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Abstract: A dry sample of Nostoc commune from an organic farm in Pingtung city
(Taiwan) was used to prepare polysaccharide-rich (NCPS) extract. The conditioned
medium (CM) from NCPS-treated human peripheral blood (PB)-mononuclear cells (MNC)
effectively inhibited the growth of human leukemic U937 cells and triggered
differentiation of U937 monoblast cells into monocytic/macrophagic lines. Cytokine levels
in MNC-CMs showed upregulation of granulocyte/macrophage-colony stimulatory factor
and IL-1B and downregulation of IL-6 and IL-17 upon treatment with NCPS. Moreover,
murine macrophage RAW264.7 cells treated with NCPS exhibited the stimulatory effects
of nitric oxide and superoxide secretion, indicating that NCPS might activate the immunity
of macrophages. Collectively, the present study demonstrates that NCPS from N. commune
could be potentially used for macrophage activation and consequently inhibited the
leukemic cell growth and induced monocytic/macrophagic differentiation.
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1. Introduction

Cyanobacterium Nostoc commune is a conspicuous component of microbial populations in
terrestrial environments, especially those associated with nutrient-poor soils and limestones [1-3]. The
geographical distribution of N. commune ranges from polar to tropical regions. Its biomes cover
deserts, semi-deserts, dry grasslands, and rock surfaces [4—7]. This microbe can survive long periods
of frost and drought as inactive crusts, but the gelatinous colony rapidly swells and reactivates
respiration and photosynthesis when water becomes available [8,9]. As a primary pioneer organism
that can retain water, build up organic material, and assimilate atmospheric nitrogen, N. commune
facilitates the colonization of other species in extreme habitats and stimulates their growth by
improving water, nutrient, and organic matter supply to the ecosystem [3,4,10].

Nostoc species have been used as a food delicacy or ingredient of Chinese medicine since the
Eastern Jin Dynasty (317420 AD), as recorded in Compendium of Materia Medica [11]. The known
edible Nostoc spp. include N. commune var flagelliforme, N. parmelioides (edule), N. ellipsosporum,
N. verrucosum, and N. pruniforme [12]. Unfortunately, the growth of some species on sports turf and
buildings is undesirable [13], and contributes to production of unpleasant odors in drinking water [14].
However, some phenolic extracts from Nostoc species are known as human pathogen inhibitors [15],
and may be valuable medicinally.

Few studies have revealed that N. commune contains cryptophycin, a compound with inhibition
potential of cancer cell growth [16], antiviral agents [17,18], anti-infective metabolites [19], and an
extracellular diterpenoid with antibacterial activity [20]. A cholesterol-lowering effect of N. commune
was also reported in rats fed with a high cholesterol diet and this effect has been attributed to its high
fiber content [21,22]. Due to the pharmacological and nutraceutical value of N. commune, this microbe
has received increasing attention, and the market demand has grown drastically during the last decade.
Nevertheless, research works on the biological activities of polysaccharide-rich extract from this
microbe are still limited, especially investigations on immunomodulatory potential of NCPS. In the
present study, effects of the polysaccharide-rich extract on inducing the differentiation of U937
monoblast cells into monocytes/macrophages, activation of superoxide and nitric oxide production,
and phagocytosis of yeast by murine macrophage RAW264.7 cells were investigated.

2. Materials and Methods
2.1. Materials, Chemicals, and Cell Lines

Dry sample of N. commune was obtained in March 2012 from an organic farm in Laubei Village,
Neipu Township (22°63" N and 120°60" E; Pingtung City, Taiwan). Unless indicated otherwise, all
other chemicals and solvents were of analytical grade and purchased from Wako Pure Chemicals
Industries, Ltd. (Osaka, Japan), Sigma-Aldrich Fine Chemicals (St. Louis, MO, USA), and Merck
(Darmstadt, Germany).

