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Abstract

Active Hexose Correlated Compound (AHCC) has been shown to have many immunostimu-

latory and anti-cancer activities in mice and in humans. As a natural product, AHCC has

potential to create safer adjuvant therapies in cancer patients. Acute Myeloid Leukemia (AML)

is the least curable and second-most common leukemia in adults. AML is especially terminal

to those over 60 years old, where median survival is only 5 to 10 months, due to inability to

receive intensive chemotherapy. Hence, the purpose of this study was to investigate the

effects of AHCC on AML cells both in vitro and in vivo. Results showed that AHCC induced

Caspase-3-dependent apoptosis in AML cell lines as well as in primary AML leukopheresis

samples. Additionally, AHCC induced Caspase-8 cleavage as well as Fas and TRAIL upregu-

lation, suggesting involvement of the extrinsic apoptotic pathway. In contrast, monocytes from

healthy donors showed suppressed Caspase-3 cleavage and lower cell death. When tested

in a murine engraftment model of AML, AHCC led to significantly increased survival time and

decreased blast counts. These results uncover a mechanism by which AHCC leads to AML-

cell specific death, and also lend support for the further investigation of AHCC as a potential

adjuvant for the treatment of AML.

Introduction

Acute Myeloid Leukemia (AML) is the most common type of acute leukemia in adults, causing

over 10,500 deaths and affecting over 20,000 people in 2015 [1–3]. This disease is characterized

by an infiltration of the bone marrow, blood, and other tissues by myeloid precursors, or “blasts,”

which are unable to differentiate [4]. Despite multiple biologically-distinct subtypes of AML, the

current methodology of treatment includes a regimen of chemotherapy and stem cell transplant

[5]. AML is especially aggressive to those over 60 years old, where median survival is only 5 to 10

months due to the inability to receive intensive chemotherapy [5,6]. The M3 subtype of AML,

known as Acute Promyelocytic Leukemia (APL), is treatable with All-trans-retinoic acid (ATRA),
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as it promotes cell differentiation leading to decreased myeloid precursors within the patient [7].

However, the other subtypes of AML appear refractory to this drug and therefore represent an

urgent need for newer treatment strategies.

Cancer immunotherapies and adjuvants can help stimulate the immune system to respond

more effectively against tumors and tumor cells. Such immune modulators, which include

recombinant cytokines such as Interferons, synthetic compounds such as Toll-like receptor

agonists, and natural products containing immune-stimulatory molecules, are being explored

as potential enhancers of antibody therapy [8–11]. Since 2007 there have been 12 novel natural

products that have been brought to market including Ixabepilone (Ixempra 1) for aggressive

breast cancer and Vinflunine (Javlor 1) for bladder cancer [12].

Active Hexose-Correlated Compound (AHCC) is a mushroom extract derived from several

species of Basidiomycetes mushrooms including Shiitake (Lentinus edodes) and Shimeji (Lyo-
phyllum shimeji) [13]. This natural product is composed of a mixture of amino acids, minerals,

polysaccharides and lipids enriched in α-1,4-linked glucans [14–16]. AHCC is used as a nutri-

tional supplement in Japan and has been shown to be effective against hyperlipidemia, obesity

and cancer [14]. AHCC is an immunostimulatory agent [13,17,18] and has improved the prog-

nosis and quality of life of patients with liver, lung, and head and neck cancer [19–21]. Here,

we sought to examine the potential for AHCC as a treatment against AML. We found that

treatment of AML cell lines and primary AML leukopheresis samples with AHCC led to an

increase in apoptosis, which was Caspase-3-dependent. Additionally, treatment with AHCC

induced both extrinsic apoptotic pathway members Fas and Caspase-8. In a mouse engraft-

ment model of AML, AHCC led to reduced blast counts and increased survival time. These

results uncover a mechanism of AHCC-induced AML cell death, and also suggest that further

study of AHCC as a possible AML therapeutic may be warranted.

Materials and methods

Cell culture

The AML cell lines used in this study (MV-4-11, MOLM-13, OCI-AML3 and THP-1) was pur-

chased from the ATCC and cultured according to ATCC recommendations. Cells were main-

tained below 1 x 106 cells/mL in RPMI 1640 media (Gibco, Grand Island, NY) supplemented

with 10% heat-inactivated fetal bovine serum (FBS; Hyclone Laboratories, Grand Island, NY),

2mM L-glutamine (Invitrogen, Grand Island, NY), and penicillin/streptomycin (56 U/mL/

56 μg/mL; Invitrogen) at 37˚C in an atmosphere of 5% CO2. HS-5 stromal cells were gener-

ously provided by Shelley Orwick and Dr. John C. Byrd (The Ohio State University, Colum-

bus, OH) and were cultured as described above.

