Experimental Hematology 26:1247~1254 (1998)
© 1998 International Society for Experimental Hematology

In vitro and in vivo hematopoietic activities of

Betafectin® PGG-glucan

Myra L. Patchen, Tracy Vaudrain, Heidi Correira, Tracey Martin, Debrah Reese

Alpha-Beta Technology, Worcester, Massachusetts

Experimental
Hematology

Offprint requests to: Myra L. Patchen, PhD, Preclinical Pharmacology, Alpha-Beta Technology, One Innovation Dr,

Worcester, MA 01605 (e-mail: mpatch@abti.com)

(Received 11 August 1997; revised 2 January 1998; accepted 4 March 1998)

Abstract

Betafectin® PGG-glucan is a novel g-(1,3)glucan that has
broad-spectrum anti-infective activities without cytokine
induction. Here we report that PGG-glucan also has both in
vitro and in vivo hematopoietic activities. In vitro studies
with bone marrow target cells from the C3H/HeN mouse
revealed that although PGG-glucan alone had no direct
effect on hematopoietic colony-forming cell (CFC) growth,
when combined with granulocyte colony-stimulating factor
(CSF) or granulocyte-macrophage CSF, it increased CFC
numbers 1.5- to 2.0-fold over those obtained with CSFs
alone. Bone marrow cells cultured for high-proliferative-
potential CFCs in the presence of interleukin (IL)-1, IL-3,
macrophage CSF, and stem cell factor (SCF), or cultured for
erythroid burst-forming units in the presence of IL-3, SCF,
and erythropoietin, also exhibited enhanced growth in the
presence of PGG-glucan. The synergistic effect of PGG-glu-

can was-specific-and could be-abrogated by anti-PGG-glu- ~

can antibody. The ability of PGG-glucan to modulate
hematopoiesis in vivo was evaluated in myelosuppressed
rodents and primates. C3H/HeN female mice were intra-
venously administered saline solution or PGG-glucan (0.5
mg/kg) 24 hours before the intraperitoneal administration
of cyclophosphamide (200 mg/kg), and the recovery of
bone marrow cellularity and granulocyte-macrophage pro-
genitor cells was evaluated on days 4 and 8 after cyclophos-
phamide treatment. At both time points, enhanced
hematopoietic recovery was observed in PGG-glucan-treat-
ed mice compared with saline-treated control mice. In a
final series of in vivo experiments, we evaluated the ability
of therapeutically administered PGG-glucan to enhance
hematopoietic recovery in cyclophosphamide-treated
cynomolgus monkeys. Monkeys received intravenous infu-
sions of cyclophosphamide (55 mg/kg) on days 1 and 2,
followed on days 3 and 10 by intravenous infusion of PGG-
glucan (0.5, 1.0, or 2.0 mg/kg). Compared with those in
saline-treated monkeys, accelerated white blood cell recov-
ery and a reduction in the median duration of neutropenia
were observed in PGG-glucan-treated monkeys. These stud-
les illustrate that PGG-glucan has both in vitro and in vivo
hematopoietic activities and that this agent may be useful
in the prevention and/or treatment of chemotherapy-associ-
ated myelosuppression.
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Introduction

Yeast-derived B-(1,3)glucans are a novel class of carbohydrate
compounds that have been shown to exert potent hemato- -
poietic and anti-infective activities in animals following single-
dose administration [1-11]. Particulate and derivatized (for

-example, aminated, sulfated, phosphorylated) B-(1,3)glucans

have been shown to increase the number of bone marrow mul-
tilineage stem cells, committed progenitor cells and mature
peripheral white blood cells (WBCs) in normal mice [1-4,6].
Some of these B-(1,3)glucans have also been shown to acceler-
ate WBC, red blood cell (RBC), and platelet recovery in mice
following marrow ablative radiation exposure [S,7,8]. Further-
more, a single administration of particulate or phosphorylated

B-(1,3)glucan has been demonstrated to mobilize granulocyte-

macrophage colony-forming cells (GM-CFCs) and spleen
colony-forming units [2,4]. The hematopoietic activities of par-
ticulate and derivatized B-(1,3)glucans are thought to be related
to their strong cytokine-inducing activities [3,6,10,12-1 5].

Betafectin® PGG-glucan (poly-[1-6]-B-D-glucopyranosyl-[1-
3]-B-D-glucopyranose glucan) is a novel, nonderivatized B-(1,6)
branched B-(1,3)glucan isolated from the cell walls of a propri-
etary strain of the yeast Saccharomyces cerevisiae [16,17]. It exists
as a triple helical conformation, has a defined size range of 170
* 20 kDa, and is completely soluble in aqueous solutions with-
in the physiologic pH range. PGG-glucan has been shown to
possess broad anti-infective activities without the induction of
proinflammatory cytokines [16,18-25] and is currently being
evaluated in a multicenter Phase III clinical trial for the ability
to reduce the incidence of postsurgical infection.

Despite its lack of cytokine-inducing activity, PGG-glucan
has also been shown to possess hematopoietic activities. Pre-
liminary studies showed that in vitro, PGG-glucan could syn-
ergize with myeloid growth factors to enhance hematopoietic
cell proliferation [26,27] and that in vivo, PGG-glucan could
promote myelopoiesis in normal rodents [18,23]. The purpose
of these studies was to further evaluate the in vitro and in
vivo hematopoietic activities of PGG-Glucan. In this report,
we summarize the results of studies describing the ability of
PGG-glucan to synergize with multiple hematopoietic growth
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factors in vitro to enhance progenitor cell growth and its

—ability to prophylactically or therapeutically accelerate
hematopoietic recovery in mice and primates subjected to -

marrow-ablative chemotherapy.

