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Abstract

Beta glucans are cell wall constituents of yeast, fungi and bacteria, as well as mushrooms and 

barley. Glucans are not expressed on mammalian cells and are recognized as pathogen-associated 

molecular patterns (PAMPS) by pattern recognition receptors (PRR). Beta glucans have potential 

activity as biological response modifiers for hematopoiesis and enhancement of bone marrow 

recovery after injury. We have reported that Maitake beta glucan (MBG) enhanced mouse bone 

marrow (BMC) and human umbilical cord blood (CB) cell granulocyte-monocyte colony forming 

unit (GM-CFU) activity in vitro and protected GM-CFU forming stem cells from doxorubicin 

(DOX) toxicity. The objective of this study was to determine the effects of MBG on expansion of 

phenotypically distinct subpopulations of progenitor and stem cells in CB from full-term infants 

cultured ex vivo and on homing and engraftment in vivo in the nonobese diabetic/severe combined 

immunodeficient (NOD/SCID) mouse. MBG promoted a greater expansion of 

CD34+CD33+CD38− human committed hematopoietic progenitor (HPC) cells compared to the 

conventional stem cell culture medium (P = 0.002 by ANOVA). CD34+CXCR4+CD38− early, 

uncommitted human hematopoietic stem cell (HSC) numbers showed a trend towards increase in 

response to MBG. The fate of CD34+ enriched CB cells after injection into the sublethally 

irradiated NOS/SCID mouse was evaluated after retrieval of xenografted human CB from marrow 

and spleen by flow cytometric analysis. Oral administration of MBG to recipient NOS/SCID mice 

led to enhanced homing at 3 days and engraftment at 6 days in mouse bone marrow (P = 0.002 
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and P = 0.0005, respectively) compared to control mice. More CD34+ human CB cells were also 

retrieved from mouse spleen in MBG treated mice at 6 days after transplantation. The studies 

suggest that MBG promotes hematopoiesis through effects on CD34+ progenitor cell expansion ex 

vivo and when given to the transplant recipient could enhance CD34+ precursor cell homing and 

support engraftment.
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Introduction

Beta glucans are cell wall constituents of yeast, fungi and bacteria, as well as edible 

mushrooms and barley. Beta glucans are not expressed on mammalian cells and are 

recognized as pathogen-associated molecular patterns (PAMPS) by pattern recognition 

receptors (PRR), primarily the C-type lectin receptor dectin-1, and also interact via the 

complement receptor 3 (CR3) (1–4). Dectin-1 is a small type II transmembrane receptor 

with a lectin-like carbohydrate recognition domain, which recognizes beta1, 3- and beta1, 6-

linked and intact yeast, while CR3 is a widely expressed beta 2-integrin containing a lectin 

domain, which mediates carbohydrate recognition (1, 5). Both CR3 and dectin-1 expression 

are affected by bone marrow injury and have a role in the restorative effects of soluble beta 

glucan on hematopoiesis after radiation or chemotherapy (6, 7).

Studies in the mouse have shown that specific beta glucans, such as PGG-glucan derived 

from yeast (Saccharomyces cerevisiae) or from mushrooms such as Grifola frondosa, 

Sclerotinia sclerotiorum and Sparassis crispa, can enhance hematopoiesis and protect bone 

marrow cells from radiation and chemotherapeutic injury (8–12). PGG-glucan (poly-1-6 

beta-D-glucopyranosyl 1,3-beta-glucopyranose) has been shown to synergize with colony-

stimulating growth factors leading to increased colony forming activity and to have direct 

effects on committed hematopoietic progenitor cells (10, 13, 14). Increase in colony growth 

factor production after intraperitoneal injection of SSG, a 1,3-beta-D-glucan obtained from 

the culture filtrate of S. sclerotiorum led to increases in both splenic hematopoiesis and 

peripheral leukocyte numbers (9). Administration of SCG a 1,3-beta-D-glucan from 

Sparassis crispa to mice after cyclophosphamide treatment restored hematopoiesis and the 

effect was mediated by beta glucan binding to dectin-1 (7, 9, 15).

We have previously reported that Maitake beta glucan (MBG), a purified endotoxin-free 

extract from the fruit body of mushroom Grifola frondosa characterized by a 1,6 main chain 

with 1,3 branches, enhanced mouse bone marrow (BMC) granulocyte-monocyte colony 

forming unit (GM-CFU) activity in vitro and protected GM-CFU forming stem cells from 

doxorubicin (DOX) toxicity in a dose-dependent manner (8). In subsequent studies we found 

that MBG enhanced human umbilical cord blood (CB) cell GM-CFU activity in vitro and 

protected human GM-CFU forming stem cells from DOX toxicity. In these studies we 

discovered that MBG directly induced G-CSF production in CD33+ CB monocytes but not 
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in adult monocytes, suggesting that lineage specific CB monocytes had an enhanced 

response to MBG and performed as important accessory cells in the CFU-GM assay (16).