Primary cells

Primary cell handling was done as described previously.[22] White blood cells apheresed from

AML patients were obtained after written informed consent in accordance with the Declara-

tion of Helsinki under a protocol approved by the institutional review board of The Ohio State

University. Cells were stored in liquid nitrogen in 20% FBS and 10% DMSO until needed for

experiments. At the time of the experiment, cells were thawed at 37˚C and incubated in RPMI

1640 media (Gibco) supplemented with 20% FBS, 2mM L-glutamine (Invitrogen) and penicil-

lin/streptomycin (56 U/mL/56 μg/mL; Invitrogen) at 37˚C in an atmosphere of 5% CO2 for 1

hour. Cells were then centrifuged and maintained at 3 x 106 cells/mL in RPMI 1640 media

(Gibco) supplemented with 20% FBS, 2mM L-glutamine (Invitrogen) and penicillin/streptomy-

cin (56 U/mL/56 μg/mL; Invitrogen) and were either left untreated or treated with increasing

doses of AHCC (0, 1, 5, 10 mg/mL) (Quality of Life Labs LLC, Purchase, NY) and incubated for
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24 hours at 37˚C. The next day, cells were counted using Trypan blue exclusion and used for

assays.

Antibodies

Anti-Caspase-3, Anti-Caspase-8, Anti-Caspase-9, and anti-PARP antibodies for Western blot-

ting were purchased from Cell Signaling Technology (Danvers, MA). Anti-Calreticulin anti-

body was purchased from Enzo Life Sciences (Farmingdale, NY). Anti-rabbit and anti-mouse

HRP conjugated secondary antibodies were purchased from Cell Signaling Technology (Dan-

vers, MA). For cell viability assays, Annexin V FITC/propidium iodide (BD Biosciences) was

used following the protocol of the manufacturer.

Colony forming assay

MV4-11 cells were treated with increasing doses of AHCC (0, 1, 5, 10 mg/mL) for 24 hours

then plated at 1x103 in duplicate, in 0.9% methylcellulose medium (Methocult H4100, Stem

Cell Technologies) on cell culture plates for 2 weeks. Colonies were then scored in a double-

blind fashion.

Western blotting

Western blotting was done as described previously.[23] Cells were lysed in TN1 buffer (50

mM Tris (pH 8.0), 10 mM EDTA, 10 mM Na4P2O7, 10 mM NaF, 1% Triton X-100, 125 mM

NaCl, 10 mM Na3VO4, and 10 μg/ml each aprotinin and leupeptin). Protein lysates were

boiled in Laemmli sample buffer, separated by SDS-PAGE, transferred to nitrocellulose mem-

branes, probed with the antibody of interest, and then developed by Pierce ECL 2 Western

blotting substrate (Thermo Scientific, Rockford, IL) or SuperSignal West Femto maximum

sensitivity substrate (Thermo Scientific). Densitometry was performed using ImageJ, normal-

izing bands in each lane to loading control to generate the bar graphs.

Real-time polymerase chain reaction

Total RNA was isolated using the Total RNA Purification Plus Kit (Norgen Biotek Corpora-

tion, Ontario, Canada). RNA was reverse transcribed and subjected to quantitative real-time

(qRT)–PCR using Power SYBR Green Master Mix (Applied Biosystems, Grand Island, NY).

The following primers (Invitrogen) were used: GAPDH (forward primer 50-ATT CCC TGG
ATT GTG AAA TAG TC-30 and reverse primer 50-ATT AAA GTC ACC GCC TTC TGT AG-30);
Fas/CD95 (forward primer 5’-AAG ACT GTT ACT ACA GTT G-3’ and reverse primer 5’-G
CT TAT GGC AGA ATT GGC CA-3’); TRAIL (forward primer 5’-AAGGCT CTG GGC CGC
AAA ATA AAC-3’ and reverse primer 5’-GCC AAC TAA AAA GGC CCC GAA AAA-3’);

TRAIL-R1 (forward primer 5’-CAGAAC GTC CTG GAG CCT GTA AC-3’ and reverse primer

5’-ATGTCC ATT GCC TGA TTC TTT GTG-3’); TRAIL-R2 (forward primer 5’-GGGAAG
AAG ATT CTC CTG AGA TGT G-3’ and reverse primer 5’-ACATTG TCC TCA GCC CCA
GGT CG-3’). GAPDH was used for normalization of the genes of interest. Relative copy num-

ber (RCN) was calculated as 2–ΔCt × 100 (52), where 0078Ct is the Ct(target) –Ct(GAPDH). RCN

was then normalized to calculate fold-change versus untreated.

AHCC preparation for experiments in vitro

AHCC was purchased from Quality of Life Labs LLC (Purchase, NY). Following de-waxing

and lyophilization (according to manufacturer instructions), AHCC was freshly prepared by

dissolving into PBS at a final concentration of 100 mg/mL. After dissolving, the solution was
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passed through a 0.22-micron filter (Millipore, Billerica, MA) and used immediately, at up to

10 mg/ml [24].

AML murine model

All animal experiments were done in full accordance with a protocol approved by the Institu-

tional Animal Care and Use Committee (IACUC) at The Ohio State University. Female non-

obese diabetic severe combined immunodeficient-γ (NSG) mice were purchased from Jackson

ImmunoResearch Laboratories (Ban Harbor, ME) and bred within a campus-located vivarium

under the direction of Dr. Adrienne Dorrance (Division of Hematology, The Ohio State Uni-

versity). Splenocytes from MV4-11-engrafted mice (0.3x106 resuspended in PBS) were intrave-

nously injected into the tail vein of 6-week-old NSG mice. After one week, mice received

either AHCC (600 mg/kg) mixed into PBS, or PBS control by gavage twice per week for 2

weeks. Similar doses of AHCC were used previously as daily treatments with no evidence of

toxic effects [13,14,25,26]. Gavage was performed by using a plastic feeding tube (Instech Lab-

oratories, Inc, Plymouth Meeting, PA). Survival was measured as the time before meeting

early-removal criteria set within the protocol, which included 20% weight loss, paralysis or

inability to stand, uncontrolled shivering, or unwillingness to eat or drink.

