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Abstract

Cyanobacteria and algae serving as promising food supplements have recently garnered

attention for their emerging potential in anti-cancer activity. Cholangiocarcinoma (CCA) or

bile duct cancer is one of the top-leading cancers affecting people, particularly in Asian con-

tinent. With patients exhibiting no or minimal symptoms in the early stages, advanced CCA

is often diagnosed, and primary treatments such as surgery may not be suitable. Discovery

of natural bioactive compounds for cancer treatments have, thus, attracted attention as one

of the effective means to combat CCA or to supplement primary treatments. In this work,

ethanolic and polysaccharide extracts of cyanobacteria and algae were tested for their cyto-

toxicity against 2 CCA cell lines (KKU055 and KKU213A). The ethanolic extracts from Lep-

tolyngbya sp. and Chlorella sp. demonstrated growth inhibition of both CCA cell lines, with

IC50 values of 0.658 mg/mL and 0.687 mg/mL for KKU055, and 0.656 mg/mL and 0.450

mg/mL for KKU213A. In contrast, only the polysaccharide extracts from Sargassum spp.

exhibited a remarkable cytotoxic effect, while the polysaccharide extract from Spirulina sp.

showed slight effect only at a higher concentration (2 mg/mL). All tested extracts were fur-

ther investigated for improving immune cell killing ability and showed that Spirulina sp. poly-

saccharide extract was able to improve the immune cell killing ability. This extract was then

investigated for its effects on the immune cell population, which demonstrated to have posi-

tive impact on NK cell population. To further explore the potential use, synergistic effect of

Spirulina sp. polysaccharide extract with an already-in-use chemotherapeutic drug, gemci-

tabine, on immune cell cytotoxicity was investigated. The results showed that the immune

cell cytotoxicity was enhanced in the co-treatment compared to the use of each treatment

separately. The most apparent difference was observed in KKU055 cells where % living

cells were reduced from 78.96% (immune cell alone) to 20.93% when the combined gemci-

tabine and Spirulina sp. extracts were used.
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Introduction

Nature offers unlimited resources of bioactive compounds that benefit us biotechnologically

and medicinally and as cancer remains a longstanding global challenge, the reported bioactive

activities of cyanobacterial and algal extracts, including their anti-cancer properties, have

drawn attention. Mostly, the bioactive compounds from cyanobacteria and algae are polysac-

charides, peptides, lipids and pigments [1, 2]. Owing to its commercial availability as a food

supplement, Spirulina is a well-investigated cyanobacterium for its bioactive compounds

including for anti-cancer activity. Having proved its function as an adjunct to chemotherapy

to improve immune function and reduce myelosuppression in patients with malignant tumors

[3], questions remain whether dietary Spirulina has roles in cancer treatments or not. Cholan-

giocarcinoma (CCA) or bile duct cancer, in particular, has been one of the major cancers that

affects people, especially in Asia [4]. Patients typically discover the advancement of early-stage

CCA when the cancer has already progressed, as it often manifests without noticeable symp-

toms initially. To this end, means of cancer treatments, apart from surgery, have been devel-

oped to treat CCA including chemotherapy [5].

Looking deep in detail, extracts derived from cyanobacteria and algae could play a major

role in anti-cancer activity with their high biodiversity and abundance guaranteeing continuous

sources when key bioactive compounds are to be commercialized. Firstly, focusing on common

dietary supplements derived from cyanobacteria and algae, such as Spirulina and Chlorella,

ethanolic extracts of Spirulina platensis were investigated and shown to inhibit the growth of

acute leukemia Kasumi-1 cell lines [6]. Water extracts of Spirulina platensis have also shown to

inhibit a human lung cancer cell line [7]. Recently, our group has also demonstrated that an

ethanolic extract of Chlorella sp. promoted cancer cell death, including cholangiocarcinoma

cells via inhibition of AKT/mTOR pathway [8]. Though Sargassum may not be as well-known

as a food supplement compared to the aforementioned Spirulina and Chlorella, products are

commercialized with a recent work reporting cytotoxicity of Sargassum oligocystom hydroalco-

holic extract on colorectal cancer (CRC) cells [9]. Similarly, Leptolyngbya is a cyanobacterium

that has only recently drawn attention as a food source with extracts proven to contain anti-pro-

liferative agents against ovarian SK-OV-3 and colon DLD-1 cancer cell lines [10].

Moreover, immunomodulation, aimed at enhancing the ability of immune cells to kill can-

cers, is a novel strategy that could advance the means of cancer treatment [11]. Adding to this,

natural extracts not only exhibit direct anti-cancer activity but have also been shown to

enhance immune cell killing activities, leading to improved biological effects in eliminating

cancer cells. Evidence supporting the combined use of natural extracts and standard chemo-

therapeutic drugs has been presented up to the clinical trial level, where natural extracts further

enhanced efficiency and reduced side effects when used in combination with chemotherapeu-

tic drugs [12, 13]. To underscore this point even further, it is important to highlight that the

combination approach of extracts from cyanobacteria (Spirulina sp. and Leptolyngbya sp.) and

algae (Chlorella sp. and Sargassum spp.) with standard chemotherapy treatment on modulat-

ing immune cell function has not yet been reported.