Human umbilical cord blood contains a rich population of primitive hematopoietic cells 

including lineage-restricted committed progenitors (HPC), and primitive uncommitted 

hematopoietic stem cells (HSC) that sustain multilineage hematopoiesis (17). HSC develop 

into all of the blood forming cells of the hematopoietic system, while the myeloid restricted 

HPC are critical for the initial phase of clinical transplantation (18, 19). Although there are 

no surface markers that singly or in combination can identify functionally active stem cells 

as discrete and homogenous populations, the CD34 cell dose is the one factor consistently 

associated with rate of engraftment, reduced morbidity and survival (20). Functional assays 

are required to assess the biological activity of progenitor and stem cells (21). Committed 

myeloid progenitors (HPC) form discrete colonies of mature cells in response to 

hematopoietic cytokines in semi-solid medium and these cells are measured as colony-

forming units (CFU) in validated CFU assays (22). Human CD34+ cells with HSC function 

are identified by in vivo functional assay in the NOD/SCID mouse by xenotransplantation 

assay (23). After brief exposure to irradiation the NOD/SCID mouse models can be 

repopulated with human cells over days to weeks and offer a validated approach to assess 

HSC homing and engraftment (23, 24). The severe combined immune deficient mouse 

repopulating cell (SRC) assay, which measures relative SRC activity in the NOD/SCID 

mouse, provides a clinically useful correlate for graft function (22). CXCR4, the G− protein 

coupled receptor that binds to stromal cell-derived factor-1 alpha (SDF-1) is a critical 

determinant for CD34+ human precursor cell migration leading to homing and engraftment 

in the nonobese diabetic/ severe combined immunodeficient (NOD/SCID) mouse assay for 

transplantation (25–27). CXCR4 expression on the surface of CD34+ precursor cells denotes 

very early-uncommitted HSC proliferation and homing and correlates with long-term 

culture-initiating activity (28).

Cord blood is emerging as an important source of progenitor cells for hematopoietic 

reconstitution in the treatment of both malignant and non-malignant blood diseases. 

Compared to bone marrow, cord blood stem cells cause less graft-versus-host disease (29, 

30). The limitation in precursor cell number, especially in smaller volume cord blood 

samples has led to the development of methods to expand cord blood precursor cells 

including HPC and HSC ex vivo (31, 32) and the investigation of approaches to maximize 

homing and engraftment potential in vivo (33). The objective of the present study was to 

determine the effects of MBG on the proliferation and differentiation of phenotypically 

distinct subpopulations of CB progenitor and stem cells during expansion of freshly 

obtained CB from healthy full-term infants cultured ex vivo and to evaluate the potential role 

of oral administration of MBG on the fate of CB CD34+ precursor cells in vivo in the NOD/

SCID mouse model for homing and engraftment.

Material and Methods

Chemicals and Reagents

Maitake mushroom beta-glucan (MBG) is an extract from fruit body of Maitake mushroom 

(Grifola frondosa), which was made under patented methods (Japan Pat. No. 2859843/US 
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Pat. No. 5,854,404) and provided by Yuikiguni Maitake Corp. through the Tradeworks 

group. The extract was stored in a refrigerator at 4°C under dark conditions until use. The lot 

of MBG used in this study was sent to NAMSA to test for endotoxin contamination using 

limulus amebocyte lysate (LAL) assay. The result showed that there was no detectable 

endotoxin activity (maximum level = 0.012 EU/mg). MBG powder dissolved readily in 

RPMI 1640 with 25 mM HEPES buffer and was initially prepared at a concentration of 20 

mg/mL and sterilized by filtration through 0.2 µm cellulose acetate low protein binding 

membrane, and stored at −20°C. The stock solution was diluted to the required 

concentration in RPMI 1640 medium freshly at the time of use.

Mice

NOD.CB17-Prikdc scid/J mice were purchased from Jackson Laboratory and maintained 

under a restricted barrier facility at Memorial Sloan-Kettering Cancer Center (MSKCC, 

New York, NY). All animal experiments were approved by the Animal Care Committee of 

MSKCC. Mice were maintained on regular food, Certified Rodent Diet # 5053 (LabDiet) 

throughout the study. Mice, 8–10 weeks old, were given a sublethal dose (350 cGy) of 

whole body irradiation at a rate of 65 cGy/min from a Gammacell 40 Exactor 

containing 137Cs (MDS Nordion; Kanata, Ontario Canada). Within 24 hrs, mice were 

injected through the tail vein with CD34+ enriched human umbilical cord blood cells (2–5 × 

105 cells/mouse). Mice were sacrificed using the CO2 technique at different time points after 

transplantation as indicated. Mouse peripheral blood was obtained by cardiac puncture 

bleeding at the time of sacrifice, and mouse bone marrow and spleen cells were collected 

and resuspended as single-cell suspensions.

Human Cord Blood Samples

Human umbilical cord blood (CB) samples from healthy full-term infants were obtained 

under an approved IRB protocol at Weill Medical College of Cornell University. All CB 

units used in this study were released by the New York Blood Bank Cord Blood Banking 

program at New York Presbyterian Hospital—Weill Cornell due to low volume or for 

logistical reasons. All samples were collected at the time of delivery into blood bags 

containing anticoagulant Citrate-Phosphate Dextrose Adenine and processed freshly in the 

Weill Cornell Cellular Immunology Laboratory.

Cord Blood Cell Dectin-1 Expression

Freshly collected CB samples were stained with mouse anti-human dectin-1/CLEC7A 

antibody (R&D Systems, Minneapolis, MN) using a modified indirect staining protocol. 