Materials and methods

PGG-glucan -

. Soluble PGG-glucan (Betafectin® was obtained from the manu-
facturer (Alpha-Beta Technology, Worcester, Massachusetts). It
was received at a concentration of 1.0 mg/mL and was diluted to
desired concentrations in sterile pyrogen-free saline solution
(McGaw, Irvine, California). The endotoxin level in the PGG-glu-
can was less than 0.06 endotoxin units/mg (that is, below the
limit of detection) based on a Limulus lysate endotoxin detection
assay. In murine studies, PGG-glucan was intravenously adminis-
tered as a single 0.5-mg/kg dose in a 0.5-mL volume. Control
mice were injected intravenously with 0.5 mL of a sterile pyrogen-
free saline solution. In primate studies, PGG-glucan was intra-
venously infused over one hour at doses of 0.5, 1.0, or 2.0 mg/kg
administered in a total volume of 20 mL. Control monkeys
received infusions of sterile pyrogen-free saline solution.

PGG-glucan conformers

In some in vitro studies, conformers of PGG-glucan, which were
more or less structurally complex than triple-helical PGG-glucan
Betafectin®, were evaluated. These included multimeric, triple-
helical PGG-glucan (molecular weight >500,000) and single-heli-
cal PGG-glucan (molecular weight about 10,000). These materials
were manufactured at Alpha-Beta Technology.

Anti-PGG-glucan antibody
According to the method of Lane [28], a specific anti-PGG-glucan
petafectin® monoclonal IgM antibody was produced at Alpha-
—Beta Technology. This antibody, BfD1, was specific to the triple-
helical structure of PGG-glucan Betafectin® and did not recognize
other PGG-glucan conformers. Monoclonal antispectrin IgM
(Chemicon International, Temecula, California) was used as a
nonspecific control antibody.

* Growth factors

Growth factors used for in vitro studies included recombinant
human granulocyte colony-stimulating factor (G-CSF; Amgen,
Thousand Qaks, California), recombinant murine granulocyte-
macrophage colony-stimulating factor (GM-CSF; R&D Systems,
Minneapolis, Minnesota), recombinant human macrophage
colony-stimulating factor (M-CSF; Genzyme, Cambridge, Mas-
sachusetts), recombinant human interleukin-1a (IL-1; R&D Sys-
tems), recombinant murine interleukin-3 (IL-3; R&D Systems),
recombinant murine stem cell factor (SCF; R&D Systems), and
recombinant human erythropoietin (EPO; R&D Systems). Growth
factors were diluted in a sterile pyrogen-free saline solution
(McGaw) and used at the concentrations indicated.

Chemotherapy

Myelosuppression was induced in vivo by the administration of
cyclophosphamide (Cytoxan; Mead Johnson, Princeton, New Jer-
sey). Lyophilized cyclophosphamide was diluted to a stock con-
centration of 20 mg/mL with sterile pyrogen-free water (Baxter
Healthcare, Deerfield, Illinois) and was then further diluted to
desired concentrations using sterile pyrogen-free saline solution.
Mice were administered a single intraperitoneal dose of 200
mg/kg of cyclophosphamide in a 0.5-mL volume. In primates,
cyclophosphamide was intravenously infused over one hour at a
dose of 55 mg/kg administered in a total volume of 20 mL. Each
monkey received two cyclophosphamide infusions, administered

1 days 1 and 2 of the study.
\/}

Mouse studies

Seven-week-old C3H/HeN female mice were purchased from
Taconic Farms (Germantown, New York). Mice were barrier reared

Experimental Hematology vol. 26 (1998)

and reported by the supplier to be free of adventitious viruses and
pathogenic organisms. Animals were maintained in accordance
with guidelines of the National Institutes of Health (NIH) [29],
the Public Health Service (PHS) [30], and the Animal Care and Use
Committee of Alpha-Beta Technology. Ten animals per cage were
housed in plastic Micro-Barrier cages (Allentown Caging Equip-
ment, Allentown, New Jersey) on hardwood-chip contact bedding
(Sani-Chip, PJ Murphy Forest Products, Montville, New Jersey)
and were provided food (RMH 3000 Laboratory Rodent Chow,
Prolab Animals Diets, Agway, Syracuse New York) and fresh tap
water (city of Worcester, Massachusetts) ad libitum. Mice were
allowed to acclimate to the environment of the Alpha-Beta Tech-
nology animal facility for a week before being entered into experi-
mental protocols that were approved by the Instifute Animal Care
and Use Committee.

At the time of experimentation, mice were 8 weeks of age and
weighed approximately 20 g. For in vitro studies, bone marrow
was harvested from nontreated (normal) mice. For in vivo studies,
mice were injected with PGG-glucan 24 hours before cyclophos-
phamide administration, and hematopoietic IeCOVery was ana-
lyzed in three mice per treatment group on days 4 and 8 after
cyclophosphamide treatment. At these times, mice were eutha-
nized by cervical dislocation and the femurs removed and placed
in Roswell Park Memorial Institute medium (RPMJ; JRH Bio-
science, Kansas City, Missouri) and kept on ice until bone marrow
suspensions were prepared and cultured for GM-CEFCs, as
described below.