Human monoblastoid leukemia U937 cells (ATCC® CRL1593.2™) were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium (Gibco, Grand Island, NY, USA) supplemented with 10%
heat-inactivated fetal bovine serum (FBS; Hyclone Laboratories, Inc., South Logan, UT, USA) and
maintained in a state of exponential growth for assaying the effect of polysaccharide-rich extract from
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N. commune (NCPS) on cell viability and differentiation. Dulbecco’s Modified Eagle Medium
(DMEM) containing 10% heat-sterilized FBS was used to cultivate murine macrophage RAW264.7
cells (ATCC® TIB-71T™),

2.2. Preparation of Polysaccharide-Rich Extract

Rehydrated sample of N. commune was thoroughly washed in tap water and rinsed once with
distilled water. The washed samples were then dried for overnight in an oven at 50 °C and pulverized
to a fine powder using a Starlite blender (Model SL-999). To prepare NCPS, the pulverized powder
(20 g) was suspended in 600 mL of distilled water at room temperature for overnight. After that, the
crude extract was recovered by centrifugation at 12,000x g for 10 min and concentrated to
approximately 300 mL by a rotary evaporator. Ethanol (~99%) was subsequently added to the crude
extract at a ratio of 7 to 3. The resultant precipitate (~1.7 g) was collected by centrifugation and
washed twice sequentially with ethanol and acetone. After being fully dissolved in distilled water, the
suspension was filtered, lyophilized and stored at 4 °C until used.

To test the sensitivity of NCPS towards heat and proteinase K treatment, the lyophilized sample
(1 g) was re-suspended in 10 mL of phosphate buffer saline (PBS). Portions (each 5 mL) of the
suspension were individually subjected to heat treatment at 95 °C for 3 h [23], and proteinase K
(50 pg/mL, Sigma-Aldrich, Inc., Saint Louis, MI, USA) treatment at 37 °C for 2 h. Following
proteinase K treatment, the enzyme was inactivated by the addition of phenylmethylsulfonyl fluoride.

2.3. Cell Viability Assay

Peripheral blood samples were acquired from untreated healthy donors (20-30 years old) with the
approval of Institutional Review Board and the legal requirements of informed consent. Mononuclear
cells (MNCs) from human blood were separated by centrifugation on a Ficoll-Hypaque solution with a
density of 1.077 g/mL (Pharmacia Fine Chemicals, Pistakaway, NJ, USA). The harvested MNCs at a
concentration of 2 x 10° cells/mL were cultivated in an RPMI 1640 medium containing 10%
heat-inactivated FBS and 0.5-100 mg/mL of NCPS at 37 °C in a humidified 5% CO:2 incubator for
24 h. The cell-free supernatants were then collected as the conditioned medium MNC-CM, and stored
at —70 °C until used. During the experiments, phytohemagglutinin (PHA; Difco, MI, USA) was used
as the positive control. To rule out the possible contamination of endotoxin, the NCPS-stimulated cells
were prepared in the presence of 50 pg/mL polymyxin B (Sigma-Aldrich) in cell viability and
differentiation experiments.

For cell viability assay, RAW264.7 cells at an initial concentration of 1 x 10° cells/mL were
individually incubated in 35 mm Petri-dishes in the presence of various concentrations of NCPS for
two days, while the same concentration of U937 cells was co-incubated with 30% (v/v) MNC-CM for
three days. The number of viable cells in a cell suspension was counted using the trypan blue dye
exclusion test [24].
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2.4. Superoxide Production Assay

The generation of cytoplasmic superoxide by differentiated myeloid cells was monitored with
the nitroblue tetrazolium (NBT) reduction assay [25]. Firstly, the NCPS-treated RAW264.7 and
NCPS-MNC-CM-co-cultivated U937 cells were collected, suspended in the respective medium at a
final concentration of 1 x 10° cells/mL, and incubated with an equal volume of NBT test stock solution
containing 2 mg NBT and 1 uM phorbol myristate acetate per mL of DMSO at 37 °C for 30 min.

