Mobilization of stem/progenitor cells by sulfated
polysaccharides does not require selectin presence
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Employing carbohydrate ligands, which have been extensively
used to block selectin function in vitro and in vivo, we have
examined the involvement of such ligands in stem/progenitor cell
mobilization in mice and monkeys. We found that sulfated fucans,
branched and linear, are capable of increasing mature white cells
in the periphery and mobilizing stem/progenitor cells of all classes
(up to 32-fold) within a few hours posttreatment in a dose-
dependent manner. To elicit the effect, the presence of sulfate
groups was necessary, yet not sufficient, as certain sulfated hex-
osamines tested (chondroitin sulfates A or B) were ineffective.
Significant mobilization of stem/progenitor cells and leukocytosis
was elicited in selectin-deficient mice (L=/=, PE~/~, or LPE~/)
similar to that of wild-type controls, suggesting that the mode of
action of sulfated fucans is not through blockade of known
selectins. Other mechanisms have been entertained, in particular,
the release of chemokines/cytokines, including some previously
implicated in mobilization. Significant increases were documented
in the levels of seven circulating chemokines/cytokines within a
few hours after fucan sulfate treatment and support such a
proposition. Additionally, an increase was noted in plasma metal-
loproteinase (MMP) 9, which might independently contribute to
the mobilization process by enzymatically facilitating chemokine/
cytokine release. Mobilization by sulfated polysaccharides pro-
vides a distinct paradigm in the mobilization process and uncovers
an additional novel in vivo biological role for sulfated glycans. As
similarly sulfated compounds were ineffective in vivo, the data also
underscore the fact that polysaccharides with similar structures
may elicit diverse in vivo effects.

2emopoietic cells at various stages of differentiation are

localized within the bone marrow (BM), the unique site
of their development in the adult. However, terminally differ-
entiated cells of all lineages and some stem/progenitor cells
escape the BM and circulate in the peripheral blood (PB) in
controlled numbers under normal, steady-state conditions.
This physiologic egress of hemopoietic cells can be increased
significantly by several empiric treatments, i.e., cytokines,
chemokines, or chemotherapeutic agents (1). The mechanisms
by which hemopoietic cells are normally released into the
circulation or forced to emigrate from the BM to the PB are
incompletely understood. It is generally accepted that cell
adhesion molecules are principal players. Many classes of
cytoadhesion molecules are present on hemopoietic stem/
progenitor cells, and their cognate ligands are found within the
BM microenvironment (2). Several in vitro studies have shown
that many of these molecules participate in adhesion events
between BM progenitor cells and stromal cells (3). Because in
vitro conditions cannot faithfully mimic the complex BM
microenvironment, it has been unclear whether, and to what
extent, these in vitro observations are important in vivo. We
have shown in animal models that function-blocking Abs to
very late Ag 4 (VLA4) (4) or vascular cell adhesion molecule
1 (VCAM-1) can induce stem/progenitor mobilization (5),
although many other cooperative molecules or events are
required for this process (5). Furthermore, the involvement of
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By integrins in the migration of hemopoietic cells during
development and the importance of a4 integrin in the estab-
lishment and maintenance of BM hemopoiesis have been
shown in mice by using gene-targeting experiments (6, 7).

In addition to participating in mobilization, the VLA4/
VCAM-1 pathway is an important player in the homing to the
bone marrow of i.v. administered cells (ref. 8 and references
therein). Although the directionality of movement is quite
different in this process (transmigration through the luminal
endothelium to extravascular bone marrow spaces in homing and
the reverse in mobilization), the data point to the fact that the
same molecules may be engaged, at least in certain steps, in both
of these two processes. Furthermore, it was recently shown that,
together with VLA4/VCAM-1, other molecules cooperate to
ensure proper bone marrow homing. One such family of mole-
cules is the selectins. The effect on homing was detectable only
in double selectin mutants (P- and E-selectin™/~), and it revealed
a novel contribution for selectins in stem/progenitor cell biology
in addition to their known participation in the early steps of the
extravasation cascade of mature leukocytes (9). Known ligands
for the selectins include sulfated oligosaccharides, especially
those rich in fucose residues, as well as glycosaminoglycans
(GAG:s) (10). Selectin function can be inhibited both in vitro and
in vivo by the addition of these specific sulfated glycans. Fu-
coidan (FCN), a polysaccharide composed of sulfated fucose
chains, isolated from kelp or brown seaweeds, has been shown
by many studies to block selectin function both in vitro and in vivo
(ref. 11 and references therein).