Primate studies

Male colony-bred cynomolgus monkeys (Macaca fascicularis)
were purchased from Primate Products (Miami, Florida). Animals
were maintained at TSI Mason Laboratories (Worcester) in accor-
dance with NIH and PHS guidelines [29,30]. Animals were indi-
vidually housed in stainless-steel cages and fed Certified Primate
Chow (Purina Mills, Richmond, Indiana) with free access to fresh
tap water. After arrival, monkeys were held in quarantine, during
which time viral and parasitic screens were performed and each
monkey was subjected to three intradermal tuberculin tests con-

- ducted at-approximately two-week fritervals. THe ‘monkeys were

determined to be negative for measles, simian immunodeficiency
virus, simian respiratory virus types 1 and 2, simian T-lympho-
cytic virus type 1, and free of Campylobacter species. Monkeys
were released from quarantine after the third consecutive nega-
tive tuberculin test. Each animal was identified by a unique num-
ber and assigned into treatment groups based on random
number selection. :

At the time of experimentation, the mean body weight of ani-
mals used in the study was 4.1 + 0.2 kg. Each treatment group con-
sisted of a total of four to five animals. However, because of
logistical limitations primarily related to surgical procedures, the
study was performed in three stages separated by weekly intervals;
saline-treated controls were included in each stage. One week
before the initiation of chemotherapy (day ~7), animals were sur-
gically implanted with jugular catheters through which cyclophos-
phamide was infused on days 1 and 2 of the study, and
PGG-glucan was infused on days 3 and 10 of the study. At the
times indicated, blood specimens were obtained from each animal,
and WBC, RBC, and platelet counts were obtained using an auto-
mated cell counter. A blood smear was also prepared for differen-
tial cell counting. In some instances, neutrophil oxidative burst
activity was measured using a luminol-enhanced chemilumines-
cence assay. For this assay, blood was collected into tubes contain-
ing sodium citrate (Vacutainers, Becton Dickinson, Rutherford,
New Jersey). The blood (80% vol/vol) was mixed with Hanks' bal-
anced salt solution without Ca** and Mg™ (HBSS™; Sigma Chemi-
cal, St Louis, Missouri) supplemented with 10-mM HEPES (Sigma
Chemical) and 75-uM luminol (5-amino-2,3-dihydro-1,4-phtha-
lazinedione; Sigma Chemical); 100-pL aliquots of the diluted
blood were then plated in triplicate into wells of a 96-well Micro-
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Fig. 1. Effects of PGG-glucan and G-CSF {A) or GM-CsF
B} on hematopoietic colony growth in vitro. Bone mar-
row cells from female C3H/HeN mice were cultured in
agar in the presence of G-CSF (5 ng/mL) or GM-CSF (0.05
ng/ml), and the indicated concentrations of PCG-glucan.
Colonies (>50 cells) were counted after seven days of cul-
ture. The data represent the mean % SEM of values
obtained from two replicated G-CSF experiments and
from three replicated GM-CSF experiments in which each
specimen was cultured in triplicate. *p < 0.05 with respect
to cultures containing no PGG-glucan.

lite 1 plate (Dynatech Laboratories, Chantilly, Virginia). The plate
was covered and placed at 37°C for 15 minutes for temperature
equilibration. Cells were then stimulated with either 50 uL of
HBSS™ or 50 uL of opsonized zymosan (ZAP, Cardinal Associates,
Santa Fe, New Mexico), and cl gmiluminescence readings were
recorded at 30-second intervals for 20 minutes in a 37°C tempera-
ture-regulated Juminometer (ML3000, Dynatech Laboratories).

In vitro hematopoietic assays

Hematopoietjc colony assays were performed with bone marrow
cells flushed from fermurs using RPMI media supplemented with
10% heat-inactivated fetal bovine serum (FBS) (Hyclone, Logan,
Utah). Each cell suspension represented a pool of cells from the
femurs of three mice. The total nuwmber of nucleated cells in each
suspension was determined using a Coulter counter (Coulter Elec-
tronics, Hialeah, Florida). Unless stated otherwise, bone marrow
colony-forming progenitor cells (CFCs) were assayed by a modifi-
cation of the semisolid agar technique [31,32). The agar medium
mixture for cell suspensions consisted of equal volumes of 0.66%
agar./™ co v Scientific, Philadelphia, Pennsylvania) and dou-
ble=str st o pplemented Connaught Medical Research Labora-
tory Neo 1006 medium (CMRL 1066;,GIBCO, Life Technologies,
Baltitie e, Maryland) The CMRL medium was supplemented with
final concentrations of 10% heat-inactivated FBS, S% trypticase
S0y broth (Sigina Chemical), 5% heat-inactivated horse serum
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(Hyclone), antibiotics (GIBCQ), L-serine (Sigma Chemical), sodi-
um bicarbonate (J. T. Baker, VWR Scientific), and Eagle’s minimal
essential medium sodjum pyruvate (GIBCO). One milliliter of this
media mixture containing cells was plated in triplicate into 3S-
mm gridded plates containing growth factors for the progenitor
cells of interest.

To ensure the accuracy of colony counting, the number of cells
yielding about 50 colonies per plate was determined in prelimi-
nary studies for each type of progenitor cell assay. For granulocyte
progenitors (G-CFCs), 10° cells were plated in the presence of §
ng/mL of G-CSF; for GM-CECs, 10° cells were plated in the pres-
ence of 0.05 ng/mL of GM-CSF; for high-proliferative-potential
progenitors (HPP-CFCs), 3x10° cells were plated in the presence of
1 ng/mL of IL-1, 1 ng/mL of IL-3, 1 ng/mL of M-CSF, and 10
ng/mL of SCF; and for erythroid burst-forming units (BFU-es),
2x10° cells were plated irl the presence of 1.5 ng/mkL of IL-3, 15
ng/mL of SCF, and 1.5 U/mL of EPO. The growth factor concentra-
tions used were determined in preliminary studies to stimulate
half maximal colony formation (Slgy) with the indicated target cell
numbers. G-CFCs, GM-CFCs, and BFU-es were scored after seven
days of incubation at 37°C in a humidified environment contain-
ing 5% CO, HPP-CFCs were scored after 14 days of incubation.
For comparison purposes, all data are reported as colony numbers
per 10° cells.