Cell survival assay

AML cells were treated with increasing doses of AHCC (0, 1, 5, 10 mg/ml) for 24 or 48

hours. Cells were either subjected to Trypan Blue (Sigma St. Louis, MO) or harvested and

stained with Annexin V FITC/propidium iodide (BD Biosciences) using the protocol of the

manufacturer.

Statistics

Cell-line data were analyzed by analysis of variance (ANOVA). For the experiments using

healthy-donor or AML-patient samples, since the same sample was under different treatment

conditions, data were analyzed by mixed-effect models. For the mouse experiment, the proba-

bilities of disease development were compared between groups using a log-rank test, and the

white-blood-cell (WBC) counts analyzed by mixed-effect modeling. Holm’s method was used

to adjust for multiplicity.

Results

AHCC decreases survival of AML cells

Because AHCC can activate monocytes and monocytic cell lines [13,26,27] and because AML

blasts are immature myeloid-lineage cells, we sought to determine whether AHCC could

directly affect blast-cell survival and proliferation. We began by testing AHCC against the

MV4-11 cell line, which contains the FLT3-ITD mutation shared by approximately 20% of

AML patients [28] and is linked to increased risk of relapse and mortality [29]. We treated

MV4-11 cells with AHCC (concentrations from 0 to 10 mg/ml) and measured cell viability.

Results showed that 10 mg/ml of AHCC significantly reduced viability at 24 and 48 hours (Fig

1A). To determine whether this involved apoptosis, we treated MV4-11 cells with increasing

concentrations of AHCC. Annexin V and Propidium Iodide (PI) staining showed significantly

higher apoptosis in treated MV4-11 cells (Fig 1C). We repeated this using primary patient

samples and found that 5 mg/ml of AHCC was sufficient to significantly increase apoptosis

(Fig 1D). To supplement this we also tested the AML cell lines OCI-AML3, MOLM-13 and

THP-1. Results showed that AHCC decreased the viability of OCI-AML3 and MOLM-13 cells,
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but not THP-1 (Fig 2A). Similarly, Annexin/PI staining showed that AHCC led to apoptosis in

OCI-AML3 and MOLM-13 but not in THP-1 cells (Fig 2B).

These results show that 3 of 4 cell lines and all tested patient samples are sensitive to AHCC

treatment. However, AML blasts typically rely on stromal-cell support [30], and the lack of this

support in our culture conditions may have played a role. To address this we tested the effects

of AHCC on co-cultures of primary AML samples and HS-5 stromal cells, finding that the

stromal cells had no effect on AHCC-induced reductions in viability and increased apoptosis

(data not shown).

Fig 1. AHCC decreases survival of AML cells. The AML cell line MV4-11 (1 x 106 cells/ml) and primary AML-patient leukopheresis samples (3

x 106 cells/ml) were treated with 0, 1, 5 or 10 mg/ml AHCC for 24 or 48 hours. Trypan Blue Exclusion was done with (A) MV4-11 cells (n = 3

separate experiments) and (B) primary AML leukopheresis samples (n = 7 donors). (C-D). MV4-11 (C, n = 3 separate experiments) and patient

leukopheresis samples (D, n = 7 donors) were treated as above and then analyzed via flow cytometry following Annexin V and Propidium Iodide

(PI) staining. * p�0.05; ** p�0.01.

https://doi.org/10.1371/journal.pone.0181729.g001
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AHCC decreases AML-cell proliferation

To test the effects of AHCC on blast-cell proliferative ability, we treated MV4-11 cells with

increasing concentrations of AHCC and plated them on methocult media-containing plates

for 2 weeks. Following this, colony formation was counted in a double-blinded fashion and

results showed significantly fewer colonies with increasing doses of AHCC (Fig 3A and 3B).

AHCC-induced cell death is Caspase-3-dependent

Caspases are vital mediators of both the extrinsic and intrinsic apoptotic pathways. Caspase-3

plays an especially crucial role as a death protease activated either by tumor necrosis factor

(TNF) family receptors, FADD, and Caspase-8 in the extrinsic pathway, or via the intrinsic

pathway involving mitochondrial release of cytochrome c and Apaf-1-mediated processing of

Caspase-9. Following such extrinsic or intrinsic activation, Caspase-3 can then act to cleave a

battery of substrates and thereby initiate apoptotic processes [31]. To test whether Caspase-3

played a role in AHCC-induced AML-cell death, we treated all four AML cell lines and pri-

mary AML leukopheresis cells with increasing concentrations of AHCC (0, 1, 5 or 10 mg/ml)

for 24 hours and measured cleaved Caspase-3. Results showed that higher doses of AHCC

induced Caspase-3 cleavage in MV4-11 (Fig 4A) and primary patient cells (Fig 4B). In concor-

dance with results seen with apoptosis, Caspase-3 cleavage was seen with OCI-AML3 and

MOLM-13 cells (Fig 4C and 4D) but not THP-1 cells (Fig 4E).