To investigate the involvement of selectins or carbohydrate-
lectin interactions in the mobilization process, we examined the
effect of FCN and similar glycans on the mobilization of mature
and/or stem/progenitor cells in mice or monkeys. By using mice
with genetic-ablation of selectins, we further explored whether
the FCN-induced mobilization could be attributed to selectin
function. Unexpectedly, we found that mobilization induced by
FCN is independent of the presence of the three known selectins,
P, E, and L selectins. Putative mechanisms of FCN-induced
mobilization are discussed.

Materials and Methods

Reagents. Glycans and protamine were purchased from Sigma
and were cell culture grade. FCN tested negative for endotoxins
(Aldevron, Fargo, ND). Granulocyte colony-stimulating factor
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(G-CSF) (Filgrastim Neupogen) was from Amgen Biologicals. A
sulfated linear fucan was a kind gift from P. A. S. Mourao (12).

Animals. BDF1 mice, B6,129Sele'™!Hyn Selptm!Hyn mice deficient
in both the P and E selectin genes (PE /™), B6,129Sell™ !y mice
deficient in the L selectin gene (L™/7), and their wild-type
controls were purchased from The Jackson Laboratory. Mice
deficient in all three selectins (LPE~/~) were produced by R.
Collins and A. Beaudet, Baylor College of Medicine, Houston,
TX. Mice were housed at the specific pathogen-free facility of
the University of Washington approved by the American Asso-
ciation for the Accreditation of Laboratory Animal Care.

For mobilization studies, mice were injected i.v. with saccha-
rides diluted in PBS with Ca?>" and Mg?*. Mice treated with
G-CSF were injected twice daily with 50 ug per kg body weight
for 3 days and bled at day 4. FCN was given to G-CSF-treated
mice on days 2 through 4, and the mice were bled 3 h after the
last treatment. Protamine-pretreated mice were injected i.v. with
a total of 30 mg/kg in two injections 15 min apart, followed by
FCN treatment 15 min later. PB was collected into preserva-
tive-free heparin from the retroorbital plexus of anesthetized
animals.

Mobilization studies were also performed on three macaques,
two Macaca nemestrina (pig-tailed monkeys) and one Macaca
fascicularis. The animals were housed in the accredited Regional
Primate Research Center at the University of Washington, and
protocols were approved by the Institutional Review Board and
by the Animal Care and Use Committee. Animals were treated
with one injection of 100 mg/kg FCN or 50 or 100 mg/kg dextran
sulfate in i.v. saline. PB was drawn before and after injection at
times ranging from 30 min to 6 h, then a maximum of once a day
for 9 days.

Clonogenic Assays. A total WBC count from an aliquot of
anticoagulated blood was measured using a Coulter counter. The
remainder was cultured as previously described (5). Colonies
were counted based on morphological criteria under a dissecting
microscope. All colonies [burst-forming unit-erythroid (BFU-
E), CFU-mixed, and granulocyte—-macrophage colony-forming
unit (CFU-GM)] were totaled and reported as colony-forming
cells (CFC).

Colony-forming assays were performed on primate blood as
described previously (4). After culturing for 12 days, colonies
were counted, using a dissecting microscope, on the basis of
morphological criteria. Total colonies were reported as CFC.