Data analysis

Results are presented as the mean + SEM of data obtained in repli-
Cate experiments. Statistical analyses were performed by Student’s
two-tailed ¢ test or analysis of variance using commercially avail-
able software (Instat, GraphPad, San Diego, California).

Results

In vitro effects of PGG-glucan

Initial studies evaluated the ability of PGG-glucan to directly
stimulate in vitro colony formation by murine bone marrow
cells. These studies revealed that PGG-glucan alone had no in
vitro hematopoietic activity (data not shown). Subsequent
studies investigated the ability of PGG-glucan to enhance
colony growth induced in vitro by single myeloid growth fac-
tors. In the presence of either G-CSF or GM-CSF, PGG-glucan
dose-dependently increased murine bone marrow G-CFC and
GM-CFC colony formation (Fig. 1A and 1B). PGG-glucan at
the concentration of 100 ng/mL increased colony formation
1.5- to 2.0-fold compared with the CSFs alone. Additional
studies evaluated the ability of PGG-glucan to enhance colony
formation by immature myeloid and erythroid progenitors
requiring rich cytokine mixtures for growth. In these studies,
both HPP-CEC and BFU-e colony formations were also shown
to be increased 1.5- to 2.0-fold in the presence of PGG-glucan
(Fig. 2A and 2B). Interestingly, in the presence of optimal
growth factor concentrations (that is, Sl;4 concentrations),
PGG-glucan failed to enhance colony formation beyond that
observed with the growth factors alone. These studies illustrat-
ed that, at limiting growth factor concentrations, PGG-glucan
was capable of enhancing the responsiveness of immature and
mature myeloid as well as immature erythroid progenitor cells
to growth factor-induced proliferation,

The in vitro hematopoietic activity of PGG-glucan was fur-
ther investigated using the GM-CFC assay system. Additional
experiments demonstrated that PGG-glucan not only
increased the number of progenitors forming colonies in the
presence of GM-CSF (as illustrated in Fig. 18), but the number
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Fig. 2. Effects of PGG-glucan on HPP-CFC {A} and BFU-e
I (B} growth in vitro. Bone marrow cells from female

~ C3H/HeN mice were cultured in agar in the presence of

100 ng/mL of PGG-glucan and 1 ng/mL of IL-1, T ng/mL
of IL-3, 1 ng/mL of M-CSF, and 10 ng/mL of SCF to grow
HPP-CFC and in the presence of 100 ng/mL of PGG-glucan
and 1.5 ng/mL of IL-3, 15 ng/mL of SCF, and 1.5 U/mL of
EPO to grow BFU-e. HPP-CECs (>50,000 cells) were scored
after 14 days of culture; BFU-es were scored after 7 days of
culture. The data represent the mean = SEM of values
obtained from two replicated experiments in which each
specimen was cultured in triplicate. *p < 0.05 with respect
to cultures containing no PGG-glucan.

of cells per colony was also increased about 1.5-fold in the
presence of PGG-glucan. The average number of cells per
colony in cultures containing GM-CSF alone was 114 + 7 com-
pared with 170 + 12 in cultures containing both GM-CSF and

100 ng/mL of PGG-glucan (p < 0.05). Furthermore, the ability

of PGG-glucan to enhance the differentiation of myeloid pro-
genitors was suggested by the results of replating experiments
(Fig. 3). In these experiments, compared with cells cultured for
seven days in the presence of GM-CSF alone, fewer cells cul-
tured for seven days in the presence of GM-CSF and PGG-Glu-
can retained colony-forming capacity when recultured.
Whether this reflected only effects on cells within the primary
colonies or possibly also effects on cells within the intracolony
spaces could not be determined from these studies.

The specificity of PGG-glucan’s effect was demonstrated by

| ability of BfD1, a specific anti-PGG-glucan Betafectin® anti-
Jddy, to completely abrogate the hematopoietic synergy
induced by PGG-glucan (Fig. 4A). Additional studies demon.
strated that the hematopoietic synergy induced by PGG-glucan
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60 — . B Fig. 3. Effects of PGG-glucan on the replating potential of
50 T GM-CFCs. Bone marrow cells from female C3H/HeN mice

were cultured in methylcellulose media (Stem Cell Tech-
nologies, Vancouver, Canada) in the presence of GM-CSF
(0.05 ng/mL) and PGG-glucan (100 ng/mL). After 7 days of
culture, cells were washed from the methylcellulose, resus-
pended, and plated in the agar GM-CFC assay in the pres-
ence of GM-CSF (0.05 ng/mL). In both assays, cells were
cultured at a density of 10°/mL. GM-CFC ' (>50 cells) were
counted after 7 days of culture. The data represent the
mean + SEM of values obtained from two replicated experi-
ments in which each specimen was cultured in triplicate. *p
< 0.05 with respect to cultures containing no PGG-glucan.