In this work, we evaluated ethanolic and polysaccharide extracts from cyanobacteria (Spiru-
lina sp. and Leptolyngbya sp.) and algae (Chlorella sp. and Sargassum sp.) for their potential

anti-cancer activity against CCA cells. Subsequently, the Spirulina sp. polysaccharide extract as

a potential candidate with the ability to enhance immune cell killing and population was sub-

jected to investigate synergetic effects on immune cell cytotoxicity when combined with gemci-

tabine. Altogether, it can be concluded that the polysaccharide extract of Spirulina sp. increased

effector immune cell killing activities against cholangiocarcinoma and the effects were further

enhanced when co-treated with a commonly used chemotherapeutic drug, gemcitabine.
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Materials and methods

Cyanobacteria and algae

Leptolyngbya sp. AARL KC45 (hereafter Leptolyngbya sp.), Chlorella sp. AARL G049 (hereafter

Chlorella sp.) and Sargassum spp. were received from the Algal and Cyanobacterial Research

Laboratory, Chiang Mai University, Thailand. The fresh cyanobacterium and algae were dried

in an oven and grounded prior to the extraction. Spirulina (Arthrospira) sp. (hereafter Spiru-
lina sp.) was purchased as a dried powder from Boonsom farm (Mae Wang, Chiang Mai,

Thailand).

Ethanolic and polysaccharide extractions of cyanobacteria and algae

Ethanolic extraction of dried Leptolyngbya sp. and Chlorella sp. was performed using macera-

tion by which 10 g of dried samples were soaked in 95% (v/v) ethanol and left at room temper-

ature for 24 h. This process was repeated for three times. The solution was then filtered and

evaporated. Polysaccharide extraction was performed using hot water extraction (HWE). All

dried samples (10 g) were soaked in distilled water at a ratio of 1:25 (w/v) and incubated at

95˚C for an hour each, with the process repeated three times. Then, the solution was filtered

and evaporated. Ethanol (95% (v/v)) at a ratio of 1:2 (v/v) was added to the crude polysaccha-

ride extracts to precipitate before centrifugation at 6,000 rpm for 5 min. All extracts were kept

at -20˚C until used. The percent yield was calculated according to the following equation:

Percentage of yield ¼
The weight of the extract ðgÞ
The weight of raw material ðgÞ

� 100

Polysaccharide extract characterization

To characterize the polysaccharide extract from Spirulina sp., the extract was hydrolyzed using

1 N HCl and subjected to High Performance Liquid Chromatography (HPLC) analysis via a

service provided by the Sugars and Derivatives Analysis Laboratory, Kasetsart University,

Thailand. An HPLC equipped with Agilent Hi-Plex Ca was used to detect glucose, galactose,

rhamnose, arabinose, xylose and mannose and quantify in comparison with sugar standards.

Cell culture

The mCherry (red fluorescent protein) stably expressed CCA cell lines used in this study,

including mCherryKKU055 and mCherryKKU213A, were cultured in completed Dulbecco’s

Modified Eagle Medium (DMEM)/F-12 Medium (Gibco; Thermo Fisher Scientific, Waltham,

MA, USA) (10% fetal bovine serum (FBS) (Gibco; Thermo Fisher Scientific), 1% L-glutamine

(Gibco; Thermo Fisher Scientific)) at 37˚C in a humidified 5% CO2 condition.

Lymphocytes used in this study were obtained from isolated peripheral blood mononuclear

cells (PBMCs) of healthy donors. The isolation was performed via gradient density centrifuga-

tion using LymphoprepTM Density Gradient Medium (Gibco; Thermo Fisher Scientific)

according to the guidelines of both the Declaration of Helsinki and the University of Phayao

Human Ethic Committee, University of Phayao, Phayao, Thailand (approval no. UP-HEC 1.2/

010/66). After letting the monocytes adhere to the bottom of culture flask for 4 h, the suspen-

sion cells were isolated as lymphocytes and were cultured in AIM-V Medium (Gibco; Thermo

Fisher Scientific) at 37˚C in a humidified 5% CO2 condition overnight prior to the killing

assay. All experiments were performed in accordance with relevant guidelines, the Declaration

of Helsinki and the University of Phayao Human Ethic Committee, University of Phayao,

Phayao, Thailand (approval no. UP-HEC 1.2/010/66).
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Cytotoxicity assay

The cyanobacteria and algae extracts used in this study were the ethanolic extract of Leptolyng-
bya sp., Chlorella sp. and Cordyceps militaris, and the polysaccharide extract of Leptolyngbya
sp., Spirulina sp., Chlorella sp. and Sargassum spp. The stocks were prepared at concentrations

of 250 mg/mL for ethanolic extracts (dissolved in DMSO) and 50 mg/mL for polysaccharide

extracts (dissolved in DI water), which were then diluted in culture media prior to treating the

cell cultures at the desired range of concentrations. The cytotoxicity of these extracts against

mCherryKKU055 and mCherryKKU213A cells were determined by the crystal violet assay in

order to stain the remaining attached cells. Briefly, the mCherry KKU cell lines, were plated

104 cells/well in 96-wells plates and incubated for 24 h before the experiment. Four-fold dilu-

tion of all extracts ranging from 2,000 μg/mL to 7.81 μg/mL were used in treatment of each

CCA cell line for 24 h and 48 h. After 24 h and 48 h of treatment, the treating supernatant was

removed, and the attached cells were stained with crystal violet reagent. After washing and

drying, the crystal violet in the attached cells was dissolved in 50% ethanol. The absorbance

was read at 595 nm using a microplate reader. The percentages of viable cells calculated from

the absorbance value were used in IC50 calculation. The IC50 values were then analyzed in

GraphPad Prism 9 software (GraphPad Software, Inc., San Diego, CA, USA).

Killing assay

A killing assay was performed to screen the extracts that have the potential in increasing the

killing activity of lymphocytes. According to cytotoxicity assay result, the concentration of the

extracts for killing assay was chosen from the sub-lethal dose (31.25 μg/mL for the ethanolic

extracts, 1,000 μg/mL for all polysaccharide extracts, and 7.81 μg/mL for Cordyceps militaris).
The engineered mCherry expressing KKU055 or KKU213A were plated into 96-well plates

(1 × 104 cells/well) 24 h before the experiment. The culture medium was replaced with 50 μL

of the 2x of selected concentration of each extract in completed DMEM/F-12. An equal volume

of AIM-V media containing lymphocytes was added at effector-to-target (E:T) ratios of 0:1,

10:1 and 20:1. After 48 h of co-culture, the red fluorescent picture from each condition was

taken using fluorescence microscope (Eclipse Ts2R-FL, Nikon, Tokyo, Japan), then the

remaining attached cells were stained by crystal violet assay. The 595nm-absorbance value was

used to calculate cell death percentage.