2.5. Assay for Nitric Oxide (NO) Production

RAW264.7 macrophage cells were treated with NCPS as described above and the concentration of
NO released from the cells was determined by Greiss reagent (Sigma-Aldrich) using the standard
curve of NO2". The assay mixtures contained 100 pL of culture supernatant and an equal volume of
Greiss reagent, and the thoroughly mixed samples were left at ambient temperature for 10 min before
the absorbance measurement at a wavelength of 540 nm. To eliminate the interaction between sample
and Greiss reagent, NO concentration of the culture medium without cells was simultaneously
measured to calibrate that obtained with the cells.

2.6. Cytokine Profiles

The cytokine levels expressed in MNC-CM were carried out according to procedures recommended
in the Proteome Profiler™ Array manual (R&D systems, Inc., Minneapolis, MN, USA). The
expression profile of 36 different cytokines in MNC-CMs was exposed using enhanced
chemiluminescence (ECL) (Amersham Pharmacia 211 Biotech, Aylesbury, UK) assay. Relative
expression levels were determined by densitometry using Image] software (Version 1.36b, NIH,
Bethesda, MD, USA).

2.7. Assay for Phagocytosis

The phagocytic activity was determined as described previously [26]. Briefly, the yeast stock
suspension at a concentration of 1 x 108 cells/mL was made by mixing Saccharomyces cerevisiae cells
with PBS. The cells were collected, washed, re-suspended in FBS-containing RPMI1640 medium, and
incubated in the yeast suspension (adjust to approximately 4 x 10° cells/mL) with NCPS-treated
RAW264.7 cells at 37 °C for 2 h. Thereafter, the yeast cells were placed on a glass slide and observed
under an inverted microscope. The percentage of yeast cells with a nucleus was calculated from 200
independent cells.

2.8. Statistical Analysis

The experimental results were expressed as the mean =+ standard deviation (SD) of three
independent trials. Statistical comparisons were carried out on the basis of two-tailed Student’s #-test or
analysis of variance. A value of p < 0.05 is used to mark the statistically significant difference. All
statistical analyses were performed using SigmaStat software (Jandel Scientific, San Jose, CA, USA).
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3. Results and Discussion
3.1. Effects of MNC-CMs on Leukemia U937 Cells

Earlier, an experimental model of anti-leukemic immunity had been developed to assess the
immunomudulatory activity of natural polysaccharides in which the polysaccharide-stimulated MNCs
produce many different types of cytokines to inhibit the growth and differentiation of human leukemia
U937 cells [26,27]. In this study, the CM collected from NCPS-treated MNCs showed a significant
inhibitory effect on the viability of human leukemia U937 cells (Figure 1A). As a positive control,
PHA-treated MNC-CM had similar inhibitory activity at the respective concentrations. Both heat
and proteinase K treatments did not abolish the inhibitory effect (Figure 1A), suggesting that the
protein portion is not a key component to the biological activity of the polysaccharide-rich extract.
Structural characterization of the released heteroglycans from N. commune and other Nostoc spp. has
shown that they are consisting of a similar 1-4-linked xylogalactoglucan backbone with D-ribofuranose
and 3-O-[(R)-1-carboxyethyl]-D-glucuronic acid (nosturonic acid) pendant groups [1,23]. Desiccated crusts
of N. commune are brittle and friable but have the consistency of cartilage when rehydrated. The
massive and rapid swelling of desiccated colonies following rainfall is sufficiently striking that it was
even the subject of medieval folklore [28]. These rheological properties of the extracellular
heteroglycan, as well as its resistance to degradation in situ, its ability to prevent membrane fusion upon
removal of water, and its significant contribution to the dry weight of colonies emphasize the pivotal
role for this biopolymer in the biology of N. commune, especially the capacity for desiccation
tolerance. Beyond its physiological role, this type of biopolymer may be responsible for the
immunomudulatory activity of NCPS.
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Figure 1. Cell viability (A) and superoxide production (B) of U937 cells upon treatment
with MNC-CMs for three days. PHA was used as the positive control. * indicates that there
is a statistically significant difference between control and treatment groups (p < 0.05).