was specific to the triple-helical conformation of PGG-glucan
Betafectin® because no Synergistic hematopoietic effects were
obtained with the single-helical B-(1,3)PGG-glucan conformer
or with the multimeric triple-helical B-(1,3)PGG-glucan con-
former (Fig. 4B).
In vivo effects of PGG-glucan
In vivo effects of PGG-glucan were initially evaluated in
cyclophosphamide-myelosuppressed mice. PGG-glucan was
prophylactically administered to mice 24 hours before
chemotherapy treatment, and the recovery of bone marrow
cellularity and GM-CFC levels was monitored. A 0.5-mg/kg
PGG-glucan dose was chosen for these studies based on
hematopoietic changes previously observed in normal rodents
administered this PGG-glucan dose [18,23]. By day 4 after
chemotherapy, marrow cellularity in saline-treated mice had
recovered to about 35% of normal control values whereas
marrow cellularity in mice treated with PGG-glucan had
recovered to about 50% of normal control values (Table 1). By
day 8, recovery to normal bone marrow cellularity was
observed in saline-treated mice, and greater than normal cel-
lularity was observed in PGG-glucan-~treated mice. Although
greater than normal GM-CFC numbers were evident in the
marrow of all mice at the day 4 evaluation point, GM-CFC
levels in PGG-glucan-treated mice (about 260% of normal)
were significantly higher than in saline-treated control mice
(about 175% of normal; Table 1). By day 8, when GM-CFC
proliferation had subsided in all mice, GM-CFC progenitor
numbers remained significantly elevated in PGG-glucan-treat-
ed mice compared with saline-treated mice.

Further studies were performed to investigate the ability of
PGG-glucan to therapeutically enhance hematopoietic recov-
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Fig. 4. PGG-glucan specificity studies. A. Effects of
anti-PGG-glucan antibody on PGG-glucan-enhanced GM-
CFC colony formation. Bone marrow cells from female
C3H/HeN mice were cultured in agar in the presence of
GM-CSF (0.05 ng/mL) and PGG-glucan (100 ng/mL) alone
or in the presence of anti-PGG-glucan IgM antibody
(BfD1; 1:2500 dilution); control cultures contained anti-
spectrin IgM antibody (1:2500 dilution). GM-CFCs (>50
cells) were counted after seven days of culture. The data
represent the mean = SEM of values obtained from two
replicated experiments in which each specimen was
- cultured in triplicate. *p < 0,05 with respect to control =~
cultures, "p < 0.05 with respect to cultures containing
only PGG-glucan or PGG-glucan plus antispectrin anti-
body. B. The effects of various PGG-glucan conformers on
GM-CFC colony formation. Bone marrow cells from female
C3H/HeN mice were cultured in agar in the presence of
GM-CSF (0.05 ng/mL) alone or together with the indicat-
ed PGG-glucan conformers (100 ng/mL). GM-CFC (>50
cells) were counted after seven days of culture. The data
represent the mean + SEM of values obtained from two
replicated experiments in which each specimen was cul-
tured in triplicate. *p < 0.05 with respect to cultures con-
taining only recombinant murine GM-CSF.

ery following myeloablative chemotherapy. In these studies, a
more clinically relevant model of prolonged myelosuppres-
sion was induced in cynomolgus monkeys. Compared with
saline-treated monkeys, monkeys treated with PGG-glucan
exhibited an accelerated WBC recovery, which was most pro-
nounced in animals treated with the 0.5-mg/kg and the 1-
mg/kg PGG-glucan doses (Fig. 5A). Based on differential
analysis, it appeared that this effect was primarily due to an
acceleration of neutrophil recovery (Fig. SB). Although not
implicitly obvious from the mean values presented in Figure
5, PGG-glucan treatment also reduced the duration of neu-
tropenia as measured by the median number of days animals
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within each treatment group exhibited absolute neutrophil
counts (ANCs) of less than 500/pL. The median duration of
neutropenia was reduced from 6 days in saline-treated mon-
keys to 2.5, 1.5, and 1.5 days, respectively, in monkeys treated
with 0.5, 1.0, and 2.0 mg/kg of PGG-glucan. Based on WBC
recovery, ANC recovery, and the duration of neutropenia, the
1-mg/kg PGG-glucan dose appeared to be most effective. The
recovery of the neutrophil oxidative function also appeared to
be accelerated in animals receiving the 1-mg/kg PGG-glucan
treatment (Fig. 6). RBC and platelet recoveries were not
altered by any PGG-glucan treatment (data not shown).

Discussion

PGG-glucan Betafectin® is a highly purified soluble B-(1,6)
branched, g-(1,3)glucan polymer isolated from S cerevisiae. This
immunomodulator has been shown to have broad in vitro and
in vivo anti-infective activities without inducing proinflamma-
tory mediators [16,18,19, 22-25]. In Phase II clinical trials,
PGG-glucan has been shown to reduce postoperative infection
rates and to shorten the length of hospital stays [20,21]; Phase
III clinical trials are currently in progress. PGG-glucan interacts
with leukocytes through receptors that appear to be distinct
from the receptors for other B-(1,3)glucans [33,34] and is
known to activate NF-«B and NF-IL-6 nuclear transcription fac-
tors [35]. Although PGG-glucan does not directly stimulate
neutrophil function, it has been shown to prime neutrophils
for activation by secondary stimuli [16,22,24], a characteristic
that distinguishes PGG-glucan from other B-(1,3)glucans,
which directly activate cellular functions [9-15]. Other B-
(1,3)glucans have also been shown to possess potent hemato-
poietic activities [1-8]. These hematopoietic activities have
been presumed to be related to their strong cytokine-inducing
abilities [3 6,10,12~15,36]. In this report, we present evidence
that PGG-glucan, a noncytokine-inducing g-(1,3)glucan, also
possesses hematopoietic activity in vitro and in vivo.