Lymphocytes profiling

In order to study the effect on lymphocyte population in co-culture condition, the polysaccha-

ride extract of Spirulina sp. and Chlorella sp. AARL G049 that demonstrate high killing result

were selected for this experiment. The co-culture was performed at E:T ratio 20:1 with 1,000

and 500 μg/mL of the polysaccharide extract of Spirulina sp. and Chlorella sp. AARL G049.

After 48 h of co-culture. The lymphocytes from each condition were collected and equally

divided into several microcentrifuge tubes. The lymphocytes in the microcentrifuge tubes

were stained with these matched antibodies in order to recognize the cell surface protein

marker to study lymphocytes population. The antibodies that were used in this study were

anti-human CD3 FITC-conjugated monoclonal antibody (Clone UCHT-1, ImmunoTools,

Friesoythe, Germany), anti-human CD4 APC-conjugated monoclonal antibody (Clone MEM-

241, ImmunoTools, Friesoythe, Germany), anti-human CD8 APC-conjugated monoclonal

antibody (Clone UCHT-4, ImmunoTools, Friesoythe, Germany), anti-human CD16 APC-

conjugated monoclonal antibody (Clone LNK16, ImmunoTools, Friesoythe, Germany), IgG1

control APC-conjugated monoclonal antibody (Clone PPV-06, ImmunoTools, Friesoythe,

Germany), IgG1 control FITC-conjugated monoclonal antibody (Clone PPV-06,
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ImmunoTools, Friesoythe, Germany), IgG2a control APC-conjugated monoclonal antibody

(Clone PPV-04, ImmunoTools, Friesoythe, Germany). Flow cytometry was performed and

analyzed using a CytoFLEX Flow Cytometers (Beckman Coulter, Indianapolis, IN, USA).

Statistical analysis

All results were collected from 3 independent experiments, and all statistical analyses were per-

formed using GraphPad Prism version 9 software (GraphPad Software, Inc., San Diego, CA,

USA). One-way ANOVA analysis and multiple comparison were used in calculation for statis-

tically significant difference between each study group. All bar graphs show the error bars of

the standard deviation (SD). A p-value less than 0.05 was considered statistically significant.

Results

Cyanobacteria and algae extract induced cholangiocarcinoma cell death

The ethanolic extracts were obtained using maceration with the percent yield of 4.32% and

9.18% for Leptolyngbya sp. AARL KC45 and Chlorella sp. AARL G049, respectively. Polysac-

charide extraction using hot water extraction (HWE) were performed on Leptolyngbya sp.

AARL KC45, Spirulina sp., Chlorella sp. AARL G049 and Sargassum spp. with the resulted per-

cent yields of 2.32%, 9.69%, 10.24% and 14.12%, respectively.

The effect of the natural extracts to induce cancer cell death can be applied to the therapeu-

tic approach. Herein, the ethanolic extracts of Leptolyngbya sp., Chlorella sp., and polysaccha-

ride extracts of Sargassum sp., Leptolyngbya sp., Chlorella sp. Spirulina sp. was determined for

their cytotoxicity against two CCA cell lines, KKU-213A (well-differentiated) and KKU055

(poorly differentiated). The cells were treated with the extracts at the concentrations of 0.5, 1,

and 2 mg/mL for 48 hours. The cell viability was measured and represented as the percentage

of cell viability relative to the non-treated control. Comparing ethanolic and polysaccharide

extracts, the ethanolic extracts had stronger toxicity to the cells than that of polysaccharide

extracts (Fig 1). At 2 mg/mL, the ethanolic extracts derived from Leptolyngbya sp. and Chlo-
rella sp. eliminated KKU055 and KKU213A completely while the polysaccharide extracts from

Fig 1. Effects of cyanobacteria and algae extracts on CCA cell viability. The cell viability of KKU055 (A) and KKU213A (B) was measured after the application

of the extracts. The ethanolic extracts of Leptolyngbya sp., Chlorella sp., and polysaccharide extracts of Sargassum spp., Leptolyngbya sp., Chlorella sp., and

Spirulina sp. at the concentrations of 0.5, 1, and 2 mg/mL were treated in KKU055 and KKU213A. At 48 hours after treatment, cell viability was measured and

calculated for % cell viability relative to that of non-treatment control.

https://doi.org/10.1371/journal.pone.0312414.g001
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Sargassum sp. and Spirulina sp. but not Leptolyngbya sp. and Chlorella sp. caused the signifi-

cant cytotoxicity at the equal concentration (Fig 1). Treatment with Sargassum sp. and Spiru-
lina sp. polysaccharide extracts at 2 mg/mL reduced the cell viability to 51.00% and 82.71% in

KKU055 (Fig 1A) where only minor effects were observed in KKU213A with the cell viability

of 79.08% and 89.35%, respectively (Fig 1B). The non-linear regression graphs used for IC50

analysis of all extracts against KKU055 and KKU213A cell lines at 48 hours of treatment are

also demonstrated in S1 Fig. These results suggested that the ethanolic extracts had more

potential anti-cancer activities than the polysaccharide extracts.