Briefly, blood samples were lysed with BD Pharm Lyse TM for 10 mins in room 

temperature (RT) to remove red blood cells. After washing with staining buffer (PBS/0.5% 

BSA) twice, cells were incubated with 400 µL blocking buffer I containing 0.5% human 

IgG, 5% BSA, 2 mM NaN3 in PBS at 4°C for 20 mins to block against human Ig Fc receptor 

(FcR). Cells were then washed with 2 mL staining buffer once, followed by staining with 

mouse anti-human dectin-1/CLEC7A antibodies or matching isotype antibodies for 30 mins 

at 4°C. After washing with 2 mL staining buffer once, cells were incubated with secondary 

antibodies, FITC conjugated goat anti-mouse IgG (R&D Systems, Minneapolis, MN) at 4°C 

for 30 mins, then washed with 2 mL staining buffer. Afterwards, cells were incubated with 
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0.5 mL of blocking buffer II (5% mouse serum in PBS) for 20 mins at 4°C, and washed once 

with 2 mL staining buffer. Directly conjugated fluorescent antibodies of interest were then 

added (e.g., CD14 PE for detecting monocytes, CD45 PerCP and CD19 PE for detecting 

lymphocytes), and samples were incubated at RT for 15 mins, then washed with 2 mL 

staining buffer. Cells were resuspended in 400 µL fixative solution containing 1% 

paraformaldehyde, 0.25% BSA, 1 mM NaN3 in PBS. The cells were then acquired and 

analyzed in a FACSCalibur flow cytometer (BD) using Cell Quest and FlowJo software. 

Gating was initially performed on monocytes by light scatter properties and on lymphocytes 

using anti CD45. We also used the anti-dectin-1 antibody GE2 (IgG1) provided by J. A. 

Willament as a reference.

Cord Blood Stem Cell Enrichment

Freshly collected CB samples were enriched for CD34+ stem cells using the RosetteSep cord 

blood progenitor enrichment system (StemCell Technologies Inc., Vancouver, Canada) 

according to the manufacturer’s instructions. Briefly, RosetteSep human progenitor 

enrichment cocktail was added into CB at 50 µL/mL blood, incubated at room temperature 

(RT) for 20 mins. After incubation, the CB was diluted with PBS/2% FBS at 1:4 (v/v) and 

mixed well. The diluted blood was layered on top of Ficoll-Paque. After centrifugation for 

25 mins at 2000 rpm at RT, the enriched cells were collected from the Ficoll-Paque plasma 

interface. Cells were washed with PBS/2% FBS twice, and then resuspended in PBS/2% 

FBS. Cell aliquots were diluted and mixed using Turk’s stain and counted by light 

microscope using a hemocytometer. For each CB sample, a small aliquot of enriched cells 

was assessed by flow cytometric technique to detect the percentage of enriched 

CD34+CD33+CD38− cells as well as CD34+CXCR4 +CD38− cells; the mean percentages 

for the CB samples used in ex vivo expansion studies were 8.2 ± 10.0 and 2.8 ± 1.9, 

respectively.

Ex Vivo Expansion Assay

Cord blood was enriched for CD34+ progenitor cells using RosetteSep cord blood 

progenitor enrichment system (StemCell Technologies Inc., Vancouver, Canada), after 

separation of mononuclear cells by density gradient centrifugation as described above. 

CD34− enriched cord blood cells were then cultured in expansion culture medium, which 

was StemSpan® H3000 medium (StemCell Technologies Inc.) with StemSpan™ CC100 

cytokine cocktail containing 100 ng/mL rh Flt-3 ligand, 100 ng/mL rh Stem Cell Factor 

(SCF), 20 ng/mL rh interleukin-3 (IL-3) and 20 ng/mL rh interleukin-6 (IL-6). Briefly, after 

washing with PBS/2% FBS, CD34-enriched cord blood cells were resuspended in expansion 

medium at 6.69 ± 1.74 × 104 cells/mL. After adding MBG (final concentrations were 0, 50, 

100, 200 µg/mL), CD34+ enriched cells were cultured in expansion culture medium at a 

total volume of 2 mL in T25 tissue culture flasks. The cells were cultured at 37°C, in a 5% 

CO2 humidified incubator. Harvesting and evaluation of cell populations in cell cultures was 

performed at specific time points: 0, 4, 7, and 14 days. Effects of MBG on expansion of cell 

populations with either CD34+CD33+CD38− HPC or CD34+CD38− CXCR4+ HSC 

phenotypes were assessed by flow cytometry. Flow cytometric analysis was performed on 

cells stained with directly conjugated moAb using a FACSCalibur (BD Biosciences) 

instrument. Stepwise gating was performed first to gate on CD38− mononuclear cells 
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expressing CD34, then to determine percentage of populations co-expressing CD33 (HPC) 

or co-expressing CXCR4 by three-color flow cytometry. Data acquisition and analysis were 

performed with CellQuest and FlowJo software.