Assays for Colony-Forming Unit-Spleen Day 12 (CFU-Sq;) and for
Radioprotection. BDF1 mice treated with 100 mg/kg FCN for 3
days were bled 3 h after the last injection, and the blood was
pooled. A group of untreated mice were bled for a control pool.
Irradiated (12.0 Gy) recipient mice were each injected with 0.044
ml of blood per mouse from FCN-treated donors or 0.088 ml of
blood per mouse from controls. Mice were killed 12 days later,
and the spleens were excised and immersed in Bouin’s fixative for
10 min then stored in 10% buffered formalin. The numbers of
macroscopically visible colonies were counted. To assay for the
presence of radioprotective cells, blood from the FCN-treated
mice (0.131 ml) or untreated mice (0.264 ml) was injected into
individual irradiated recipients. The animals were examined for
morbidity daily for the first 14 days, then every few days.

Assays of Primate Blood. A complete blood cell count with
chemistries was performed on EDTA blood samples. Coagula-
tion parameters [prothrombin time (PT), activated partial
thromboplastin time (aPTT)] were also determined for some
animals. Flow cytometry was performed on a FACSCalibur
(Becton Dickinson) on cells stained with anti-CD34 Ab (anti-
HPCAZ2, Becton, Dickinson). Chemokines and cytokine levels in
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Fig. 1. FCN induces mobilization of CFC and WBC in mice. Mice were i.v.
injected with the indicated concentration of FCN and bled after 3 h (A), or with
100 mg/kg FCN and bled at the indicated times (B), or with 100 mg/kg per day
and bled 3 h after the last injection (C). Blood was assayed for CFC (bars) or
WBC (circles). Number of treated mice is listed within the bar, control group,
n = 13. Error bars indicate SEM; statistical analysis is by Student's t test. *, P <
0.001; ** refers to both CFC and WBC, P < 0.00001.

plasma were analyzed by the Cytokine Analysis Laboratory,
Fred Hutchinson Cancer Center, Seattle, WA. Metal-
loproteinases (MMP) 9 or 2 were assayed by zymogram analysis
on plasma samples diluted in sample buffer and run on 10%
gelatin gels using reagents from Bio-Rad. Gels were rinsed in
2.5% Triton X-100 and incubated in development buffer for 48 h.
After staining (0.05% Coomassie brilliant blue G250 in 2.5:1:6.5
ethanol/acetic acid/water), cells were destained in 2-propanol/
acetic acid/water (2:1:7).

Results

FCN Induces Mobilization of CFC, CFU-S, and Radioprotective Cells in
Mice. Mice were injected i.v. with FCN, and the PB was tested for
the number of WBC and CFC. Single injections of different
doses of FCN increased the number of CFC after 3 h in a
dose-dependent manner (Fig. 14). CFC increased an average of
6.1-fold [from 92 = 15 (SEM) to 599 = 73 CFC/ml, P < 0.00001]
at 100 mg/kg, the highest dose tested. WBC also increased at 3 h
from 8.1 = 0.3 X 103/pl to 20.8 = 1.1 X 103/ul (P < 0.00001).
In a timed assay, the WBC at 1 h rose even more to 25.0 = 0.9 X
103/ul PB, although the CFC did not peak until 3 h at 692 =
84 /ml (Fig. 1B). Both the WBC and CFC decreased by 6 h, and
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Fig. 2. FCN mobilizes progenitor cells capable of radioprotection. Control

mice (open circles, Control) or mice injected with 100 mg/kg per day FCN i.v.
for 3 days (closed circles, FCN) were bled, and their blood was injected i.v. into
irradiated mice, which were evaluated for CFU-Sq; (A) or radioprotection (B)
studies. Each group had five mice.

by 24 h the WBC had dropped to baseline and the CFC to
146/ml. A second, modest CFC peak at 48 to 72 h was apparent
(Fig. 1B). Repeated injections, at one per day, further increased
the progenitor number present in the PB at 3 h after the last
injection. Three injections over 3 days increased CFC by 32-fold
(Fig. 1C, P < 0.0001, n = 20) to 2929 = 366/ml, indicating a
cumulative effect, with an increase in total WBC to 26.9 = 1.9 X
103/pl.