Production of cytoplasmic superoxide, which can be monitored by the ability to reduce NBT,
is a typical characteristic of mature monocytes/macrophages [29]. Treatment of U937 cells with
NCPS-MNC-CM, heat-treated NCPS-MNC-CM, and proteinase K-treated NCPS-MNC-CM resulted
in a marked increase in the percentage (up to 50.1% = 5.2%) of superoxide-producing cells
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(Figure 1B). Superoxide production by the treated cells occurred in a dose-independent manner.
However, neither NCPS alone nor normal MNC-CM displayed this effect.

As shown in Figure 2A, the prepared MNC-CMs significantly triggered differentiation of
U937 cells into mature monocytes. The morphology of monocytes includes the increase of
cytosol/nuclear ratio, expression of vacuoles in cytosol and formation of pseudopods in cell membrane.
The percentage of mature monocytes was significantly increased from 6.54% + 0.91% (untreated
control) to 10.03% =+ 0.44%, 11.68% = 0.99% and 10.47% =+ 0.96% by MNC-CM prepared with
NCPS, heat-treated NCPS and proteinase K-treated NCPS, respectively (Figure 2B). The experimental
results clearly indicate that NCPS-MNC-CM can stimulate U937 cells toward monocytic
differentiation. Moreover, the stimulation seemed to be a dose-independent event due to there being no
significant difference in the percentage of mature monocytes between concentrations 10 and
100 pg/mL.
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Figure 2. Cell morphology (A) and monocytic/macrophagic differentiation (B) of U937
cells upon treatment with MNC-CMs for three days. PHA was used as the positive control.
* indicates that there is a statistically significant difference between control and treatment
groups (p < 0.05).

There are two possible routes for a natural compound to act on leukemic cells, either by the direct
inhibition of tumor cell growth or by the physiologic stimulation of immunocompetent cells to secrete
differentiation-inducing factors and cytokines [30]. In this study, NCPS did not have significant
inhibition on leukemic U937 cells (data not shown), but treatment of U937 cells with NCPS-MNC-CM
resulted in marked effects, including inhibition of cell growth and stimulation of
monocytic differentiation.
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It is noteworthy that we extracted the water-soluble fraction and then collected the
polysaccharide-rich portion (NCPS) by ethanol precipitation [31]. The parallel bioactivity assay of
NCPS by heat treatment and proteinase K proteo-hydrolysis demonstrated that the character of NCPS
is heat-stable and the major active component is likely to be polysaccharide. To gain more insight into
the immunomodulatory activity of NCPS, our ongoing work will focus on the structural characterization
of complex heteroglycans from N. commune by gel filtration, FPLC, GC-MS, and NMR.

3.2. Cytokine Levels of Various MNC-CMs

MNC contains several types of immune cells, such as monocytes, macrophages, lymphocytes, and
natural killer cells [32]. Among the immune cells, various cytokines could be secreted to regulate
downstream immune responses and form an immunocompetent network [33]. As shown in Figure S1,
the expression profile of 36 different cytokines in MNC-CMs was assayed by a cytokine array kit
(Proteome Profiler™ Array, R&D systems). NCPS treatment changed certain cytokine levels in
MNC-CMs, including the upregulation of granulocyte/macrophage-colony stimulatory factor (GM-CSF)
and interleukin (IL)-1B and downregulation of IL-6 and IL-17 (Figure 3).
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Figure 3. Levels of GM-CSF (A), IL-1B (B), IL-6 (C), and IL-17 (D) in MNC-CMs that
were produced from MNC with the treatment of PHA, NCPS, heat-treated NCPS, and
proteinase K-treated NCPS. Star indicates that there is a statistically significant difference
between control and treatment groups (p < 0.05).

GM-CSF is produced from monocytes, macrophages and T lymphocytes and stimulates the
survival, proliferation, differentiation, and functional activation of monocytes, granulocytes, and
hematopoietic stem cells [34]. The present study showed that NCPS and heat-treated NCPS
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significantly stimulated MNC to produce GM-CSF more than two-fold. However, proteinase K-treated
NCPS only increased GM-CSF production by 25%—-50%. These observations suggest that proteins
contained in NCPS may have a stimulatory effect on GM-CSF secretion.