Labeling of CD34+ Enriched Cord Blood Cells with CFSE

For the homing studies, CD34+ enriched cord blood cells were labeled with 

carboxyfluorescein diacetate succinimidyl ester (CFSE) 18 hrs before injection into NOD/

SCID mice. Briefly the CFSE solution was added to enriched CB cell suspensions, and 

samples were incubated at 37°C for 15 mins. Then pre-chilled (4°C) PBS/0.1% BSA was 

added to wash the cells. Aspiration was performed and cells were washed twice more with 

pre-chilled PBS/0.1% BSA. After the final aspiration, 5 mL of pre-warmed (37°C) 

RPMI-1640/5% FBS was added and cells were put into a 37°C, 5% CO2 incubator 

overnight.

Injection of CD34+ Enriched Cord Blood Cells into NOD/SCID Mice

Before injection, the cells were washed with PBS once and resuspended in PBS at 1~2.5 × 

106 cells/mL. Injection of 200 µL /mouse of the enriched CB cells was performed through 

the tail vein into NOD/ SCID mouse which had been given sublethal irradiation on the 

previous day.

MBG Oral Administration

In the MBG treatment group, mice were orally given 4 mg/kg/day of MBG by gavage at the 

same time as the transplantation and then were given MBG daily in the subsequent 

experimental days in the same way. The mice were weighed each day before gavage.

Collection of Mouse Peripheral Blood, Bone Marrow, and Spleen

Peripheral Blood—After experiment period, mice were sacrificed with the CO2 

technique. Mouse peripheral blood was obtained by cardiac puncture allowing free flow 

bleeding into small, heparinized sterile tubes.

Bone Marrow—Mouse bone marrow cells were collected by standard procedure as 

previously described (8). Briefly, mouse bone marrow cells were collected from femoral 

shafts by flushing with 3 mL of cold RPMI-1640. The cell suspensions were passed up and 

down six times through an 18-gauge needle in RPMI-1640 to disperse cell clumps. After 

washing once with RPMI-1640, bone marrow cells were incubated with 15% FBS/

RPMI-1640 at RT for 30 mins. Washing was performed on cells with serum-free 

RPMI-1640 twice, then cells were washed once with PBS, and resuspended in PBS for 

staining with fluorescent conjugated monoclonal antibodies.

Spleen—Mouse spleen cells were collected with smearing between two sterile glass-slides 

a few times in ~3 mL RPMI-1604 medium. The cell suspensions were passed up and down 

through an 18-gauge needle in RPMI-1640 to disperse cell clumps. After washing with 

RPMI-1640 once, mouse spleen cells were incubated with 15% FBS/RPMI-1640 at RT for 

30 mins. Spleen cells were washed twice with serum-free RPMI-1640, then washed once 
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with PBS, and then resuspended in PBS for staining with fluorescent-conjugated 

monoclonal antibodies.

Staining with Anti-Human CD45 and CD34 Antibodies to Detect Engrafted Human Cells

After washing, bone marrow, or spleen cells with PBS, peripheral whole mouse blood, bone 

marrow or spleen cells were pre-incubated with Mouse BD Fc Block (purified anti-mouse 

CD16/CD32 mAB, 2.4 G2, BD Biosciences) at ≤1 µg/ million cells in 100 µL, at 4°C for 5–

10 mins. Then monoclonal antibodies of interest were added: mouse IgG R-PE and mouse 

IgG-PerCP for isotype detection tubes, anti-human CD45-PerCP and anti-human CD34-PE 

for the human cell detection tubes. After incubating at RT for 15 mins in the dark in the 

presence of Mouse BD Fc Block, fixative-free lysing solution was added at 2 mL/tube 

(High-Yield Lyse, CALTAG, Carlsbad, CA), followed by vortexing and incubation at RT in 

dark conditions for 10 mins. Then tubes were centrifuged at 1500 rpm for 5 mins and 

vacuum aspirated to remove supernatants. After washing the cells once with PBS, followed 

by aspiration to remove supernatants, 7-AAD was added and tubes were incubated at 4°C 

for 15 mins. Then cells were treated with 0.5 mL of fixative solution (7.5 g 

paraformaldehyde + 2.5 mL FBS in 500 mL of PBS). The cells were then acquired and 

analyzed in a FACSCalibur flow cytometer (BD) using Cell Quest and FlowJo software.

Flow Cytometric Analysis

Flow cytometric analysis was used to determine the percentage and number of human CD45 

and CD34 cells retrieved from the NOD/SCID mouse bone marrow, spleen and peripheral 

blood. For homing studies, human CB cells were identified first with CFSE labeling, then 

CD34 R-PE or CD45 PerCP positive cells were gated. For engraftment studies, the gating 

strategy was performed as described (34). Dead cells were excluded using 7-AAD by 

plotting 7-AAD against forward light scatter. Living CD34 R-PE and/or CD45-FITC 

positive cells were then gated. To determine the number of CD34+ CB cells retrieved from 

the NOD/SCID mouse 6 days after transplantation, dead cells were excluded first using 7-

AAD. Living CD45dim cells possessing large forward light scatter properties were then 

gated and then plotted using CD45 FITC versus CD34 R-PE. The number of these cells 

represented the CD34+ CB cells retrieved from the NOD/ SCID mouse bone marrow.