Although PGG-glucan alone did not exhibit hematopoietic
activity in vitro, it enhanced progenitor proliferation 1.5- to
2.0-fold in the presence of either single or multiple growth
factors, stimulating G-CFC, GM-CFC, HPP-CFC, and BFU-e
proliferation. These studies illustrated that PGG-glucan is
capable of functioning as a synergistic factor to enhance the
in vitro proliferation of immature and mature myeloid as well
as immature erythroid progenitor cells. PGG-glucan appeared
to increase the number of progenitors responding to growth
factors and to increase the proliferative potential of individual
progenitors. Such synergistic hematopoietic activity has previ-
ously been documented for the protein growth factors c-kit
ligand (that is, steel factor, mast cell growth factor, SCF) and
flt-3 ligand [37-40]. These protein factors are proposed to
enhance colony formation by increasing progenitor cell sur-
vival and by altering progenitor cell cycle status. Whether the
synergistic effects of PGG-glucan may be mediated by similar
mechanisms is not known at this time.

In addition to in vitro hematopoietic effects, PGG-glucan
induced in vivo hematopoietic activity. The murine studies
presented in this report illustrated that prophylactic PGG-
glucan treatment can enhance myeloid recovery following
myelosuppressive cyclophosphamide treatment. Compared -
with saline-treated control mice, mice receiving PGG-glucan
exhibited increased bone marrow cellularity and GM-CFC
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| Table 1. Effect of PGG-glucan treatment on bone marrow cellularity and GM-CFC recovery in cyclophosphamide-treated mice*
¥ :

Normal controlf

Saline PGG-glucan
Femur cellularity, x10°
Day 4 14.76 £ 0.80 5.00£0.57 6.85+1.00
Day 8 NEF 14.72£0.32 16.24 + 0.22°
GM-CFC/femur -
* Day4 8,360 + 827 14,615 £ 1,249 21,537 £ 2,166°
Day 8 NEf 3,863%72 5,345 + 428°

*C3H/HeN female mice were injected intravenously with 0.5 mg/kg of PGG-glucan 24 hours before the intraperitoneal admin-
istration of 200 mg/kg of cyclophosphamide. The data represent the mean + SEM of values obtained from three experiments.
Walues from normal mice (that is, mice receiving no drug treatments) .

NE = not evaluated.
5p < 0.05, with respect to saline.

levels after chemotherapy treatment. An ability to enhance

hematopoietic regeneration when administered before

exposure to myelosuppressive agents has been observed
with numerous immunomodulatory agents, including

endotoxin, killed microbes, microbial extracts, and particu-
late or derivatized p-(1,3)glucans [36]. Like these agents,
PGG-glucan also mobilizes progenitor cells into the periph-
eral circulation (Patchen et al., unpublished data). However,
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Fig. 5. Effect of PGG-glucan treatment on WBC recovery {A} and ANC recovery (B) in cyclophasphamide-treated cynomolgus mon-
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*' keys. Monkeys received intravenous infusions of cyclophosphamide at a dose of 55 mg/kg on study days 1 and 2 and intravenous

infusions of PGG-glucan (0.5, 1, or 2 mg/kg) on study days 3 and 10. At the times indicated, blood was drawn from each animal to
perform complete and differential blood cell counts. The data represent the mean of values obtained from five saline-treated and

four PGG-glucan-treated monkeys per group.
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Fig. 6. Effect of PGG-glucan treatment on neutrophil oxidative burst responses in cyclophosphamide-treated cynomolgus monkeys.
Monkeys received intravenous infusions of cyclophosphamide at a dose of 55 mg/kg on study days 1 and 2 and intravenous infusions
of PGG-glucan (1 mg/kg) on study days 3 and 10. At the times indicated, blood was drawn from each animal to assay neutrophil
oxidative burst activity, as described in the “Materfals and methods” section. On each assay day, the response from each animal was
normalized for the number of neutrophils assayed and the response calculated as a percentage of the baseline response observed
before chemotherapy treatment. The data represent the mean = SEM of values obtained from five saline-treated and four PGG-glu-
can-treated monkeys. The p on days 8, 10, 23, and 27 was 0.05, 0.06, 0.05, and 0.04, respectively.

whether progenitor cell mobilization per se contributes to
the hematopoietic recovery observed with the prophylactic
administration of these agents is not known. .

In addition to its prophylactic effects, PGG-glucan was
shown in the primate studies reported here to have the ability
to therapeutically enhance hematopoietic recovery following
myelosuppressive chemotherapy. Compared with saline-treat-
ed control monkeys, monkeys that were not initiated on
PGG-glucan treatment until the day after the cessation of
chemotherapy also exhibited enhanced hematopoietic activi-
ty, as evidenced by an increase in WBC recovery, ANC recov-
ery, and a reduction in the median duration of neutropenia.
The recovery of neutrophil function was also accelerated in
PGG-glucan~treated monkeys compared with saline-treated
controls. The regenerative effects observed with PGG-glucan
treatment occurred following the administration of only two
doses of PGG-glucan. Thus, PGG-glucan differs from classical
growth factors (for example, G-CSF, GM-CSF) that typically
require multiple daily administrations to induce hemato-
poietic regeneration and whose effects quickly subside after
the cessation of administration. Whether the effectiveness of
PGG-glucan could be further improved by multiple injections
remains to be determined.

Although it may at first seem contradictory that PGG-glu-
can alone could induce in vivo effects but could not induce in
vitro effects, its in vivo effects may actually result from its abil-
ity to enhance progenitor cell responsiveness to endogenous
cytokines. This seems especially possible given that endoge-

- nous cytokine production has been shown to be significantly

up-regulated following marrow ablative injury [41-44]. This
concept is further substantiated by a previous study in which
additive synergistic hematopoietic responses have been
observed in mice administered 8-glucan in combination with
the growth factor G-CSF [45].