Immunomodulation activity of cyanobacteria and algae extracts to enhance

anti-tumor activity of immune cells

We further investigated the immunomodulatory activities of algae extracts to improve the

immune cell cytotoxicity against CCA cells. We used the killing assay to determine the killing

activity of the immune cells isolated from at least three healthy donors. The engineered red-

fluorescence protein expressing CCA cells were treated with the sublethal doses of the ethano-

lic extracts of Leptolyngbya sp., Chlorella sp., and polysaccharide extracts of Sargassum sp., Lep-
tolyngbya sp., Chlorella sp. Spirulina sp. in combination with immune cells at the effector to

target (E:T) ratio of 0:1, 10:1, and 20:1. The percentages of cell death relative to that of non-

treated control were judged by the number of living cancer cells after treatment. The results

were compared among single treatments (extract or immune cell alone) and combination

treatments. Considering the cytotoxicity of immune cells alone, we observed the cytotoxicity

of immune cells to eradicate KKU055 and KKU213A in a dose-dependent manner. At the E:T

ratio of 10:1 and 20:1, they caused 23.78% and 51.51% in KKU055 (Fig 2A) but were less effec-

tive in KKU213A with only 4.1% and 6.39% of cell death (Fig 2B). Interestingly, treatment

with polysaccharide extracts but not ethanolic extracts potentially enhanced the immune cell

cytotoxicity. Treatment of polysaccharide extracts derived from Leptolyngbya sp., Chlorella sp.

and Spirulina sp. with the immune cells augmented the cell death of KKU055 from 23.78% at

E:T ratio of 10:1 to 53.74%, 54.90%, and 84.04%, respectively; from 51.51% at E:T ratio of 20:1

to 77.32%, 73.82%, and 91.15%, respectively (Fig 2A). These immunomodulatory effects of

Chlorella sp. and Spirulina sp. were observed in KKU213 evidenced by the increase of

KKU213A cell death from 4.1% at E:T ratio of 10:1 to 7.56% and 31.62%; from 6.39% at E:T

ratio of 20:1 to 20.12% and 37.29% (Fig 2B).

The polysaccharide extract from Spirulina sp. exhibited the most effective effect in promot-

ing immunomodulation effect against CCA cells. Prior to the next experiment, Spirulina sp.

polysaccharide extract was characterized. The hydrolyzed polysaccharide extract of Spirulina
sp. was characterized using HPLC and showed to have glucose (61.76%) as a major sugar fol-

lowing by rhamnose (20.59%), arabinose (12.75%) and galactose (4.90%), respectively. The

monosaccharide profile obtained is presented in S1 Table.

Effect of Spirulina sp. polysaccharide extract on the immune cell

population

We thus further studied the effect of Spirulina sp. extract on the immune cell population due to

the changes in the immune cell populations or proportion that would explain the mechanism to

improve immune cell cytotoxicity, at least in terms of the quality aspect. The population of

CD4+ T cells, CD8+ T cells, NKT cells, and NK cells were determined by using flow cytometry

and compared between those before and after polysaccharide treatment (Fig 3). The result

showed that 0.5–1 mg/mL of Spirulina sp. extract did not significantly affect the proportion of

CD4+ T cells and CD8+ T cells (Fig 3A and 3B). The percentage of CD4+ cells was 51.63%
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whereas treatment with 0.5 and 1 mg/mL extracts yielded 49.76% and 50.83%, respectively (Fig

3A). The CD8+ positive cells slightly increased from 30.1% to 34.8% and 35.46% in 0.5 and 1

mg/mL-extract treated cells (Fig 3B). Interestingly, the NK cell population tended to increase

after treated with the polysaccharide extract. Treatment with 0.5 and 1 mg/mL extracts

increased the numbers of NK positive cells from 3.45% to 8.16% and 8.96% suggesting the possi-

ble role of NK cells on anti-tumor activity, particularly after Spirulina sp. extract treatment.

Combination of Spirulina sp. polysaccharide extract and gemcitabine

additively enhanced immunomodulation effects

Gemcitabine, a standard chemotherapeutic drug, has been reported to enhance immune cell

function by upregulating the death receptor on cancer cells. We hypothesized that the combi-

nation of gemcitabine to sensitize the cancer cells and polysaccharide extract to modulate the

immune cell population could synergistically improve the anti-tumor activity of immune

cells. We tested the cytotoxicity of gemcitabine in KKU055 and KKU213A to select the appro-

priate sublethal doses to test our hypothesis. The cell viability assay revealed the distinct sensi-

tivity of KKU055 and KKU213A to gemcitabine (Fig 4). KKU055 was more sensitive to

gemcitabine than KKU213A evidenced by the treatment with gemcitabine at the concentra-

tions ranging from 1.12–500 μM, it caused significant effects only in KKU055 (Fig 4A) but

not KKU213A (Fig 4B).

We then used a low concentration of gemcitabine (achieved cell viability of more than 70%)

to sensitize the cancer cells followed by co-culture with the immune cells at the E:T ratio of

10:1 and 20:1 in the presence or absence of low-dose Spirulina sp. polysaccharide extract. The

Fig 2. Effects of algae extracts on improving immune cell killing ability. The sublethal-dose ethanolic extracts of Leptolyngbya
sp., Chlorella sp., and polysaccharide extracts of Sargassum spp., Leptolyngbya sp., Chlorella sp., and Spirulina sp. were treated in

a combination of effector immune cells to KKU055 (A) and KKU213A (B) at the effector to target (E:T) ratio of 0:1, 5:1, and

10:1. The living cancer cells (in red) at 48 hours after co-culturing were determined and used to calculate for % cell death.

https://doi.org/10.1371/journal.pone.0312414.g002
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result demonstrated that the combination of gemcitabine and Spirulina sp. extract potentially

improved the immune cell cytotoxicity against KKU055 and KKU213A (Fig 5). In KKU055

cells, the gemcitabine potentially sensitized the cancer cells to immune cells. At an E:T ratio of

10:1, it reduced the number of living cells to 28.79% compared to that of gemcitabine alone