Fig 2. AHCC increases apoptosis in most AML cell lines. The AML cell lines OCI-AML3 (left panels, 1 x 106 cells/ml), MOLM-13 (middle panels, 1 x 106

cells/ml) and THP-1 (right panels, 1 x 106 cells/ml) were treated with 0, 1, 5 or 10 mg/ml of AHCC for 24 or 48 hours. (A). Trypan Blue Exclusion was done to

measure viability (n = 3 separate experiments). (B). The 3 respective cell lines were treated as above and Annexin V / Propidium Iodide (PI) staining was

measured using flow cytometry (n = 3 separate experiments). * p�0.05.

https://doi.org/10.1371/journal.pone.0181729.g002
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Fig 3. AHCC decreases AML-cell proliferation. MV4-11 cells (1 x 106 cells/ml) were treated with AHCC as

in Fig 1, then incubated on Methocult-media-containing plates for 2 weeks. Colonies were counted in a

blinded fashion. (A). Graph of 3 separate experiments. (B). Photographs of representative plates. ***
p�0.001.

https://doi.org/10.1371/journal.pone.0181729.g003
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Next, to test the involvement of cleaved Caspase-3 in AML-cell death, we pretreated MV4-

11 cells and primary AML leukopheresis samples with a Caspase-3 inhibitor, Z-DEVD-FMK

for 45 minutes, and treated with increasing concentrations of AHCC for 24 hours. Inhibitor

efficacy was confirmed by measuring Caspase-3 cleavage (Fig 5A). Cell viability was measured,

and results from Trypan Blue (Fig 5B & 5C for MV4-11 and primary AML cells, respectively)

and Annexin V and Propidium Iodide (PI) staining (Fig 5D & 5E for MV4-11 and primary

AML cells, respectively) showed that the Caspase-3 inhibitor ameliorated the apoptotic effect

of AHCC. This suggests that the pro-apoptotic effects of AHCC on AML cells are mediated by

Caspase-3.

AHCC induces Caspase-8 cleavage and upregulation of Fas and

TRAIL

Since AHCC induced Caspase-3 cleavage in three out of four AML cell lines, we next asked

which upstream molecules were involved in the induction of Caspase-3 cleavage. Both the

extrinsic and intrinsic apoptotic pathways may be involved in Caspase-3 cleavage, so we chose

to look at the intrinsic apoptotic molecule Caspase-9 and the extrinsic molecule Caspase-8.

Fig 4. AHCC-induced cell death is Caspase-3-dependent. The AML cell line MV4-11 (1 x 106 cells/ml) and primary AML-patient leukopheresis samples

(3 x 106 cells/mL) were treated with 0, 1, 5 or 10 mg/ml AHCC for 24 hours. (A-B). Western blotting was done to measure cleaved Caspase-3, using

Calreticulin as a loading control. Representative blots are shown for MV4-11 (A, n = 3 separate experiments) and primary leukopheresis samples (B, n = 3

donors). (C-E). OCI-AML3 (C), MOLM-13 (D) and THP-1 (E) cells were treated with AHCC as above. Western blotting was done to measure cleaved

Caspase-3, using Calreticulin as a loading control (n = 3 separate experiments).

https://doi.org/10.1371/journal.pone.0181729.g004
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Caspase-9 is an initiator caspase involved in intrinsic apoptosis. Upon apoptotic stimulation,

cytochrome c is released from the mitochondria, which forms a complex with pro-Caspase-9

and Apaf-1. This results in the cleavage and activation of Caspase-9 which can then activate

Fig 5. Caspase-3 cleavage is required for AHCC-induced apoptosis of AML cells. (A). MV4-11 cells (1 x 106 cells/ml) were treated with 0,

1, 5 or 10 mg/ml AHCC for 24 hours in the presence or absence of 50 μM Z-DEVD-FMK, the Caspase-3 inhibitor. Western blotting was done to

measure cleaved Caspase-3, with Calreticulin as loading control (n = 2 separate experiments, representative blots shown). (B-C). MV4-11 cells

(B, n = 2 separate experiments) and primary leukopheresis samples (C, n = 3 donors) were treated for 24 hours with 0 (UT), 5 or 10 mg/ml AHCC

with or without Caspase-3 inhibitor, followed by Trypan Blue counts to measure viability. (D-E). MV4-11 cells (D, n = 2 separate experiments)

and primary leukopheresis samples (E, n = 3 donors) were treated for 24 hours with 0 (UT), 5 or 10 mg/ml AHCC with or without Caspase-3

inhibitor and Annexin V / Propidium Iodide (PI) staining measured by flow cytometry. * p�0.05; **** p�0.0001.

https://doi.org/10.1371/journal.pone.0181729.g005
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other caspases including Caspase-3 [32]. In the extrinsic apoptotic pathway, death receptors

can activate Caspase-8 through their interaction with adaptor proteins. Active Caspase-8 or

the p18 subunit is the first step in the apoptotic signaling cascade, which eventually leads to

Caspase-3 cleavage, and apoptosis [33–35].