Statistical Analysis

Data are presented as mean percentage ± SD or mean ± SD. To study the effects of MBG on 

the ex vivo expansion of CD34+ cells, one-way ANOVA was used to examine the difference 

in average cell counts across different treatment groups. Dunnett’s test was then used to 

compare the average cell counts between each of the MBG treated group and the control 

while properly adjusting for multiple comparisons. To further examine the differential 

treatment effects on HPCs and HSCs, two-way ANOVA with an interaction term of cell 

type and treatment was used. For the homing and engraftment studies, two-way ANOVA 

was used to examine the association between CD34+ cell homing and engraftment and 

MBG treatment while controlling for different cord blood samples transplanted. These 

analyses were carried out using statistical programming and software package R (35).
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Results

Effects of MBG on Expansion of CD34+ Cells Ex Vivo

Umbilical cord blood samples were collected at delivery from healthy infants and processed 

within 12 hrs. CD34+ progenitor cells were enriched using the RosetteSep human progenitor 

enrichment cocktail. Mononuclear cells were isolated by density gradient centrifugation, 

washed and evaluated for CD34+ cells by flow cytometry and then expanded ex vivo in 

StemSpan H3000 defined medium supplemented with growth factors and cytokines: rhFlt-3, 

rhSCF, rhIL-3, rhIL-6, in the presence or absence of MBG at various doses as indicated. The 

objective of these experiments was to assess the effect of MBG on expansion of the 

committed CD34+ progenitor cell expressing CD33+ an early marker of myeloid maturation 

as a correlate of potential HPC progenitor cell activity and on CD34+CXCR4+CD38− cells, 

putative HSC stem cells, as a correlate of uncommitted hematopoietic potential (36, 37). 

Absence of CD38 on CD34+ precursor cells was used to define the initial gate (37–39).

In the absence of cytokines and growth factors, CB cells did not proliferate and cultures 

were poorly viable (data not shown). After 4 days’ culture in conventional expansion media 

with and without added MBG, expression of CD34, CD33, CD38, and CXCR4 was assessed 

by flow cytometry. After gating on CD34+CD38− cells, expression of CD33+ was assessed. 

Mean data from 4 experiments with CB from 4 different infants are shown in Figure 1 panel 

A and panel B. As shown in panel A, MBG elicited a dose-related enhancement of 

CD34+CD33+CD38− cells. Significant differences were observed using one-way ANOVA 

to analyze changes in HPC across all doses of MBG compared to conventional expansion 

medium for this population (P = 0.002). Dunnett’s test was then applied to evaluate pair-

wise differences for specific doses of MBG. Significant increases in HCP were observed 

when MBG was added at 50 µg/mL and 100 µg/mL (P = 0.022 and 0.003, respectively); 

expansion was maximal at 100 µg/mL. At 200 µg/mL the MBG response declined to the 

level of control cultures. The fall off was not due to any cytostatic or cytotoxic effects as 

determined in separate experiments adding MBG at 200 µg/ mL to CB cells in the 2,3-bis (2-

methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide 

(XTT) cytotoxicity assay. This could be due to cross-linking of the 1.3 branches at high 

concentration and failure to trigger monocyte activation.

The same samples from the same cultures were also assessed for expansion of precursor 

cells defined by expression of the CD34+CD38− CXCR4+ phenotype, which correlates with 

early, uncommitted hematopoietic stem cells (HSC) capable of repopulating the NOD/SCID 

mouse (37). Compared to conventional expansion medium alone, MBG treatment led to an 

increase in cells with HSC phenotype but these differences were not statistically significant 

by one-way ANOVA. Data are shown in Figure 1 panel B. As noted in Methods, mean 

concentration of the inoculum was 6.69 ± 1.74 × 104 cells/mL allowing comparison of all 

MBG doses and time points across all samples. There was no discernible impact of this 

difference on the results of the expansion studies.

In all samples there were more HPC cells than HSC cells. After enrichment the percentage 

of HPC cells was 8.2% ± 10.0 and that of HSC cells was 2.8% ± 1.9 as mentioned in the 

Methods section. The starting population of HSC cells was lower than that of HPC cells and 
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could have influenced the overall expansion. To further examine whether there was a 

difference between the effect of MBG on HPCs and HSCs on ex vivo expansion in 

responding to MBG, a two-way ANOVA with an interactive term of cell type and treatment 

was used. The analysis showed that the HPCs showed a trend towards greater expansion 

compared to cells with HSC phenotype in response to MBG at 100 µg/ mL.

Studies of other beta glucans have shown that monocytes, macrophages, and neutrophils are 

the principal responding cell type and that this is associated with expression of the dectin-1 

receptor on these cells (2, 15, 57, 58, 62). Therefore we evaluated freshly obtained CB from 

12 full-term infants for expression of dectin-1 by flow cytometry. As shown in Figure 2, we 

report that dectin-1 is expressed on both monocytes and B lymphocytes. Panel A shows the 

flow cytometry of a single representative infant, and Panel B shows the group results.

Effects of MBG on CB CD34+ Cells Homing and Engraftment to NOD/SCID Mouse

To evaluate the effects of MBG on homing and engraftment, we then transplanted freshly 

obtained CB enriched for CD34+ precursor cells without expansion into MBG treated 

compared to untreated NOD/SCID mice (24, 40). Beta glucan given orally is taken up by 

intestinal macrophages, which then migrate to the bone marrow where further degradation of 

the beta glucan occurs (41). The purpose of these experiments was to determine if giving 

MBG by oral supplementation to the recipient mouse would affect homing and engraftment. 