Taken together, these results demonstrate that PGG-glucan
can enhance hematopoiesis both in vitro and in vivo. Com-

bined with the anti-infective activity of PGG-glucan, these
results suggest that the prophylactic and/or therapeutic appli-
cation of PGG-glucan for the treatment of chemotherapy-
associated myelosuppression and subsequent susceptibility to
opportunistic infections may be useful.

Acknowledgments v
We thank Leslie Fisette for providing the BfD1 antibody, Jialing
Yang and Marygail Even for excellent animal care assistance, and
Greg Snow for assistance in coordinating the primate studies.

References v
1. Burgaletta C, Cline MJ, Golde DW (1978) Effect of glucan, a

macrophage activator, on murine hemopoietic cell prolifera-

tion in diffusion chambers in mice. Cancer Res 36:1406

Patchen ML, Lotzova E (1980) Modulation of murine

hemopoiesis by glucan. Exp Hematol 8:409

3. Patchen ML, Lotzova E (1981) The role of macrophages and

T-lymphocytes in glucan-mediated alteration of murine

hemopoiesis. Biomedicine 34:71

Patchen ML, MacVittie TJ (1983) Temporal response of murine

pluripotent stem cells and myeloid and erythroid progenitor

cells to low dose glucan treatment. Acta Hematol 70:281

5. Patchen ML, MacVittie TJ (1985) Stimulated hemopoiesis and

enharced survival following glucan treatment in sublethally

and lethally irradiated mice. Int J Immunopharmacol 7:923

Patchen ML, MacVittie TJ (1986) Hemopoietic effects of intra-

venous soluble glucan administration. ] Immunopharmacol

8:407

7. Patchen ML, D’Alesandro MM, Brook I, Blakeley WF, MacVit-
tie TJ (1987) Glucan: Mechanisms involved in its “radiopro-
tective” effect. J Leukoc Biol 42:95

8. Patchen ML, Chirigos MA, Brook I (1988) Use of glucan-P and
sixteen other immunopharmaceutical agents in prevention of
acute radiation injury. Comments Toxicol 2:217

9. Bowers GJ, Patchen ML, MacVittie TJ, Hirsch EF, Fink MP
(1986) A comparative evaluation of particulate and soluble
glucan in an endotoxin model. Int ] Immunopharmacol
8:313

N

El

G




i
]

i
I
4

3

10,
11
12,
13.
14.

15.

16.

17.

18.

19.
| 20.

21.

22,

23,

24,

25.
26.
27.

28.

1254

Williams DA, Mueller A, Browder W (1996) Glucan-based
macrophage stimulators: a review of their anti-infective
potential. Clin Immunother 5:392

Goldman RC (1995) Biological response modification by B-D-
glucans. Ann Rep Med Chem 30:129

Sherwood ER, Williams DL, McNamee RB, Jones EL, Brow-
der IW, Di Luzio NR (1987) Enhancement of interleukin-1
and interleukin-2 production by soluble glucan. Int J
Immunopharmacol 9:261

Gallin EK, Green SW, Patchen ML (1992) Comparative effects
of particulate and soluble glucans on macrophages of
C3H/HeN and C3H/He] mice. Int ] Immunopharmacol 14:173
Browder W, Williams D, Pretus H, Olivero G, Enrichens F, Mao
P, Franchello A (1990) Beneficial effect of enhanced macro-
phage function in the trauma patient. Ann Surg 211:605

Rasmussen LT, Fandren J, Seljelid R (1990) Dynamics of

blood components and peritoneal fluid during treatment of
murine E. coli sepsis with beta-1,3,D polyglucose derivatives.
IL. Interleukin-1, tumour necrosis factor, prostaglandin E,,
and leukotriene B,. Scand ] Immunol 32:333

Bleicher P, Mackin W (1995) Betafectin® PGG-glucan: A
novel carbohydrate immunomodulator with anti-infective
properties. J Biotechnol Healthcare 2:207

Jamas S, Easson DD, Ostroff G (1994) Novel glucan prepara-
tion. International patent publication No. W094/04163
Onderdonk AB, Cisneros RL, Hinkson P, Ostroff G (1992)
Anti-infective effect of poly-g-1,6-glucotriosyl-f1,3" glucopy-
ranose glucan in vivo. Infect Immun 60:1642

Poutsiaka DD, Mengozzi M, Vannier E, Sinha B, Dinarello CA
(1993) Cross-linking of the B-glucan receptor on human
monocytes results in interleukin-1 receptor antagonist but not
interleukin-1 production. Blood 82:3695

Babineau TJ, Marcello P, Swails W, Kenler A, Bistrian A,
Amour-Forse R (1994) Randomized phase I/11 trial of a macro-
phage-specific immunomodulator (°GG-Glucan) in high risk
surgical patients. Ann Surg 220:601

Babineau TJ, Hackford A, Kenler A, Bistrian B, Forse RA,
Fairchild PG, Keroack M, Caushaj P, Benotti P (1994) A phase
I multicenter, double-blind, randomized, placebo-controiled
study of three dosages of an immunomodulator (PGG-glu-
can) in high-risk surgical patients. Arch Surg 129:1204
Brunke-Reese D, Gu Y, Crotty C, Fisette L, Mackin W (1994)
Enhanced microbicidal activities of human and rat leuko-
Cytes after pretreatment with PGG-glucan (Betafectin®). In
Abstracts of the General Meeting of the American Society for
Microbiology 1994. Washington, DC: American Society for
Microbiology 162:94 [abstr]

Stashenko P, Wang CY, Riley E, Wu Y, Ostroff G, Niederman
R (1995) Reduction of infection-stimulated periapical bone
resorption by the biological response modifier PGG-Glucan. ]
Dent Res 74:323

