang L. Three-dimensional cell
culture systems and their applications in drug discovery and cell-based
biosensors. Assay Drug Dev Technol. 2014;12:207-18. https://doi.org/10.
1089/adt.2014.573.

Ellem SJ, De-Juan-Pardo EM, Risbridger GP. In vitro modeling of the pros-
tate cancer microenvironment. Adv Drug Deliv Rev. 2014;79-80:214-21.
https://doi.org/10.1016/j.addr.2014.04.008.

Luca AC, Mersch S, Deenen R, Schmidt S, Messner |, et al. Impact of the
3D microenvironment on phenotype, gene expression, and EGFR inhibi-
tion of colorectal cancer cell lines. PLoS One. 2013;8:€59689. https://doi.
org/10.1371/journal.pone.0059689.

Asghar W, El Assal R, Shafiee H, Pitteri S, Paulmurugan R, Demirci U. Engi-
neering cancer microenvironments for in vitro 3-D tumor models. Mater
Today. 2015;18:539-53. https://doi.org/10.1016/j.mattod.2015.05.002.
Carvalho MR, Lima D, Reis RL, Correlo VM, Oliveira JM. Evaluating bio-
material- and microfluidic-based 3D tumor models. Trends Biotechnol.
2015;33:667-78. https://doi.org/10.1016/j.tibtech.2015.09.009.

Imamura Y, Mukohara T, Shimono Y, Funakoshi'Y, Chayahara Y, Toyoda

N, et al. Comparison of 2D- and 3D-culture models as drug-testing
platforms in breast cancer. Oncol Rep. 2015;33:1837-43. https://doi.org/
10.3892/0r.2015.3767.

Breslin S, O'Driscoll L. The relevance of using 3D cell cultures, in addition
to 2D monolayer cultures, when evaluating breast cancer drug sensitivity
and resistance. Oncotarget. 2016;7:45745-56. https://doi.org/10.18632/
oncotarget.9935.

Ma X, Liu J, Zhu W, Tang M, Lawrence N, Yu C, Gou M, Chen S. 3D bioprint-
ing of functional tissue models for personalized drug screening and

in vitro disease modeling. Adv Drug Deliv Rev. 2018;132:235-51. https://
doi.org/10.1016/j.addr.2018.06.011.


https://doi.org/10.1139/H10-070
https://doi.org/10.3389/fimmu.2017.00791
https://doi.org/10.1074/jbc.M806650200
https://doi.org/10.1074/jbc.M806650200
https://doi.org/10.1172/JCI27203
https://doi.org/10.1172/JCI27203
https://doi.org/10.1016/j.jinf.2018.05.001
https://doi.org/10.1016/j.jinf.2018.05.001
https://doi.org/10.1093/mmy/myw105
https://doi.org/10.1093/mmy/myw105
https://doi.org/10.1093/cid/ciz212
https://doi.org/10.1093/cid/ciz212
https://doi.org/10.21873/anticanres.12355
https://doi.org/10.21873/anticanres.12355
https://doi.org/10.21873/anticanres.14295
https://doi.org/10.21873/anticanres.14295
https://doi.org/10.1016/j.clnu.2020.11.029
https://doi.org/10.1186/s13048-020-00626-7
https://doi.org/10.1186/s13048-020-00626-7
https://doi.org/10.3329/bjp.v16i4.54872
https://doi.org/10.3329/bjp.v16i4.54872
https://doi.org/10.1007/s11033-020-05459-7
https://doi.org/10.18632/oncotarget.21411
https://doi.org/10.18632/oncotarget.21411
https://doi.org/10.1042/BSR20201006
https://doi.org/10.1023/B:BREA.0000014042.54925.cc
https://doi.org/10.1038/nrc2193
https://doi.org/10.1016/j.ccr.2006.10.008
https://doi.org/10.3389/fbioe.2020.01040
https://doi.org/10.3389/fbioe.2020.01040
https://doi.org/10.1080/15287394.2019.1634378
https://doi.org/10.3390/pharmaceutics12121186
https://doi.org/10.1186/1756-8722-2-25
https://doi.org/10.1186/1756-8722-2-25
https://doi.org/10.1002/eji.200425725
https://doi.org/10.3390/cancers12010155
https://doi.org/10.2174/1871520611313050004
https://doi.org/10.2174/1871520611313050004
https://doi.org/10.1016/j.mrrev.2007.07.002
https://doi.org/10.1016/j.carbpol.2013.10.021
https://doi.org/10.1016/j.carbpol.2013.10.021
https://doi.org/10.3389/fcell.2019.00165
https://doi.org/10.1152/physiol.00036.2016
https://doi.org/10.1089/adt.2014.573
https://doi.org/10.1089/adt.2014.573
https://doi.org/10.1016/j.addr.2014.04.008
https://doi.org/10.1371/journal.pone.0059689
https://doi.org/10.1371/journal.pone.0059689
https://doi.org/10.1016/j.mattod.2015.05.002
https://doi.org/10.1016/j.tibtech.2015.09.009
https://doi.org/10.3892/or.2015.3767
https://doi.org/10.3892/or.2015.3767
https://doi.org/10.18632/oncotarget.9935
https://doi.org/10.18632/oncotarget.9935
https://doi.org/10.1016/j.addr.2018.06.011
https://doi.org/10.1016/j.addr.2018.06.011

Boulifa et al. BMC Cancer (2024) 24:339

81. Lovitt CJ, Shelper TB, Avery VM. Evaluation of chemotherapeutics in
a three-dimensional breast cancer model. J Cancer Res Clin Oncol.
2015;141:951-9. https://doi.org/10.1007/500432-015-1950-1.

82. Falkenberg N, Hofig I, Rosemann M, Szumielewski J, Richter S, Schorpp K,
Hadian K, Aubele M, Atkinson MJ, Anastasov N. Three-dimensional micro-
tissues essentially contribute to preclinical validations of therapeutic
targets in breast cancer. Cancer Med. 2016;5:703-10. https://doi.org/10.
1002/cam4.630.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12


https://doi.org/10.1007/s00432-015-1950-1
https://doi.org/10.1002/cam4.630
https://doi.org/10.1002/cam4.630

	Role of beta-(1→3)(1→6)-D-glucan derived from yeast on natural killer (NK) cells and breast cancer cell lines in 2D and 3D cultures
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Cell lines and cell culture
	Reagents
	NK cell isolation
	Preparation of 3D-cell culture (multicellular tumor spheroids)
	2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2 H-Tetrazolium-5-Carboxanilide (XTT) cell proliferation assay
	Cytotoxicity assays
	Statistical analysis

	Results
	Discussion
	Conclusions
	References