Three independent experiments were carried out using 3 to 8 mice in each defined group (n 

= 36 mice); 16 mice were treated with MBG and compared to 16 controls. The other 4 mice 

were used as irradiation controls without transplantation. For each experiment, one unit CB 

was transplanted to 8 mice. Mice were then randomly divided such that 4 mice were in both 

the control and MBG groups. Multiple units of CB samples were used for both homing and 

engraftment studies. Two-way ANOVA was applied to examine the association between 

CD34+ cell homing and engraftment and MBG treatment while controlling for different 

cord blood samples transplanted. For the homing studies, enriched human CD34+ cells 

prepared from CB samples were labeled with CFSE and transplanted into NOD/SCID mice 

that had been sublethally irradiated on the previous day. At 3 days the results showed that 

daily oral administration of MBG led to significantly increased numbers of CFSE-labeled 

CB CD34+ cells when retrieved from NOD/SCID mouse bone marrow after sacrifice 

regardless of the cord blood sample used (P value = 0.002) as shown in Figure 3 panel A. In 

contrast, augmentation of human precursor cell recovery in the spleen compared to 

conventional transplantation was not observed. As shown in Figure 3 panel B, although CB 

CD34+ cells retrieved from MBG treated NOD/SCID mouse spleen (SP) were slightly 

higher on average than the control group using the second unit cord blood sample, the 

overall percentage of CD34+ cells recovered remained at the same level as in control mice 

(P value = 0.30). MBG also did not affect recovery of CD34+CB stem cells in peripheral 

blood at 3 days compared to conventional transplantation (data not shown). Therefore the 

studies indicated that MBG augmented CB CD34+ cells homing to bone marrow but not to 

spleen in this early stage of transplantation.

For the engraftment study, at 6 days after transplantation with enriched human CB CD34+ 

precursor cells, cellular populations were collected from NOD/SCID mice bone marrow and 
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spleen. Cells were prepared as described and analyzed with flow cytometry. Dead cells were 

excluded using 7-AAD and living CD34+CD45+ cells were selectively gated. As clearly 

shown in Figure 4 panel A, after 6 days, the percentages of human cord blood identified by 

coexpression of CD34+CD45+ cells, retrieved from MBG treated NOD/SCID mice (n = 8) 

bone marrow, were very significantly higher than those from control groups (n= 8), 

regardless of the different units of CB used (P value < 0.001). Similarly, as shown in Figure 

4 panel B, the percentages of human CD34+CD45+ cells retrieved from MBG treated NOD/

SCID mouse spleens were very significantly higher than those from the control groups of 

mice not treated with MBG (P < 0.001).

When the effects of transplantation were combined for different cord bloods and compared 

as groups, the results clearly showed that MBG enhanced homing of human CD34+CD45+ 

cells to bone marrow compared to conventional transplantation as shown in Figure 5 panel 

A. Overall the percentage of human CD34+CD45+ cells increased 1fold by 6 days in mouse 

bone marrow and spleen compared to 3 days, for both the control group and the MBG group 

treated group. In contrast as shown in panel B, there was no effect of MBG on the level of 

CD34+CD45+ CB cells in spleen at 3 days while at 6 days this population showed a much 

greater increase in the MBG group compared to the untreated group. This could have 

reflected an effect of MBG on enhancement of human stem cell proliferation in the spleen.

Discussion

These studies are the first to show that a beta glucan, as described here for MBG, promotes 

the expansion of human umbilical cord blood CD34+ precursor cells ex vivo and enhances 

human CD34+ precursor cell homing and engraftment in the NOD/SCID mouse. Compared 

to conventional expansion media, the dose-dependent effect of MBG on expansion of the 

CD34+ cell population containing myeloid committed HPC progenitor cell was highly 

significant. The potential relevance for engraftment was evaluated in the xenograft NOD/

SCID mouse model assay for human transplantation. Mice were given MBG by oral 

administration with the intent of influencing the bone marrow microenvironment in the 

recipient. As shown by recovery of more human cells from mouse bone marrow and spleen 

of treated mice compared to untreated mice, MBG enhanced human CB CD34+ cell homing 

and engraftment.

Despite clear evidence that the rates of acute graft-versus-host disease are much lower with 

CB transplants, the use of CB for adult transplantation has been limited (42). The main 

reasons are the lower number of CD34+ cells or total nucleated cells and the longer average 

time of three weeks for neutrophil reconstitution after CB transplant compared to bone 

marrow (43). However CD34+ CB cells do have a higher level of engraftment than do 

CD34+ adult bone marrow cells in the severe combined immune deficient mouse 

repopulating cell (SRC) assay (44), suggesting greater intrinsic potential. Ex vivo expansion 

methods have shown promise for increasing the numbers of functionally active progenitors 

and are currently in clinical trials for efficacy (42, 45, 46). In this study we found that MBG 

showed dose-dependent expansion of the CD34+CD33+ CD38− progenitor cell population, 

which includes the myeloid committed HPC. The maximum effect was observed at MBG 

100 µg/mL and is consistent with our previous studies of MBG enhancement of CFU-GM 
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response in vitro for mouse bone marrow and human cord blood stem cells (8, 16). Mazurier 

et al. defined the term rapid SCID repopulating cells (rSRC) to describe the stem cell 

population that rapidly repopulates the NOD/SCID mice (47). Several groups have shown 

that among fresh stem cells CD34+CD38+ (low) cells are responsible for rapid repopulation 

and appearance of a myeloerythroid graft at 2 weeks (40, 48). Van Heusden et al. have 

shown that after ex vivo expansion of cord blood precursor cells under conditions similar to 

those we used here, the CD34+CD33+CD38− cell population is responsible for early 

repopulation in the NOD/SCID mouse (37). After culture the rSRC lacks expression of 

CD38 while expression of CD33, an early myeloid marker, is not affected by culture (36). 