(72.57%) and immune cells alone (78.96%) (Fig 5A). Combining gemcitabine with Spirulina
sp. extract additionally improved the anti-tumor activity by reducing the living cell proportion

to 20.93% (Spirulina sp. extract yielded 70.43%). The E:T of 20:1 exhibited a similar trend

where the combined gemcitabine with Spirulina sp. extract greatly reduced the number of liv-

ing cells to 8.30% (gemcitabine plus immune cells yielded 12.73%; extract plus immune cells

yielded 32.32%) (Fig 5A). In accompanied with KKU055, the result of KKU213A demon-

strated that the combined treatment exhibited superior activity (Fig 5B). The gemcitabine and

Spirulina sp. extract combination treatment with immune cells caused the reduction of living

cells to 47.27% which was higher than of gemcitabine plus immune cells (60.06%) and extract

plus immune cells (80.41%) (Fig 5B). The enhanced activity was also observed at the E:T ratio

of 20:1 but only slightly increased from those obtained from the E:T ratio of 10:1 (Fig 5B).

Taken together, the results demonstrated the gemcitabine and Spirulina sp. extract combina-

tion treatment potentially improved the immune cell cytotoxicity against cancer cells.

Combination of Spirulina sp. polysaccharide extract and gemcitabine

increased the expression of death receptor, Fas and TRAIL receptor

Cancer cell sensitization is one mechanism underlying the immunomodulatory activity of che-

motherapeutic drugs. Previously, our group reported the effect of gemcitabine on increasing

Fig 3. Effect of Spirulina sp. polysaccharide extract on the immune cell population. Immune cells were co-cultured

with KKU055 at the E:T ratio 20:1 in the presence or absence of 0.5 and 1 mg/mL of the polysaccharide extract of

Spirulina sp. The cells were harvested after 48 hours of co-culture to determine the proportion of CD4 (CD3+CD4+)

(A), CD8 (CD3+CD8+) (B), NK (CD3-CD16+), and NKT (CD3+CD16+) (C).

https://doi.org/10.1371/journal.pone.0312414.g003
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the HLA class I expression and death receptors of the cancer cells [14]. Accordingly, to access

the possible mechanism of gemcitabine and its combination with Spirulina sp. polysaccharide

extract on improving the immune cells cytotoxicity, we determined the expression level of Fas

receptor (CD95), TRAIL receptor (DR5), and HLA class I (HLA-ABC) upon 24-hour treat-

ment. The result showed that the combined gemcitabine and Spirulina sp. polysaccharide

extract significantly increased the expression of Fas receptor and TRAIL receptor in KKU055

(Fig 6) and KKU213A (Fig 7).

In KKU055, the combination treatment increased the proportion of Fas receptor-positive

cells from 13.1% to 42.9% which is higher than that of gemcitabine alone (18.8%) and Spirulina

Fig 4. Gemcitabine effects on KKU cell viability. Various concentrations of gemcitabine at 0–500 μM were treated to

KKU055 (A) and KKU213A (B). The cell viability was measured after 24 and 48 hours of treatment and used to

calculate for % cell viability relative to that of non-treatment control.

https://doi.org/10.1371/journal.pone.0312414.g004
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sp. polysaccharide extract alone (32.9%) (Fig 6A), whereas the TRIAL receptor tended to be

increased (Fig 6B). Moreover, the combination slightly increased the Fas receptor expression

(Fig 7A) while significantly augmenting the proportion of TRAIL receptor in KKU213A from

38.43% to 56.26% compared to 47.8% with gemcitabine alone and 47.6% with Spirulina sp.

extract alone (Fig 7B). However, no significant change was observed in the percentage of HLA

class-I positive cells upon all tested conditions (S2 Fig).

Discussion

The use of natural dietary supplementation serves various purposes, leveraging the bioactivi-

ties of compounds present in natural sources, including antimicrobial, antioxidant, anti-

inflammatory effects, etc. Indeed, anti-cancer bioactivity has attracted profound attention as to

develop natural compounds for anti-cancer drugs or supplements to the readily available ones.

Generally, cancer treatments involve various approaches, including chemotherapy, which uti-

lizes drugs to inhibit or slow the growth of cancer cells [15]. The use of natural compounds or

extracts has, thus, been explored for such purposes. Cyanobacteria- and algae-derived com-

pounds with anti-cancer activity have been reported [16, 17]. Cyanobacteria and algae are pho-

tosynthetic organisms that are distributed in several habitats. Discovery of bioactive

compounds from these organisms could lead to feasible up-scaled commercialization because

of their high biodiversity and high abundance. However, limitations of natural compounds or

extracts lie on the practical use as the effectiveness in some cases may not reach the expectation

due to their limited solubility and poor absorption [18]. Therefore, in this work, not only we

investigated the activity of cyanobacteria and algae extracts, but also the combination uses of

the extracts with a commonly use anti-cancer drug, gemcitabine.

Cytotoxicity of ethanolic and polysaccharide extracts of cyanobacteria and algae has been

previously investigated against several cancer cell lines. To provide some examples, a recent

work on ethanolic extract of Leptolyngbya sp. has shown cytotoxicity against several cancer cell

Fig 5. Combination of gemcitabine and Spirulina sp. extract potentially improved the immune cell cytotoxicity. The effect

of gemcitabine (gem) or Spirulina sp. extract alone and combined gemcitabine and Spirulina sp. polysaccharide extract

(combined) in improving the killing activity of immune cells (lym) were compared in KKU055 (A) and KKU213A (B). The cell

viability at the E:T ratio of 10:1 and 20:1 was measured after 24 hours of co-culturing. The numbers of living cells after treatment

were used to calculate for % of living cells relative to that of non-treatment control.

https://doi.org/10.1371/journal.pone.0312414.g005
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lines, A375 (skin), A549 (lung), and Caco-2 (colon), while having small effects on normal Vero

cells [19]. Our recent work also showed ethanolic extracts of Chlorella sp. to inhibit the growth

of 5 top-leading cancer cell lines; lung cancer (A549), cervical cancer (Hela), breast cancer

(MCF7), hepatocellular carcinoma (Huh7), and cholangiocarcinoma (CCA; KKU213A) [8].