In addition to the committed progenitors, we tested FCN for
its ability to mobilize more primitive progenitor cells. The
average number of CFU-S;,/ml present in control blood was 13
+ 2.3 (Fig. 24). CFU-S;2/ml in PB of FCN-treated mice were
295 =+ 53 CFU-Sy,/ml, a 23-fold increase (P < 0.005). We further
tested the ability of blood from FCN-treated donor mice to
radioprotect and reconstitute lethally irradiated mice. All mice
injected with FCN-mobilized blood (five of five) survived more
than 120 days, whereas twice as much blood from untreated
donors failed to save any irradiated mice past day 13 (n = 5, Fig.
2B). These assays confirm that, in addition to CFC, the cells
being mobilized by FCN include radioprotective cells and likely
cells required for long term repopulation (>4 mo).

Structural Features Required for Mobilization. To examine the
influence of structural characteristics in the ability of FCN to
mobilize, we compared its effects to those of similar glycans. We
first tested the necessity for the fucan to be a branched molecule.
Mice were injected with a sulfated linear fucan isolated from the
sea urchin Lytechinus variegatus (12). At 3 h, the CFC had
increased to 10.9-fold, with a concurrent increase in WBC (Fig.
34). These increases were similar to those seen with the
branched moiety, clearly indicating that branching is not neces-
sary for the immediate mobilization activity of sulfated fucans.

We next tested a sulfated polymer of hexose units, dextran
sulfate (DS). Two injections (50 mg/kg each) of DS in mice
mobilized CFC and WBC each more than 3-fold, similar to 50
mg/kg FCN (Fig. 34). Furthermore, when 50 mg/kg FCN was
combined with 50 mg/kg DS, an additive increase in CFC of
10-fold was seen. These results indicate that the ability to
mobilize is not limited to fucose residues.

Additionally, we examined GAGs with sulfation similar in
amounts and linkages to that of the fucan for their ability to
mobilize. Chondroitin sulfate A (CS-A) or chondroitin sulfate B
(CS-B) at comparable doses failed to mobilize either WBC or
CFC (Fig. 34), as did a single injection of heparan sulfate (HS)
from porcine intestinal mucosa in preliminary studies. These
results raise the possibility that sulfated forms of the simple
hexoses act similarly to induce mobilization, whereas hex-
osamines do not.

The 2,6-sulfation of FCN, DS, and other glycans is considered
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Fig.3. Effectofstructure and charge on mobilization by polysaccharides. (A)

Mice were injected once (LFuc, HS) or twice (all others) with 50 mg/kg
polysaccharides 24 h apart, then bled 3 h after the last injection and evaluated
for CFC (bars) or WBC (circles). Control (Ctrl), fucoidan (FCN), linear fucan
(LFuc), dextran sulfate (DS), chondroitin sulfate A or B (CSA, CSB), heparan
sulfate (HS), dextran (Dex), hyaluronic acid (HA). Number of treated mice is
listed within each bar. (B) Control mice (Left, untreated n = 13, FCN alone n =
18) or mice (Right, n = 5 per group) treated with protamine alone (black bars
and circles) or cotreated with 100 mg/kg FCN (gray bars and circles). Error bars
and statistics as in Fig. 1. *, P < 0.001; **, P < 0.00001.

to be important for their binding and function. Therefore, to test
the need for sulfation in mobilization, mice were treated with a
dextran of the same molecular weight as the mobilizing DS. In
contrast to the DS, the dextran induced no mobilization of either
WBC or CFC. Similarly, hyaluronic acid, a nonsulfated GAG
(Fig. 34), failed to mobilize.

Whether a negative charge imparted to the saccharide mole-
cule by the sulfate group was needed for mobilization was tested
next. To neutralize FCN, mice were first treated with protamine,
known also to neutralize heparin, and within 15 min adminis-
tered a single dose of FCN. With FCN alone, the CFC increased
6-fold at 3 h (Figs. 14 and 3B). This increase was virtually
abolished in the presence of protamine (Fig. 3B). The increase
in WBC was also significantly inhibited (P < 0.001). Protamine
alone decreased both the CFC and WBC below baseline levels,
yet the fold increase in CFC in animals treated with both FCN
and protamine was 2.7 as compared with 6.9 for FCN alone.