Since CD33 is also expressed in the thymus on early lymphoid precursors, some 

CD34+CD33+ precursor cells may also develop into lymphoid long-term culture initiating 

cells (37, 49). As reported here, we found that MBG treatment led to expansion of the 

uncommitted HSC stem cell identified as CD34+CXCR4+CD38− but these differences were 

not significant and two-way ANOVA analysis suggested an interactive effect. In part this 

may have been reflected by the generally lower percentage of HSC cells after CD34+ cell 

enrichment compared to the HPC population. However when we attempted to correlate 

differences in starting cell numbers across the cord blood samples for either HPC or HSC to 

numbers of matched populations after expansion, we could not find a correlation. One 

limitation of our study was that we did not measure intracellular expression of CXCR4, 

which could have led to lower estimation of CXCR4 expressing cells (25). For clinical 

transplantation, both HPC and HSC are important since heterogeneous progenitors provide 

cells that transiently sustain hematopoietic function until a permanent hematopoietic stem 

cell-derived graft is established (50, 51).

The mechanism of action in the CD34+ precursor cell expansion studies shown here may 

involve MBG activation of G-CSF production by CD33+ cord blood monocytes as we 

previously reported (16) and could require dectin-1. The effects of MBG on HPC are likely 

to be indirect and mediated by cells that express dectin-1 or other beta glucan receptors such 

as CR3. Dectin-1 is not known to be expressed on CD34+ precursor cells. CR3 involvement 

in the actions of beta glucans appears to vary according to physical characteristics of the 

specific beta glucan. Particulate beta glucan treatment led to increased CR3 expression on 

HPC in mouse bone marrow, while soluble PGG-glucan, which was shown to enhance HPC 

mobilization, did not affect CR3 expression (14, 52). The metabolites of MBG also mediate 

biological effects. Oral activity of a barley beta glucan was shown to involve macrophage 

uptake and subsequent degradation of glucan into smaller fragments in bone marrow (41). 

After phagocytosis by neutrophil effector cells, killing of tumor target cells was enhanced 

(53). Particulate beta glucans are phagocytosed while the larger forms of beta glucan appear 

to activate by receptor binding and signal transduction (52).

The restorative effects of other beta glucans after bone marrow injury after radiation or 

chemotherapeutic treatment and in the repair process have been investigated previously and 

support our study findings (54–56). Beta-glucan PGG (Betafectin) increased the short-term 

colony forming potential in vitro of human CD34+ bone marrow mononuclear cells treated 

with suboptimal levels of GM-CSF or G-CSF but did not stimulate cytokine or growth 

factor production (13). In contrast MBG does activate CD33+ CB cells to produce G-CSF 
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(16). Betafectin PGG was shown to accelerate the recovery of peripheral blood leukocytes, 

after myelosuppressive or myeloablative doses of cyclophosphamide (10). Cramer et al. 

showed that whole glucan particles purified from baker’s yeast would prime CR3+ HPCs 

tethered through iC3b on injured bone marrow stroma leading to HPC proliferation and 

leukocyte recovery in the mouse (14). Harada et al. have shown that the restorative effects 

of the major 6-branched 1,3-beta-D-glucan, SCG, from the edible cultivable mushroom S. 

crispa on hematopoietic response of cyclophosphamide-induced leukopenic mice are 

regulated by the level of endogenous GM-CSF production and/or dectin-1 expression (15).

Studies of other beta glucans have shown that monocytes, macrophages, and neutrophils are 

the principal target cell types and that response is associated with expression of the dectin-1 

receptor on these cells (2, 57, 58). Dectin-1 is a germline-encoded pattern recognition 

receptor that is analogous to members of the TLR family, and can mediate phagocytosis, 

production of reactive oxygen intermediates and also interacts with TLR signals to induce 

inflammatory response. Human dectin-1 is widely expressed on myeloid cells, dendritic 

cells, B cells and a subpopulation of T cells. Data shown here confirm that dectin-1 is 

strongly expressed on both CB monocytes and B cells. Whether dectin-1 is expressed on 

CD34+ precursor cells or early hematopoietic progenitor cells after expansion is unknown. 

Since major fungal pathogens such as Candida albicans, Aspergillus niger, Pneumocystis 

carinii and also Cryptococcus neoforms, and Histoplasma capsulatum express beta glucans 

which directly elicit immune response, botanical beta glucans appear to have potential as 

natural agonists for the host defense system (59–66).

Beta glucan binding to dectin-1 was recently discovered to drive production of IL-17 (67). 