Mackin W, Brunke-Reese D, Crotty C, Cafro L, Daunais M,
Cabrera J, Fisette, Bleicher P (1995) Betafectin® PGG-glucan
potentiates the microbicidal activities of human leukocytes
measured ex vivo in healthy human volunteers. FASEB ]
9:A521 [abstr]

Washburn WK, Otsu I, Gottschalk R, Monaco AP (1996)
PGG-glucan, a leukocyte-specific immunostimulant, does not
potentiate GVHD or allograft rejection. J Surg Res 62:179
Wakshull E, Correira H, Sidloski T (1994) Synergistic stimula-
tion of myeloid progenitor cell proliferation by a novel B-glu-
can and GM-CSF. ] Cell Biochem 18A:22 [abstr]

Turnbull JL, Smart JL, Patchen ML, Scadden DT (1995) PGG-
glucan is a nonprotein based mediator of increased human
CFU-GM production in vitro. Exp Hematol 23:881 [abstr]
Lane RD (1985) A short-duration polyethylene glycol fusion
technique for increasing production of monoclonal anti-
body-secreting hybridomas. ] Immuno] Methods 81:223

28,

30.

31.

32.

33.

34,

35,

36.

37.

38.

39.

40.

41.

42,

43,

45,

Experimental Hematology vol. 26 {1998)

National Institutes of Health (1996) Guide for the Care and
Use of Laboratory Animals. Washington, DC: National
Academy Press

Public Health Service (1996) Policy on the Humane Care and
Use of Laboratory Animals. Rockville, Md: National Institutes
of Health, US Dept of Health and Human Services

Bradley TR, Metcalf D (1966) The growth of mouse bone mar-
row cells in vitro. Aust J Exp Biol Med Sci 44:287

Pluznik DH, Sachs L (1965) The cloning of normal “mast”
cells in tissue culture. J Cell Physiol 66:219

Wakshull E, Lindermuth J, Zimmerman J (1996) Characteri-
zation of PGG-glucan binding to a B-glucan receptor on
human leukocytes. FASEB ] 10:A1338 [abstr]

Michalek M, Melican D, Brunke-Reese D, Langevin M, Tenner
AJ, Mackin WM (1996) Activation of -human PMNs by PGG-
glucan (Betafectin®) requires crosslinking of a surface recep-
tor. FASEB J 10:A1338 [abstr]

Adams DS, Pero SC, Petro JB, Nathans R, Mackin WM, Wak-
shull E (1997) PGG-glucan activates NF-«B-like and NF-IL6-
like transcription factor complexes in a murine monocytic
cell line. ] Leukoc Biol 62:865

Patchen ML (1997) Immunomodulators and cytokines as
hematopoietic radioprotectors. In EA Bump, K Malakar (eds)
Radioprotectors: Chemical, Biological and Clinical Perspec-
tives. Boca Raton, Fla: CRC Press, 213

Broxmeyer HE, Hangoc G, Cooper S, Anderson D, Cosman D,
Lyman SD, Williams DE (1991) Influence of murine mast cell
growth factor (c-kit ligand) on colony formation by mouse
marrow hematopoietic progenitor cells. Exp Hematol 19:143
McNiece ], Langley KE, Zsebo KM (1991) Recombinant
human stem cell factor synergizes with GM-CSF, G-CSF, IL-3
and Epo to stirnulate human progenitor cells of the myeloid
and erythroid lineages. Exp Hematol 19:226

Hannum C, Culpepper J, Campbell D, McClanahan T,
Zurawski S, Bazan JF, Kaselein R, Hudak S, Wanger J, Mattson
J, Luh J, Duda G, Martina N, Peterson D, Menon S, Shanafelt
A, Muench M, Kelner G, Namikawa R, Rennick D, Roncarolo
M-G, Zlotnik A, Rosnet O, Dubreuil P, Birnbaum D, Lee F
(1994) Ligand for FLT3/FLK2 receptor tyrosine kinase regu-
lates the growth response of haematopoietic stem cells and is
encoded by variant mRNAs. Nature 368:643

Lyman SD, James L, Johnson L, Brasel K, de Vries P, Escobar
SS, Downey H, Splett RR, Beckmann MP, McKenna HJ (1994)
Cloning of the human homologue of the murine f1t3 ligand:
A growth factor for early hematopoietic progenitor cells.
Blood 83:2795 ’
Gordon MY (1977) Responsiveness to humoral factors of
mouse marrow colony forming cells after treatment with
cyclophosphamide. Cell Tissue Kinet 10:497

Chang CM, Limanni A, Baker WH, Dobson ME, Kalinich JF,
Jackson W, Patchen ML (1995) Bone marrow and splenic

granulocyte-macrophage colony-stimulating factor and trans- -

forming growth factor-b mRNA levels in irradiated mice.
Blood 86:2130

Baker WH, Limanni A, Chang CM, Williams JL, Patchen ML
(1995) Comparison of interleukin-1 alpha gene expression
and protein levels in the murine spleen after lethal and sub-
lethal total-body irradiation. Radiat Res 143:320

. Testa U, Martucci R, Rutella S, Scambia G, Sica S, Benedetti

Panici B, Pierelli L, Menichella G, Leone G, Mancuso S,
Peschle C (1994) Autologous stem cell transplantation;
release of early and late acting growth factors with hemato-
poietic ablation and recovery. Blood 84:3532

Patchen ML, MacVittie TJ, Solberg BD, Souza LM (1990) Sur-
vival enhancement and hemopoietic regeneration following
radiation exposure: Therapeutic approach using glucan
and granulocyte colony-stimulating factor. Exp Hematol
18:1042

|

.
I
i.