FCN Induces Mobilization in Selectin-Deficient Mice. FCN has been
reported to inhibit selectin function in vitro and in vivo. To
definitively establish whether any or all of the selectins are
involved in FCN-induced mobilization, we tested the glycan in
mice deficient in one, two, or all three selectin genes. After three
i.v. injections, wild-type control mice had a 13-fold increase in
CFC from 145 + 18/ml to 1862 *+ 124 /ml PB, with a concurrent
6-fold increase of WBC from 5.4 X 103 to 30.2 X 103/ul. After
a similar regimen of FCN treatment in mice lacking the active
gene for L-selectin (the selectin most sensitive to FCN in vitro),
CFC increased from 152 = 29 to 5997 + 554 CFC/ml, with a
concurrent increase in WBC from 5.5 = 0.7 to 35.9 = 2.6 X
103/ul PB (Fig. 4). As compared with wild-type controls, mice
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Fig. 4. FCN induces mobilization in the absence of selectins. Control mice
(WT) and L-selectin=/~ (L), P- and E-selectin~/~ (PE) themselves or transplanted
with L=/~ BM cells (L/PE), or L-, P-, and E-selectin~/~ (LPE) mice were prebled
(black bars and open circles) and a week later injected i.v. three times with 100
mg/kg FCN 24 h apart and bled 3 h after the last injection (gray bars and closed
squares). Number of mice is listed within each treated bar. Error bars and
statistics as in Fig. 1. All CFC values in treated groups were statistically signif-
icantly different from the valuesin nontreated groups (P < 0.01to P < 0.0001).

deficient for P- and E-selectin genes exhibited elevated baseline
levels of WBC (13.5 = 0.5 X 103/ul), similar to reported values
(9, 13), as well as elevated CFC (236 * 23/ml), not previously
reported. These values increased further after treatment with
FCN to ratios similar to those seen in the control mice, CFC
increased 15-fold to 3669 * 424/ml and WBC increased 4-fold
to 47 = 2.8 X 103/ul PB (Fig. 4).

To rule out that some compensation was present in the double
or single selectin knock-out mice, we assessed mobilization in
two other groups of mice: first, PE™/~ mice, which were trans-
planted with bone marrow cells from L™/~ mice, leaving only the
P-selectin present on blood cells, and, second, LPE~/~ mice
deficient for all three selectins. After FCN treatment, the
transplanted mice had similar increases in CFC from 416 * 63
to 6,381 = 1,476 CFC/ml (15-fold) and WBC from 17 + 1.2 X
103/ul t0 52.8 = 7.5 X 10° WBC/ul (3.1-fold, Fig. 4). As expected
(13), LPE~/~ had even higher baseline levels than PE~/~ (23.6 =
2 X 103/ul WBC and 759 + 217 CFC/ml), yet the ratio of
increase in the CFC in these mice after treatment remained at
15-fold (11,116 * 3,336 CFC/ml, Fig. 4). Taken together, these
data clearly establish that engagement of P-, E-, or L-selectin is
not necessary for FCN to induce mobilization of stem/
progenitor cells into the blood stream, thereby suggesting a
selectin-independent mode of action.

FCN Induces Mobilization of CFC in Nonhuman Primates. FCN was
also tested for its ability to mobilize CFC in two species of
macaque. Two M. nemestrina and one M. fascicularis were each
treated i.v. with 100 mg/kg FCN in saline and examined over
time. After one injection, the CFC and WBC of one M. nemes-
trina increased 11- and 5.2-fold, respectively, at 6 h, maintaining
the increase through day 1 (Fig. 54). PB mononuclear cells,
stained with anti-CD34 and measured by flow cytometry, also
increased at 6 h from 0.2% to 6.4% (data not shown). The second
M. nemestrina increased CFC 18-fold to 714 /ml and WBC 3-fold
to 23.8 X 103/ul at 6 h. Likewise, FCN injection in the M.
fascicularis increased CFC 11-fold and WBC 8-fold at 6 h, and
still maintained some increase at 24 h (Fig. 5B). In addition to
the 6-h peak, a secondary peak was seen in the M. nemestrina 5
days after FCN treatment (Fig. 54). This peak appeared to be
more gradual, lasted longer than the primary peak at 6 h (Fig.
5B), and was, in fact, higher than the original peak in both
monkeys, increasing up to 140- and 23-fold, respectively.