The IL-17A member of the IL-17 family of cytokines causes neutrophilia when over 

expressed in the mouse, is present in inflammatory conditions, and drives G-CSF response 

(68). IL-17 receptor knockout mice have enhanced myelotoxicity and impaired 

hematopoietic recovery following gamma irradiation (69). Increased hematopoiesis occurs 

in response to infection and other stresses such as bone marrow injury due to radiation or 

chemotherapy. Stress hematopoiesis such as after sublethal irradiation of immunodeficient 

mice (e.g., NOD/SCID mouse) leads to increased expression of stromal cell-derived factor 

(SDF)-1 alpha and CXCR4. In these mice human CXCR4 responds to murine SDF-1, which 

mediates homing and migration of human transplanted cells to mouse bone marrow (70). 

Cramer et al. have shown that injecting normal mice with a beta glucan mobilized HPC 

from bone marrow and increased the plasma levels of SDF-1. While our studies did not 

address the mechanism of action that led to enhanced homing and engraftment, it seems 

plausible that MBG supports bone marrow recovery in the NOD/SCID mouse and that 

recruitment of human cord blood cells to the mouse bone marrow and spleen is part of this 

process.

Overall our studies show that MBG treatment increased the number of CD34+ precursor 

cells ex vivo in expansion culture and promoted homing and engraftment of CD34+ enriched 

cord blood cells in the NOD/SCID mouse in vivo. The effects of MBG on the expansion of 

hematopoietic progenitor cells ex vivo could have been mediated by the CD33+ monocyte 

population, which we have shown in other studies produces G-CSF in response to beta 

glucan (16). How MBG affects human precursor cell engraftment in the mouse is unclear 
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but could involve parallel effects on mouse bone stromal macrophages and/or other indirect 

mechanisms such as support of mouse bone marrow recovery. Further studies addressing the 

potential for long-term engraftment and the mechanism(s) of action, including the 

requirement for beta-glucan receptors such as dectin-1, CR3, and TLRs are warranted. The 

discovery that MBG enhances CD34+ precursor cell expansion ex vivo and homing and 

engraftment in vivo when given to the cord blood recipient has potential significance for the 

development of cord blood as a resource for clinical transplantation.
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Figure 1. 
Effect of MBG on expansion of HPC and HSC in cord blood ex vivo. Panel A. Mononuclear 

cells were separated from cord blood from healthy infants (n = 4) enriched for CD34+ cells 

and cultured ex vivo in the presence or absence of MBG at the indicated doses. The effects 

of MBG on expansion of cell populations were determined after 4 days of culture followed 

by harvesting, staining with anti-human CD34, CD38, CD33 antibodies, and assessment by 

three-color flow cytometry. Data in Panel A show the CD34+CD33+D38- (HPC) cell 

population. Data in Panel B show the CD34+CD38-CXCR4+ (HSC) cell population from 
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the same cultures as in Panel A. Data present mean cell numbers ± SD, * P< 0.05 vs. 

control with no MBG.
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Figure 2. 
Expression of dectin-1 on cord blood cells. CB samples were stained with dectin-1 antibody, 

using a modified indirect staining protocol to detect dectin-1, and directly conjugated 

fluorescent antibodies to CD45, CD19, and anti-CD14 were used for assessment of B cells 

and monocytes; all analyzed by three-color flow cytometry. Data in Panel A show flow 

cytometric histogram overlays for one-term infant’s monocyte and B cell populations. Data 

show the percentage of each respective gated population that expresses dectin-1 compared to 

the isotype control. Data in Panel B represent the mean percentage ± SD of monocytes and 
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B cells in the CB group that express dectin-1. Samples were from 12 healthy full-term 

infants.
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Figure 3. 
Effect of MBG on homing of CB CD34+ cells in NOD/SCID mice. Data show effect of 

daily oral MBG treatment at 4 mg/kg/day at 3 days after CB transplant compared to control 

group mice. Control 1 (Ctr1) group mice (n = 4) were transplanted with same CB as the 

MBG1 group of mice (n = 4), while control 2 (Ctr2) mice (n = 4) and MBG 2 mice (n = 4) 

received the same other unit of CB. CD34+CD45+ human CB cells were retrieved from 

bone marrow (A) and spleen (B) and analyzed by flow cytometry (** P < 0.01 vs. control).
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Figure 4. 
Effects of MBG on engraftment of CB CD34+ cells in NOD/ SCID mice. The MBG group 

mice were given 4 mg/kg/day of MBG beginning on the day of CB transplantation and 

during the subsequent 6 days. Control 1 (Ctr1) group of mice and MBG1 group mice were 

transplanted with the same unit of CB, while control 2 (Ctr2) group of mice and the MBG2 

group of mice received the other same unit of CB. Human CD34+CD45+ cells retrieved 

from NOD/ SCID mice bone marrow (A) or spleen (B) were analyzed by flow cytometry 

(** P < 0.01 vs. control).
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Figure 5. 
Comparison of response to MBG after transplantation in NOD/SCID mice. The MBG group 

mice were given 4 mg/kg/day of MBG on the day of transplantation and over the subsequent 

3 or 6 days (n = 8, n = 8, respectively). Human CD34+CD45+cells retrieved from NOD/

SCID mice bone marrow (Panel A) or spleen (Panel B) were analyzed by flow cytometry. 

Data show mean percentage ± SD, ** P < 0.01 vs. control.
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