Here, we treated MV4-11 cells with increasing doses of AHCC (0, 1, 5, 10 mg/ml) for 24

hours and measured levels of cleaved Caspase-8 and Caspase-9. Results showed that AHCC

induced the cleavage of Caspase-8 (Fig 6A and 6B) but not Caspase-9 (data not shown) in

MV4-11 cells.

This suggested involvement of the extrinsic apoptotic pathway so we next tested whether

the death receptors Fas or tumor necrosis factor (TNF)-related apoptosis inducing ligand

Fig 6. AHCC induces Caspase-8 cleavage and upregulation of Fas and TRAIL. The AML cell line MV4-11 (1 x 106 cells/ml) was treated with 0, 1, 5 or

10 mg/ml AHCC for 24 hours. (A-B). Western blotting was done to measure cleaved Caspase-8, with Calreticulin as a loading control (A, representative blot

shown), and densitometric analysis was performed (B, n = 3 separate experiments). (C-D). Fas (C, n = 3 separate experiments) and TRAIL (D, n = 4

separate experiments) were measured by qPCR. * p�0.05.

https://doi.org/10.1371/journal.pone.0181729.g006
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receptor (TRAILR) increased upon AHCC stimulation. We treated MV4-11 cells as described

above and measured TRAIL-R1, TRAIL-R2 and Fas by qPCR. Results showed that the death

receptor Fas increased with higher concentrations of AHCC (Fig 6C), whereas TRAIL-R1 and

TRAIL-R2 did not change (data not shown). Similarly we examined the effects of AHCC on

PARP and saw no increase in the cleaved form (data not shown). However, TRAIL itself

increased with AHCC (Fig 6D). Hence, Fas and TRAIL may be engaged during cell-to-cell

interactions, initiating the apoptotic cascade. AML blasts have been shown to kill one another

via antibody-dependent cellular cytotoxicity (ADCC) after treatment with IFNγ [29], so this

AHCC-mediated Fas and TRAIL upregulation may represent a separate mechanism by which

AML blasts can be induced to target one another.

AHCC is not toxic toward healthy monocytes

Because AHCC reduced viability in AML cells, we next tested whether it had similar effects on

more fully-developed myeloid-lineage cells. For this we treated primary healthy-donor mono-

cytes with increasing doses of AHCC as above. Cell viability and Caspase-3 cleavage were both

measured. In sharp contrast to its effects on AML cells, AHCC increased cell viability at 10

mg/ml (Fig 7A) and decreased Caspase-3 cleavage (Fig 7B). This selective cytotoxic effect of

AHCC may suggest that it targets certain molecules and / or pathways found in AML blasts

but not in mature, healthy myeloid-lineage cells.

AHCC increases survival in vivo

AHCC induced both cleaved Caspase-3 and AML-cell death in vitro. Here, we tested whether

AHCC could increase survival time in a murine model of AML. For this, we injected human

MV4-11 cells intravenously into NSG mice, waited one week to permit engraftment, then

gavaged mice twice per week for 2 weeks with either AHCC or PBS. Results showed that mice

treated with AHCC survived significantly longer than those receiving PBS (Fig 8A). White-

blood-cell counts were also taken on Days 21 and 27 (before and after disease symptoms

appeared), and results showed that the AHCC-treated mice had significantly fewer WBC at

Day 27 compared to untreated mice (Fig 8B and 8C). Hence, AHCC antagonizes AML blasts

not only in vitro, but also in vivo.

Discussion

In this study, we demonstrate that AHCC has a direct effect on AML blasts, reducing viability

and proliferation in AML cell lines and in primary AML samples. AHCC drove a pro-apopto-

tic signal that appeared dependent at least in large part on Caspase-3 activation, as blocking

Caspase-3 restored AML-cell viability. AHCC also decreased white-blood-cell counts and

increased survival in a murine engraftment model of AML.

AHCC consists of a mixture of various compounds, and the mechanisms by which it acts

have not been fully elucidated. It is thought that TLR4 and possibly TLR2 may play a role in

AHCC induced immune responses in intestinal epithelial cells [36]. Here, at least with regard

to AML cells we found that AHCC leads to activation of Caspase-3, which in turn induces apo-

ptosis. Caspase-3 is a part of the family of executioner caspases (along with Caspases 6 and 7),

which form inactive pro-caspase dimers. Once activated, these dimers are cleaved by initiator

caspases into large and small subunits, allowing the two active sites of the dimer to become a

mature protease [37]. Once Caspase-3 is cleaved into a mature protease, it can then initiate the

apoptotic process. The activation of Caspase-3 can be initiated by both an extrinsic and intrin-

sic stimulus. The extrinsic apoptotic pathway is activated by the binding of a ligand to its death

receptor, whereas the intrinsic pathway can be activated through various cellular stresses
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Fig 7. AHCC is not toxic toward healthy monocytes. Healthy-donor monocytes (5 x 106 cells/ml, n = 3

donors) were treated with 0, 1, 5 or 10 mg/ml of AHCC for 24 hours. (A). Trypan Blue counts were done to

measure viability. (B). Western blotting was done to measure cleaved Caspase-3, using Calreticulin as the

loading control. Representative blots shown. ** p�0.01.

https://doi.org/10.1371/journal.pone.0181729.g007
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resulting in the release of cytochrome c [38]. In the extrinsic pathway, once the death receptor

binds to its ligand, the initiator Caspase-8 becomes activated. Activated Caspase-8 can then

directly cleave and activate downstream effector caspases including Caspase-3, triggering apo-

ptosis [39]. Our results suggest that AHCC triggered this extrinsic pathway as it upregulated

Fas and TRAIL, with accompanying Caspase-8, but not Caspase-9 cleavage.