We also treated the M. fascicularis (shown in Fig. 5B) 8 wk
later with 50 mg/kg DS, and observed increases in CFC (26-fold)
and WBC (8-fold) at 6 h (Fig. 5C) similar to those observed in
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Fig.5. Mobilization of CFC and WBC in monkeys. Animals were bled at time
0, then asindicated afteri.v. injection (arrow) and tested for CFC (bars) or WBC
(circles). (A and B) M. nemestrina (A) or M. fascicularis (B) each treated with
100 mg/kg FCN. (C) M. fascicularis treated with 50 mg/kg DS.

FCN treatment, but no second peak was observed (Fig. 5C).
Because both compounds have been reported to have anticoag-
ulant activity, coagulation studies were performed. At 6 h
posttreatment with 100 mg/kg FCN or 50 mg/kg DS, the PT and
aPTT values were elevated (data not shown), although no
evidence of major bleeding was observed, and the values re-
turned to baseline by 24 h. The M. nemestrina (shown in Fig. 54)
was also treated later with 100 mg/kg DS and showed a 20-fold
increase of CFC at 6 h with some increase at day 5 (data not
shown), but the animal exhibited signs of bleeding; it was
transfused, and the study was discontinued.

FCN Induces Increased Levels in Plasma of Cytokines, Chemokines, and
MMPs in Nonhuman Primates. We next explored whether we could
document any increases in circulating molecules previously
implicated in mobilization, i.e., chemokines, cytokines, or
MMPs. Very high increases at 3 to 6 h posttreatment were
apparent in levels of monocyte chemotactic protein 1 (MCP-1),
IL-6, IL-8, macrophage CSF (M-CSF), and G-CSF in monkeys
treated with FCN (Table 1). Although a tumor necrosis factor-a
(TNF-a) increase was not documented, levels of soluble TNF
receptor 1 (STNFR 1), an indicator of TNF activity, did increase.
Soluble kit ligand (KL) also increased and was the only cytokine
maintained at high levels beyond 24 h. Most of these cytokines
have been previously shown (14-20) to play a role in the
trafficking of progenitors or mature cells. Other cytokines tested
[IL-1e, IL-1B, GM-CSF, and macrophage inflammatory pro-
tein-loe (MIP-1a)] showed no increases (data not shown). Zy-
mograms of the plasma of FCN-treated monkeys showed an
increase in levels of the metalloproteinase MMP9 at 3 and 6 h,
returning to baseline levels at 24 h (Fig. 64), similar to the levels
of cytokines and chemokines.
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Table 1. Effect of sulfated glycans on plasma levels of cytokines
and chemokines

Level, pg/ml of plasma

Time,* h IL-6 IL-8 MCP-1  M-CSF  G-CSF  sTNFR1 KL
100 mg/kg FCN in M. nemestrina 1 (Fig. 5A)
0 2 38 257 189 0 186 1,169
1 707 857 492 1,021 0 1,508 ND
3 4,164 2,727 86,469 3,363 1,767 1,464 3,944
6 572 1,868 12,059 815 639 612 4,835
24 16 29 818 638 15 634 5,245
144 0 13 165 24 0 228 1,388
100 mg/kg FCN in M. nemestrina 2
0 0 52 227 0 0 256 673
6 2,741 4,136 75,127 427 2,097 916 3,856
100 mg/kg FCN in M. fascicularis (Fig. 5B)
0 0 41 171 0 0 192 822
0.5 4 618 909 161 0 2,191 1,652
6 1,677 554 9,194 344 422 1,118 ND
24 7 21 299 63 0 226 1,005
72 0 84 240 0 0 164 456
96 0 81 179 15 0 174 2,864
120 9 82 168 33 0 210 708
144 0 106 228 0 0 188 1,228
50 mg/kg DS in M. fascicularis (Fig. 5C)
0 0 72 197 0 0 179 ND
6 7 125 1,226 91 0 330 ND
100 mg/kg DS in M. nemestrina
0 0 64 213 41 0 178 1,169
6 1 306 603 207 0 272 673
24 1 21 270 163 0 355 845
120 0 77 182 83 0 309 822