Reported ethanolic extracts of cyanobacteria and algae have shown carotenoids, phenolics, fla-

vonoids and pigments as potential compounds with anti-cancer activity [19]. To be specific,

we recently demonstrated gallic acid and lutein as potential key anti-cancer metabolites from

Chlorella sp. that induced apoptotic cell death of cholangiocarcinoma via AKT/mTOR signal-

ing pathway [8]. While cyanobacteria- and algae-derived polysaccharides such as fucoidan

have been shown to be a key bioactive compound that could trigger cancer cell death in Sargas-
sum spp. [20, 21]. Exopolysaccharides of 2 Chlorella species; C. zofingiensis and C. vulgaris,
have been proven to exhibit anti-cancer activity on human colon cancer cell lines HCT8 [22].

It has been only recently that Leptolyngbya is a focus of research as it is rich in bioactive phyto-

chemicals. Certainly, relatively small number of studies have been reported in this cyanobacte-

rium, thus it has not been used as a commercialized dietary supplement. Yet the spotlight has

been directed to this cyanobacterium as a functional ingredient for various industrial

Fig 6. The effect of Spirulina sp. polysaccharide extract and gemcitabine or their combination on death receptor

expression in KKU055. The effect of gemcitabine (0.5 μM) or Spirulina sp. extract (1 mg/mL) alone and combined

gemcitabine and Spirulina sp. polysaccharide extract (combined) on alteration Fas receptor (CD95) (A) and TRAIL

receptor (B) were analyzed by using flow cytometry after 24 hours of treatment.

https://doi.org/10.1371/journal.pone.0312414.g006
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applications in foods, cosmetics, pharmaceuticals, and nutraceuticals [19]. Spirulina sp. poly-

saccharides are well-investigated. They have been shown in several studies (S2 Table). For

example, polysaccharides extracted from Spirulina platensis also inhibited the growth of gastric

cancer cells via modulation of galectin-3 and exhibited cyto/DNA Protection [23]. Interest-

ingly, degree of sulfation of polysaccharides also affected the anti-cancer activity differently by

which the highest sulfation resulted in the maximum anti-cancer activity [24]. However, Spiru-
lina sp. is renowned for its high protein content, constituting approximately 55–70% of cell

dry weight [7]. Consequently, during extraction, some proteins may also be co-extracted, even

though hot water extraction (HWE) is the standard method for polysaccharide extraction

from Spirulina sp. [25]. Certainly, this study employed ethanol precipitation to isolate the poly-

saccharide fraction from the crude extract. However, it is noteworthy that Spirulina platensis
protein hydrolysate (at 500 μg/ml concentration) has also demonstrated inhibition of several

cancer cells; human liver cancer cells (HepG-2), breast cancer cells (MCF-7), gastric cancer

cells (SGC-7901), lung cancer cells (A549), colon cancer cells (HT-29), with >80% inhibition

[26]. In the present study, ethanolic extracts of Leptolyngbya sp. and Chlorella sp. and polysac-

charide extracts of Sargassum sp., Leptolyngbya sp., Chlorella sp. and Spirulina sp. were

Fig 7. The effect of Spirulina sp. polysaccharide extract and gemcitabine or their combination on death receptor

expression in KKU213A. The effect of gemcitabine (0.5 μM) or Spirulina sp. extract (1 mg/mL) alone and combined

gemcitabine and Spirulina sp. polysaccharide extract (combined) on alteration Fas receptor (CD95) (A) and TRAIL

receptor (B) were analyzed by using flow cytometry after 24 hours of treatment.

https://doi.org/10.1371/journal.pone.0312414.g007
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investigated (Fig 1). In our investigation, both CCA cell lines—KKU055 and KKU213A—

exhibited a consistent trend. It was evident that ethanolic extracts demonstrated higher cyto-

toxic effects, as all concentrations (0.5, 1, and 2 mg/mL) led to a significant decrease in cell via-

bility compared to the non-treatment control, whereas polysaccharide extracts only showed

the similar scenario from Sargassum spp. At a higher concentration, 2 mg/mL, the polysaccha-

ride extract from Spirulina sp. showed a significant effect on both cell lines. While 2 mg/mL

may seem like a high dose, it should be noted that the primary aim is to utilize this extract as a

dietary supplement to enhance immune cell function. Its low cytotoxicity indicates high

biocompatibility, emphasizing its potential suitability for this purpose. Noticeably, Sargassum
spp. polysaccharide extract showed to have the most pronounced cytotoxicity among all poly-

saccharide extracts at 2 mg/mL, this could be because the bioactive polysaccharides that play a

crucial role in inhibiting CCA cell viability are fucoidan and alginate, which are only present

in brown algae such as Sargassum spp. [27]. Indeed, different extraction methods yielding dif-

ferent groups of bioactive compounds, and the inhibition mechanisms of these extracts vary

based in the key functional metabolites in each extract.