Although not widely popular in the west, AHCC has been used as a nutritional supplement

throughout Japan and Asia for the last decade [14] and appears well-tolerated [40]. The extract

has previously been shown to have antitumor effects. For example, it prolongs survival in

Fig 8. AHCC increases survival in vivo. NSG mice (n = 10 per group) were intravenously injected with 0.3 x 106 MV4-11 cells, then monitored for one

week. Mice were then treated with either PBS or AHCC (600 mg/kg) twice a week for two weeks via gavage. (A). Survival time was measured and plotted.

(B). Peripheral blood was collected and white-blood-cell (WBC) counts done at day 21 and day 27 (n = 3 mice per group). (C). Wright-Giemsa stains of

peripheral blood was performed at day 27 to visualize blast count and morphology, for control (top panel) and AHCC-treated (bottom panel) mice. * p�0.05;

** p�0.01.

https://doi.org/10.1371/journal.pone.0181729.g008
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advanced liver cancer patients [19], enhances the antitumor activity of 5-fluorouracil [41], and

reduces tumor burden alone and in combination with CpG oligodeoxynucleotides in a murine

melanoma model [17]. It shows immune-modulatory effects as well such as serving to sooth

hapten-induced colitis in rats [42], to decrease bacterial burden [43], and to enhance resistance

to pathogens such as Chlamydia trachomatis in murine models of stress [26]. As such, AHCC

may not only aid in the clearance of AML blasts, it may also help reduce the incidence of infec-

tions in these typically immune-compromised patients.

Perhaps as importantly, AHCC has been shown to reduce the adverse effects seen with che-

motherapeutic agents [44–47]. Current AML therapies largely consist of intensive chemother-

apy and allogeneic hematopoietic stem cell transplantation, but outcomes in elderly patients

are especially poor due to their inability to receive intensive chemotherapy [48]. Hence,

AHCC may enable these treatments to be extended to the elderly population. Younger patients

may also benefit, especially if the AML-clearing effects of AHCC can be borne out in future

clinical trials. Along with this, newer drugs such as hypomethylating agents are emerging and

immune-based therapies have already shown great promise for other types of malignancies

[49]. AHCC likely will not be curative for AML by itself, but still might provide powerful anti-

tumor effects in combination with one or more of these therapies. The potential protective and

/ or antitumor effects of AHCC in combination with chemotherapeutic agents has been shown

to have positive effects within the context of solid tumors including pancreatic, ovarian, lung,

colorectal and breast cancer [45–47]. Our results suggest that it may be particularly effective

for AML, as it appears to directly induce blast-cell apoptosis without harming later-lineage

monocytes.

Although not surprising given the low toxicity seen with AHCC, it is nevertheless interest-

ing that AHCC led to apoptosis in AML cells but not their healthy-donor monocyte counter-

parts. It is known that the metabolic needs and intracellular signaling profiles of tumor cells

differ from those of normal cells [50], and one or more compounds within AHCC might

exploit this to effect Caspase-3-mediated apoptosis. Alternatively, tumor cells may express

more AHCC-binding molecules and thereby bind one or more of the AHCC components.

Our initial tests using MV4-11 cells opened the possibility that FLT3 signaling may sensitize

the cells to AHCC, as they carry the FTL3-ITD mutation [51]. However, OCI-AML3 is

FTL3-WT [51] and showed similar Caspase-3 cleavage and apoptosis. Of particular interest,

THP-1 cells, also FLT3-WT [52], showed no Caspase-3 cleavage and virtually no signs of apo-

ptosis. The THP-1 cell line carries a t(9;11)(p22;q23) which leads to an MLL-AF9 fusion gene,

whereas the FLT3-WT and AHCC-sensitive OCI-AML3 cells carry an NPM1-mutation

[53,54]. In vitro, this fusion protein causes an increase in the expression of both migration and

invasion genes in hematopoietic stem cells, driving an extremely invasive subtype of AML.

Additionally, the transplantation of retrovirally-expressing MLL-AF9 hematopoietic cells into

mice causes rapidly-progressing disease when compared to control mice [55]. The other two

cell lines that responded to AHCC do not carry this specific translocation [56,57], suggesting

that it could be a factor with regard to AHCC resistance. However, numerous mutations and

mutational combinations exist within AML cells and cell lines that might influence their

response to AHCC. Differential screens between resistant versus sensitive cell lines may help

uncover the molecules and signaling pathways that are targeted by AHCC, and perhaps which

AML subtypes may be most responsive.