IL-1B is produced from activated macrophages and regulates inflammation, apoptosis,
differentiation and proliferation of several immune cells [35]. It had been reported that IL-1p inhibits
cell growth and induces differentiation in leukemic cells [36]. In this study, NCPS and heat-treated
NCPS significantly stimulated MNC to produce IL-1p by more than 1.7-fold. Proteinase K-treated
NCPS also exhibited a 40% to 98% enhancement in IL-1p production. These results further indicate
that the protein portion of NCPS has a significantly stimulatory effect on IL-1f secretion.

IL-6 and IL-17 are two important cytokines that induce inflammatory response [37]. This study
demonstrated that NCPS decreased IL-6 and IL-17 levels to about 75% and 50% at the concentration
of 50 pg/mL, suggesting that NCPS might reduce the inflammatory effect. IL-6 has been reported to be
overexpressed in several inflammatory diseases, for example: rheumatoid arthritis, osteoporosis,
psoriasis, and cancers [38]. Like IL-6, IL-17 also has high correlation with inflammatory and
autoimmune diseases [39]. Elimination of IL-6 and IL-17 levels has therefore become a strategy for
inflammatory disease treatment [40,41].

Overall, the results indicated that NCPS may not induce inflammatory response, but effective
for stimulating MNC to secrete cytokines, such as GM-CSF and IL-1B. Cytokines contained in
NCPS-MNC-CM also have potential to inhibit cell growth and induce monocytic differentiation of
leukemic U937 cells.

3.3. Stimulatory Effect of NCPS on Macrophage RAW264.7 Cells

For further investigation of NCPS on macrophage activation, murine RAW264.7 cells were used.
Figure 4A shows that NCPS at low concentration (10 pg/mL) did not change cell viability.
High concentration of NCPS (100 pg/mL) decreased cell viability by about 30%. Upon immune
response initiation, NO and superoxide produced by the activated macrophages can kill the pathogens
and the recognition of infection leads to induction of adaptive immunity through activation of
antigen-presenting cells [42]. The present study demonstrated that NCPS effectively stimulated the
production of superoxide and NO in RAW264.7 cells (Figure 4B,C). The NCPS-treated RAW264.7
cells increased the effect of phagocytosis of yeast (Figures 4D and S2), indicating that NCPS has the
ability to activate macrophages.

To rule out possible endotoxin contamination, 50 pug/mL polymyxin B was added in the
experiments of NO production assay (Figure S3). The results showed that LPS was blocked by
polymyxin B, while NCPS did not change the effect, suggesting non-existent or insignificant endotoxin
contamination in NCPS.

4. Conclusions and Future Perspectives

In summary, we demonstrated that the polysaccharide-rich fraction (NCPS)-treated MNC-CM
effectively inhibited the growth of human leukemic U937 cells and triggered the differentiation of
U937 monoblast cells into monocytic/macrophagic lines. Cytokine levels in NCPS-MNC-CM showed
the upregulation of GM-CSF and IL-1p and downregulation of IL-6 and IL-17. Moreover, NCPS may
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activate the immunity of macrophage RAW?264.7 cells. Therefore, NCPS from this cyanobacterium
has potential for macrophage activation and consequently anti-leukemic effects. N. commune is a
prominent species of microbial populations worldwide, distributed from the tropics to the polar regions
of the earth. Traditionally, some species of Nostoc, including N. commune, have been used as a food
source or as medicine to treat illness. The present results showed that the ethanolic extract from the
edible cyanobacterium had potent immunomodulatory activity. Thus, the natural compounds derived
from the extract might be useful to improve human health. Further investigations on the development
of N. commune for functional food supplements would benefit from its immunomodulatory activity.
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Figure 4. Cell viability (A), superoxide production (B), nitric oxide synthesis (C), and
phagocytosis (D) of RAW264.7 cells upon treatment with NCPS for two days. * indicates that
there is a statistically significant difference between control and treatment groups (p < 0.05).
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