Immunomodulation activity of these extracts was also investigated in order to assess the

ability to enhance anti-cancer activity of immune cells (Fig 2). We demonstrated that polysac-

charide extract of Spirulina sp. significantly enhanced the immune cells’ killing activity (Fig 2)

which might be potentially by altering the quality and quantity of these immune cells. The

increase in certain cytokines has been reported to enhance immune function. For example,

interleukin-12 (IL-12) and IL-15 produced by activated monocytes can activate NK cells and

CD8+ T cells, while interferon-gamma (IFN-γ) promotes the proliferation and activation of

NK cells, cytotoxic T cells, and enhances antibody-mediated cellular cytotoxicity. Further-

more, cytokines produced by activated T cells, such as IL-2, are also crucial for the activation

and proliferation of NK cells. In our experiment, the polysaccharide extract of Spirulina sp. did

not significantly affect the CD4+ and CD8+ populations, but it did increase the NK cell popu-

lation. These results suggest that the pathway-particularly the alteration of cytokine IL-2, IL-

12, IL-15, and IFN-γ, which responsible for NK cell proliferation may contribute to the under-

lying mechanism by which the extract enhances the anti-tumor activity of immune cells. This

is in agreement with previous reports on immunomodulation activity of cyanobacteria and

algae polysaccharide extracts. To be specific, one study confirmed such activities of polysac-

charides of Chlorella vulgaris in upregulating IFN-γ and IL-2 in chicken peripheral blood

mononuclear cells [28]. Moreover, in the case of Spirulina sp. polysaccharide extracts, immu-

nostimulatory effects has been demonstrated in RAW 264.7 macrophage cells and clophospha-

mide (Cy) treated mice [29]. Interestingly, the result from in vivo experiment demonstrated

the effect of Spirulina sp. polysaccharide extracts on increasing spleen and thymus index,

peripheral white blood cells (PWBC), and peripheral blood lymphocytes (PBL) [29]. In addi-

tion, the increase of TNF-α and IFN-γ level in the serum was found in dose dependent manner

[29] suggesting the potential effect of polysaccharide extracts on the alteration of cytokine

which might contribute to the improving of immune cell proliferation and function.

NK cells, as part of innate immunity, play a role in controlling tumor growth through a bal-

ance of activating and inhibitory signals, without requiring prior activation. This allows these

immune cells to rapidly and effectively attack cancer cells [30, 31]. The increased number of

NK cells upon the extract treatment would result in a higher number of functional NKs leading

to the improvement in eradicate the cancer cells. Consistent with our observations, cancer cell

death increased as early as 24 hours after co-culture, which aligns with the rapid response time

of NK cells rather than T cells, as T cells typically require a longer activation period. However,

we cannot exclude the contribution of monocytes and T cells to NK cell proliferation, as they

are the primary cytokine-secreting cells The immunomodulatory activity of the polysaccharide
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ascophyllan, purified from Ascophyllum nodosum (A. nodosum), has been previously reported

[32]. Administration of ascophyllan to C57BL/6 mice increased the number of NK cells in the

spleen and the number of IFN-γ-producing NK cells. However, when ascophyllan was applied

to isolated NK cells in vitro, it increased IFN-γ production but did not promote cell prolifera-

tion. This suggests that NK cell proliferation likely requires the assistance of other immune

cells. Further investigation is necessary to explore the extract’s effects on each immune cell

population and to understand the overall impact on enhancing the anti-tumor activity of

immune cells.

Based on our results, the polysaccharide extract had only a slight effect on cancer cell viabil-

ity, even at high concentrations. Therefore, we hypothesize that its primary function lies in its

immune-enhancing properties (at least through promoting NK cell proliferation) rather than

cytotoxic effects. This result differs from other natural compounds we have studied, such as

cordycepin from Cordyceps sp. [33] and genistein from soybeans [34], which exhibited strong

cytotoxic effects against CCA. These compounds triggered apoptotic signaling cascades and

upregulated death receptor proteins, thereby enhancing NK cell activity and increasing the

sensitivity of cancer cells to immune cell attacks. Given these differences in molecular mecha-

nisms, these natural compounds can be combined to increase cancer cell sensitivity and

improve immune cell function, potentially providing synergistic effects.

Synergistic effects between natural compounds and therapeutic drugs can be through sev-

eral mechanisms [35]. In this work, combination of a commonly used anti-cancer drug, gemci-

tabine, and Spirulina sp. polysaccharide extract was investigated whether the combination

would enhance the immunomodulation or not. In general, gemcitabine has been proven to be

suitable for combination treatment with other chemotherapeutic drugs [36] suggesting its

potential enhancement when used with other chemicals. The synergistic effect of gemcitabine

and immunotherapy (adoptive effector T cells) has been reported previously from our group

[14]. The treatment of gemcitabine in CCA cell lines caused the increase in HLA class I expres-

sion and the death receptor, CD95 (Fas receptor) which could help to enhance the antigen pre-

sentation of the cancer cells and sensitize the cancer cells to activated T cells, respectively [14].

The results of this study demonstrated that gemcitabine alters the expression of the Fas recep-

tor and TRAIL receptor, which enhances the sensitivity of cancer cells to NK cell-mediated

cytotoxicity. This effect could potentially contribute to the synergistic impact of combining

gemcitabine with polysaccharide extract treatment. As previously described, the polysaccha-

ride extract alone promotes NK cell proliferation. When combined with gemcitabine, this

combination makes the cancer cells more susceptible to NK cell attacks.

Gemcitabine is a commonly used chemotherapeutic drug that is effective towards several

types of cancers, including non-small cell lung cancer, pancreatic, bladder, and breast cancer

and advanced bile duct cancer [37, 38]. Though considered as a relatively low-toxic and well-

tolerated drug, side effects of gemcitabine include myelosuppression [38] and life-threatening

complications in rare cases [39]. Moreover, the broad-range response and acquired resistance

to gemcitabine contribute to the limitation of drug use in some cancer cell types. With highly

heterogeneous characteristics, CCA is one of the cancer cell types that has been reported for its

wide-ranging characteristics in chemotherapeutic drug resistance. In our study, KKU055 was

more sensitive to gemcitabine, greatly lowering cell viability, while no significant difference

was found in KKU213A at the highest tested dose (500 μM). This result is consistent with our

previous report on CCA cell lines [40]. Previously, a study by Wattanawongdon et al. in 2015