The mutational status of 5 of the 7 patient samples we tested represented 3 different muta-

tional classes, including FLT3-ITD, FLT3-TKD and NPM1 (S1 Table). All responded to

AHCC, suggesting that its effect is likely independent of FLT3 and NPM1. Due to the large

number of known mutations and cytogenetic profiles, as well as patient-to-patient variability,
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very large sets of patient samples will be required to determine which are associated with

response to AHCC.

In summary, we have found that AHCC can cause Caspase-3-dependent AML cell death in

both MV4-11 cells and primary AML samples. It also increased survival time in a murine

engraftment model. Hence, the study of AHCC as a potential adjuvant for the treatment of

AML may be warranted.

Supporting information

S1 Table. Mutational status of AML patients. De-identified AML patient samples provided

through the Leukemia Tissue Bank (LTB) at The Ohio State University were tested for

FLT3-ITD, FLT3-TKD, NPM1, CEBPα, BCR-ABL and PML-RARα. The symbols “-”indicate

negative and “+” positive for each respective mutation. 2 of the 7 patient sets had not been

tested by the LTB.
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8. Davis TA, Grillo-López AJ, White CA, McLaughlin P, Czuczman MS, Link BK, et al. Rituximab anti-

CD20 monoclonal antibody therapy in non-Hodgkin’s lymphoma: safety and efficacy of re-treatment. J

Clin Oncol Off J Am Soc Clin Oncol. 2000; 18: 3135–3143.

9. Parker BS, Rautela J, Hertzog PJ. Antitumour actions of interferons: implications for cancer therapy.

Nat Rev Cancer. 2016; 16: 131–144. https://doi.org/10.1038/nrc.2016.14 PMID: 26911188

10. Butchar JP, Mehta P, Justiniano SE, Guenterberg KD, Kondadasula S-V, Mo X, et al. Reciprocal regula-

tion of activating and inhibitory Fc{gamma} receptors by TLR7/8 activation: implications for tumor immu-

notherapy. Clin Cancer Res Off J Am Assoc Cancer Res. 2010; 16: 2065–2075. https://doi.org/10.

1158/1078-0432.CCR-09-2591 PMID: 20332325

11. Shah P, Fatehchand K, Patel H, Fang H, Justiniano SE, Mo X, et al. Toll-like Receptor 2 Ligands Regu-

late Monocyte FcγReceptor Expression and Function. J Biol Chem. 2013; 288: 12345–12352. https://

doi.org/10.1074/jbc.M113.449983 PMID: 23504312

12. Basmadjian C, Zhao Q, Bentouhami E, Djehal A, Nebigil CG, Johnson RA, et al. Cancer wars: natural

products strike back. Med Pharm Chem. 2014; 2: 20. https://doi.org/10.3389/fchem.2014.00020 PMID:

24822174

13. Daddaoua A, Martı́nez-Plata E, Ortega-González M, Ocón B, Aranda CJ, Zarzuelo A, et al. The nutri-

tional supplement Active Hexose Correlated Compound (AHCC) has direct immunomodulatory actions

on intestinal epithelial cells and macrophages involving TLR/MyD88 and NF-κB/MAPK activation. Food

Chem. 2013; 136: 1288–1295. https://doi.org/10.1016/j.foodchem.2012.09.039 PMID: 23194525

14. Gao Y, Zhang D, Sun B, Fujii H, Kosuna K- I, Yin Z. Active hexose correlated compound enhances

tumor surveillance through regulating both innate and adaptive immune responses. Cancer Immunol

Immunother CII. 2006; 55: 1258–1266. https://doi.org/10.1007/s00262-005-0111-9 PMID: 16362410

15. Matsui Y, Uhara J, Satoi S, Kaibori M, Yamada H, Kitade H, et al. Improved prognosis of postoperative

hepatocellular carcinoma patients when treated with functional foods: a prospective cohort study. J

Hepatol. 2002; 37: 78–86. PMID: 12076865

16. Matsushita K, Kuramitsu Y, Ohiro Y, Obara M, Kobayashi M, Li YQ, et al. Combination therapy of active

hexose correlated compound plus UFT significantly reduces the metastasis of rat mammary adenocar-

cinoma. Anticancer Drugs. 1998; 9: 343–350. PMID: 9635925

17. Ignacio RM, Kim C-S, Kim Y-D, Lee H-M, Qi X-F, Kim S-K. Therapeutic effect of Active Hexose-Corre-

lated Compound (AHCC) combined with CpG-ODN (oligodeoxynucleotide) in B16 melanoma murine

model. Cytokine. 2015; 76: 131–137. https://doi.org/10.1016/j.cyto.2015.06.002 PMID: 26082022

18. Vetvicka V, Vetvickova J. Immune-enhancing effects of Maitake (Grifola frondosa) and Shiitake (Lenti-

nula edodes) extracts. Ann Transl Med. 2014; 2: 14. https://doi.org/10.3978/j.issn.2305-5839.2014.01.

05 PMID: 25332990

19. Cowawintaweewat S, Manoromana S, Sriplung H, Khuhaprema T, Tongtawe P, Tapchaisri P, et al.

Prognostic improvement of patients with advanced liver cancer after active hexose correlated com-

pound (AHCC) treatment. Asian Pac J Allergy Immunol Launched Allergy Immunol Soc Thail. 2006; 24:

33–45.