A0 indicates values less than lower limit detected. ND indicates this sample
was not tested. Values 2-fold or higher over baseline are in bold.
*Animals were bled at 0 time and at indicated times after asinglei.v. injection.

In the DS-treated monkeys, plasma levels of MCP-1, IL-6,
IL-8, M-CSF, and sTNFRI1 increased, but far less than in
FCN-treated monkeys (Table 1), and kit ligand did not increase.
The MMP9 levels also increased in the DS-treated monkey,
although not as high as with FCN (Fig. 6A4).

Because G-CSF levels were increased significantly with FCN
treatment in the monkey, we investigated the possibility that
G-CSF in synergy with the chemokines was primarily responsible
for FCN-induced mobilization. When used alone in mice, G-CSF
over 3 days mobilized CFC 41-fold, and FCN alone 61-fold (Fig.
6B). However, administration of both G-CSF and FCN increased
the CFC an astounding 483-fold over baseline, 11 times that of
the G-CSF alone, and 8 times that of the FCN alone. These
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Fig. 6. (A) Zymograms of monkey plasmas. Samples were drawn from
monkeys at the indicated times after treatment with 100 mg/kg FCN or DS and
run on a gel containing 10% gelatin. (B) Mobilization of CFC (bars) and WBC
(circles) in mice after treatment with G-CSF, FCN, or both. G-CSF or Fuc, n = 5,
both, n = 4 mice. Error bars and statistics as in Fig. 1. * Refers to both CFC and
WBC, P < 0.001 as compared with G-CSF or FCN.
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results demonstrate an ability of FCN to work synergistically with
G-CSF, maximizing the mobilization yield, and indirectly suggest
that FCN-induced mobilization may not be primarily due to
increases in G-CSF.

Discussion

Although FCN is not a physiologic ligand, it has been used
extensively to block selectin function because of its structural
similarity to natural ligands recognized by selectins. In vitro FCN
is known to bind to L-selectin, and its binding to intact leuko-
cytes is inhibited by L-selectin Abs and vice versa (21, 22). In
vivo, FCN blocks leukocyte rolling in a dose-dependent manner,
interfering with various inflammatory responses in several an-
imal models (23-26). Inhibition of leukocyte rolling and a
subsequent increase in peripheral WBC induced by FCN was
similar to that observed in anti-CD18-treated rabbits (25). The
increase in both polymorphonuclear leukocytes (PMNs) and
mononuclear cells appeared gradually, and was attributed to the
prevention of the normal elimination of PMNs from circulation
and of the homing process of mononuclear cells to peripheral
lymphoid tissues. This conclusion is supported by previous
findings of inhibition of lymphocyte homing in mice (27) and
assumes that normal elimination of PMNs involves adhesion
pathways similar to those used when leukocytes are recruited to
inflammatory tissues.

Our in vivo FCN treatment, like previous studies (25), resulted
in leukocytosis at 1 to 3 h posttreatment in mice, and at 3to 6 h
in monkeys after a single injection. Furthermore, in parallel with
the leukocyte increase, a significant mobilization of stem/
progenitor cells was seen, a novel finding with FCN treatment.
This increase involved all classes of progenitor cells, i.e., lineage-
committed progenitors (CFU-GM, BFU-E, CFU-Meg), CFU-
S1» (Fig. 2), and likely long-term repopulating cells, although the
latter were not rigorously addressed. As reported in previous
studies, we hypothesized that FCN exerted its effects by blocking
selectin function. However, our extensive data with various
selectin-deficient models show that such a possibility is not likely.
Namely, the single L-selectin-deficient mice, the double P- and
E-selectin-deficient mice, as well as the triple selectin-deficient
mice all responded as well as their wild-type controls. Therefore,
both the leukocytosis and the mobilization of stem/progenitor
cells in these mice appear to be by a mechanism that does not
involve at least the known selectins.