[41] demonstrated the involvement of multidrug resistance mechanisms in gemcitabine resis-

tance in other CCA cell lines. Gemcitabine-resistant CCA cell lines, developed through step-

wise long-term exposure, showed upregulation of proteins related to drug resistance

mechanisms, including increased MRP1 expression, activation of the PKC signaling pathway,
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and NF-κB activation [41]. These changes enhance evasion from apoptosis and increase cancer

invasiveness. This data points to the necessity of considering the limitations of single-agent

chemotherapeutic treatment for CCA. On the other hands, the use of natural compounds in

combination with chemotherapeutic drugs has proven useful resulting in enhanced effects,

reduced tumor resistance, and decreased adverse effects [42], particularly as a more well-toler-

ated treatment for patients. Several reports on co-treatments of therapeutic drugs and naturally

derived extracts have been shown. To provide a particular example, noni juice (the fruit of the

Morinda citrifolia tree) ethanolic extracts were reported to affect cholangiocarcinoma cells in

combination with 5-fluorouracil (5-FU) both in in vitro and in vivo studies [43]. Several

reports have discussed synergistic effects of gemcitabine with natural extracts including tradi-

tional Chinese medicinal herbs [44] and Pao Pereira [45], and together with findings from this

study, the combination uses of gemcitabine and natural extracts, particularly Spirulina sp.

polysaccharide extract as a food supplement are further underscored for its practicality.

Considering the safety of natural substances, Spirulina sp. extract has been well-docu-

mented for its high safety reflecting by its currently used as a food supplement and the evi-

dence from several studies in animal models [46–48]. High feeding levels of S. platensis (30 g

of fresh alga or 10 g of dried alga /kg body weight) in Sprague-Dawley rats diary for 12 weeks

caused no adverse effects or toxicity [47]. No signs of effects on behavior (i.e., daily food and

water intake), health status (i.e., levels of aspartate aminotransferase, alanine aminotransferase,

bilirubin, glucose, creatinine, urea nitrogen, uric acid, albumin, and total protein) or patholog-

ical abnormalities in the internal organ of those treated rats were found compared to the con-

trol group [47]. In our study, the polysaccharide extract of Spirulina sp. yielded 9.69% from

dried alga. The highest non-toxic concentration in our study was 5 mg/mL (S3 Fig), which is

approximately equivalent to 51.6 g/kg of dried algae–around 5 times higher than the reported

dose. Based on this data, the effective dose (less than 2 mg/mL) is safe to use in an in vivo
model. Given the high safety profile of Spirulina sp., its implementation as an extract in clinical

applications, particularly in cancer treatment, shows great promise. Given the high safety pro-

file of Spirulina sp., its implementation as an extract in clinical applications, particularly in

cancer treatment, shows great promise. Interestingly, some studies showed the potential of S.

platensis polysaccharide extract on reversing the adverse effect of chemotherapeutic drugs.

Xiao-mei et al. showed that the combination of CTX and S. platensis polysaccharide extract

(100 mg/kg or 200 mg/kg body weight daily) in hepatocellular carcinoma xenograft mice

improved the anti-tumor effect compared to that of CTX alone. Moreover, the S. platensis
polysaccharide extract greatly recovered the number of peripheral white blood cells, red blood

cells and hemoglobin levels which is the myelosuppression side effect of CTX [48]. Further-

more, pre-treatment of S. platensis polysaccharide extract (1000 mg/kg body weight daily)

before CTX treatment improved the hepatic and renal dysfunction where decreased the histo-

logical abnormality of liver and kidney caused by CTX [46]. This data demonstrated that S.

platensis polysaccharide extract in combination with the chemotherapeutic drugs did not dis-

turb the anti-tumor activity but provided the synergistic effect and help to reverse the adverse

effect of chemotherapeutic drugs. Concordantly, our study demonstrated the indirect effect of

the combined gemcitabine and S. platensis polysaccharide extract (at a sublethal dose of 1 mg/

mL) on enhancing immune cell cytotoxicity, highlighting the potential of S. platensis polysac-

charide extract for clinical use. Notably, before proceeding to clinical trials, it is essential to val-

idate the effectiveness of gemcitabine and Spirulina sp. polysaccharide extract in treating CCA,

at least in an animal model. To translate this work into applicable uses, it is crucial to consider

potential adverse effects of Spirulina sp. polysaccharides. Despite its widespread use as a die-

tary supplement, only 128 reports on allergic reactions were identified from PubMed and Sco-

pus databases [49]. This suggests that allergic reactions to Spirulina sp. are relatively
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infrequent. Furthermore, the interaction between Spirulina sp. polysaccharide extract and

other medications, particularly gemcitabine in this case, should be thoroughly investigated.

However, we did not find such reports. Previously, Spirulina as a dietary supplement has been

used in cancer patients during chemotherapy and shown to benefit them by decreasing the

incidences of myelosuppression [3]. This data revealed the safety of Spirulina for human con-

sumption and suggests its potential for clinical trials to evaluate the efficacy of Spirulina sp.

polysaccharide extract in enhancing immune function to control tumor growth. Like other

polysaccharides, the degradation and absorption of this extract pose significant challenges for

clinical application due to the biochemical structure of long-chain monosaccharides.

Advanced delivery technologies, such as nanoparticle encapsulation, could improve absorp-

tion and prolong stability. However, the additional investigations into the quantitative analysis

of pharmacokinetics (absorption, distribution, metabolism, and excretion of the drug) and

pharmacodynamics (the relationship between extract concentration and its pharmacological

effects) are crucial for evaluating the drug’s efficacy in humans.

Conclusion

Altogether, our findings suggest that the polysaccharide extract from Spirulina sp. has potential

anti-cancer activity against CCA cells with the ability to increase immune cell killing activity

and immune cell population, and the effects were even enhanced when the extract was used in

combination with gemcitabine against CCA.
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