20. Parida DK, Wakame K, Nomura T. Integrating Complimentary and Alternative Medicine in Form of

Active Hexose Co-Related Compound (AHCC) in the Management of Head & Neck Cancer Patients.

Int J Clin Med. 2011; 02: 588. https://doi.org/10.4236/ijcm.2011.25097

21. Ishizuka R, Fujii H, Miura T, Fukuchi Y, Tajima K. Personalized cancer therapy for stage IV non-small

cell lung cancer: Combined use of active hexose correlated compound and genistein concentrated poly-

saccharide. Pers Med Universe. 2012; 1: 39–44. https://doi.org/10.1016/j.pmu.2012.05.006

22. Fatehchand K, McMichael EL, Reader BF, Fang H, Santhanam R, Gautam S, et al. Interferon-γ pro-

motes antibody-mediated fratricide of Acute Myeloid Leukemia cells. J Biol Chem. 2016; https://doi.org/

10.1074/jbc.M116.753145 PMID: 27780867

23. Tridandapani S, Wang Y, Marsh CB, Anderson CL. Src Homology 2 Domain-Containing Inositol Poly-

phosphate Phosphatase Regulates NF-κB-Mediated Gene Transcription by Phagocytic FcγRs in

Human Myeloid Cells. J Immunol. 2002; 169: 4370–4378. https://doi.org/10.4049/jimmunol.169.8.4370

PMID: 12370370

Active hexose-correlated compound induces Caspase-3

PLOS ONE | https://doi.org/10.1371/journal.pone.0181729 July 20, 2017 16 / 18

https://doi.org/10.1056/NEJM199909303411407
http://www.ncbi.nlm.nih.gov/pubmed/10502596
https://doi.org/10.1182/blood-2015-08-604520
http://www.ncbi.nlm.nih.gov/pubmed/26660429
https://doi.org/10.1182/blood-2015-10-662684
http://www.ncbi.nlm.nih.gov/pubmed/26660430
https://doi.org/10.1038/nrc.2016.14
http://www.ncbi.nlm.nih.gov/pubmed/26911188
https://doi.org/10.1158/1078-0432.CCR-09-2591
https://doi.org/10.1158/1078-0432.CCR-09-2591
http://www.ncbi.nlm.nih.gov/pubmed/20332325
https://doi.org/10.1074/jbc.M113.449983
https://doi.org/10.1074/jbc.M113.449983
http://www.ncbi.nlm.nih.gov/pubmed/23504312
https://doi.org/10.3389/fchem.2014.00020
http://www.ncbi.nlm.nih.gov/pubmed/24822174
https://doi.org/10.1016/j.foodchem.2012.09.039
http://www.ncbi.nlm.nih.gov/pubmed/23194525
https://doi.org/10.1007/s00262-005-0111-9
http://www.ncbi.nlm.nih.gov/pubmed/16362410
http://www.ncbi.nlm.nih.gov/pubmed/12076865
http://www.ncbi.nlm.nih.gov/pubmed/9635925
https://doi.org/10.1016/j.cyto.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26082022
https://doi.org/10.3978/j.issn.2305-5839.2014.01.05
https://doi.org/10.3978/j.issn.2305-5839.2014.01.05
http://www.ncbi.nlm.nih.gov/pubmed/25332990
https://doi.org/10.4236/ijcm.2011.25097
https://doi.org/10.1016/j.pmu.2012.05.006
https://doi.org/10.1074/jbc.M116.753145
https://doi.org/10.1074/jbc.M116.753145
http://www.ncbi.nlm.nih.gov/pubmed/27780867
https://doi.org/10.4049/jimmunol.169.8.4370
http://www.ncbi.nlm.nih.gov/pubmed/12370370
https://doi.org/10.1371/journal.pone.0181729


24. Tokunaga M, Baron B, Kitagawa T, Tokuda K, Kuramitsu Y. Active Hexose-correlated Compound

Down-regulates Heat Shock Factor 1, a Transcription Factor for HSP27, in Gemcitabine-resistant

Human Pancreatic Cancer Cells. Anticancer Res. 2015; 35: 6063–6067. PMID: 26504030

25. Ritz BW, Nogusa S, Ackerman EA, Gardner EM. Supplementation with active hexose correlated com-

pound increases the innate immune response of young mice to primary influenza infection. J Nutr.

2006; 136: 2868–2873. PMID: 17056815

26. Belay T, Fu C-L, Woart A. Active Hexose Correlated Compound Activates Immune Function to

Decrease Chlamydia trachomatis Shedding in a Murine Stress Model. J Nutr Med Diet Care. 2015; 1.

PMID: 27790645

27. Lee W- W, Lee N, Fujii H, Kang I. Active Hexose Correlated Compound promotes T helper (Th) 17 and

1 cell responses via inducing IL-1β production from monocytes in humans. Cell Immunol. 2012; 275:

19–23. https://doi.org/10.1016/j.cellimm.2012.04.001 PMID: 22531483

28. Nakao M, Yokota S, Iwai T, Kaneko H, Horiike S, Kashima K, et al. Internal tandem duplication of the

flt3 gene found in acute myeloid leukemia. Leukemia. 1996; 10: 1911–1918. PMID: 8946930
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