In view of the findings in selectin-deficient mice, to explain the
leukocytosis and the stem cell mobilization process several
possibilities were entertained. First, it is possible that FCN binds
to leukocytes in a selectin-independent way. Since high concen-
trations of FCN are needed to exert its effects, interactions with
low-affinity binding sites on either leukocytes or stem/
progenitor cells are possible. Such interactions may involve
unidentified lectins on these cells, or even on endothelial or
stromal cells within the bone marrow microenvironment. FCN is
capable of binding to nonhemopoietic cells lacking selectins (at
both high and low affinity binding sites) and modulating pro-
duction of cellular proteins (28). A similar interaction may be
involved in mobilization.

Alternatively, and more likely, FCN could compete with
proteoglycans found on the extracellular matrix (ECM) or on
stromal/endothelial cells within the bone marrow environment.
Chemokines/cytokines bound by proteoglycans and their con-
stituent GAGs are present at high concentrations within the BM,
where they exert important functional influences on the devel-
opment and differentiation of hemopoietic cells, as well as their
migration in and out of the BM (28). Proteoglycans within the
BM environment carry mainly HS and CS, highly sulfated
glycans, with which FCN may compete in the binding of che-
mokines/cytokines, and in fact, FCN has been shown to compete
with heparin at a higher affinity (29). Such a putative mechanism
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appears attractive and finds support in our documentation of
dramatic increases in several circulating chemokines/cytokines
within the first few hours of treatment. Of special importance is
the increase in particular chemokines/cytokines that have been
previously implicated in mobilization. These include IL-8 (17),
and IL-6 (20), also G-CSF, M-CSF, and KL (14, 19). Addition-
ally, there was an increase in MMP9, which was also previously
reported to be an important mediator of IL-8- or G-CSF-induced
mobilization (30). Its enzymatic activity may additionally have a
role in releasing matrix-bound growth factors as a consequence
of extracellular matrix degradation. It is unlikely that the in-
creases that we have seen in chemokines are due to endotoxin
contamination, as our preparation was found to be endotoxin-
free, and no initial neutropenia was seen after treatment, as is
observed postendotoxin (31). In general, however, a quantitative
relationship between mobilization and cytokine increases is
not seen, and efforts should be made to identify additional
molecules.

It is of extreme interest that other sulfated polysaccharides,
especially CS-B or HS from a single source, which are known to
have anticoagulant properties (32), did not induce significant
leukocytosis or mobilization. This observation would suggest
that a backbone of distinct sugar residues with specific sulfation
patterns is required to elicit mobilization effects, differing from
those required for anticoagulation (32). If the etiologic mecha-
nism turned out to be the release of chemokines/cytokines, our
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data further support the emerging principle that the carbohy-
drate sequences and/or sulfation patterns of GAGs within the
BM that sequester these chemokines/cytokines are specific for
these factors (33-36). Presumably as a result of the specificity in
binding patterns, several in vitro and in vivo data suggest that
structurally similar compounds may elicit distinct functional
effects (37). This concept is taken a step further with in vivo
mobilization induced by FCN and DS, in contrast to CS-A and
CS-B. Moreover, although both induced mobilization, their
responses differed in terms of anticoagulation potency, the
restricted repertoire of cytokine release (Table 1), and the ability
to induce in monkeys a second wave of mobilization.

Finally, it is noteworthy that certain previous studies have
reported mobilization induced by carbohydrates [i.e., DS (38),
particulate B-glucan (39), and PGG-glucan (40)]; however, their
effects have not been dissociated from selectin-dependent in-
teractions, and chemokine/cytokine increases were not noted.
Although the mechanism of action of sulfated glycans used in the
present study remains to be determined, our data further
underscore a distinctive and structurally restricted in vivo spec-
ificity in their biological action.
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