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Background: Heparin-induced leukocytosis (HIL) is commonly seen in patients.
Results: In mice, heparin requires 6-O-sulfation to induce leukocytosis. Heparin alters selectin- and/or CXCL12-mediated
lymphocyte homing and release, neutrophil release, and distribution in the vasculature.
Conclusion: HIL requires 6-O-sulfation and is caused by blocking selectin- and CXCL12-mediated leukocyte trafficking.
Significance: This study elucidated the structural determinants and the underlying mechanisms of heparin in HIL.

Leukocytosis refers to an increase in leukocyte count above
the normal range in the blood and is a common laboratory find-
ing in patients. In many cases, the mechanisms underlying leu-
kocytosis are not known. In this study, we examined the effects,
the structural determinants, and the underlying mechanisms of
heparin-induced leukocytosis, a side effect occurring in 0.44%of
patients receiving heparin. We observed that heparin induced
both lymphocytosis and neutrophilia, and the effects re-
quired heparin to be 6-O-sulfated but did not require its anti-
coagulant activity. Cell mobilization studies revealed that the
lymphocytosis was attributable to a combination of blockage
of lymphocyte homing and the release of thymocytes from the
thymus, whereas the neutrophilia was caused primarily by
neutrophil release from the bone marrow and demargination
in the vasculature. Mechanistic studies revealed that heparin
inhibits L- and P-selectin, as well as the chemokine CXCL12,
leading to leukocytosis. Heparin is known to require 6-O-
sulfate to inhibit L- and P-selectin function, and in this study
we observed that 6-O-sulfate is required for its interaction
with CXCL12. We conclude that heparin-induced leukocyto-
sis requires glucosamine 6-O-sulfation and is caused by
blockade of L-selectin-, P-selectin-, and CXCL12-mediated
leukocyte trafficking.

Leukocytosis refers to an increase in leukocyte count above
the normal range in the blood and is a common laboratory
finding in patients. It occurs in response to a wide variety of
pathological conditions, including viral, bacterial, and fungal

infection, parasitic invasion, cancer, hemorrhage, trauma,
myocardial infarction, malignancies, poisoning, and meta-
bolic disturbances (1). Based on the type of leukocyte that
accumulates, leukocytosis is further subcategorized as neu-
trophilia, lymphocytosis, monocytosis, eosinophilia, and
basophilia (1). Clinically, leukocytosis is most commonly
caused by neutrophilia, less often caused by lymphocytosis,
and rarely is a consequence of monocytosis, eosinophilia, or
basophilia (1, 2).
Mechanistic studies have shown that leukocytosis can be

attributed to an increase in cell production, an increase in cell
release from storage pools, demargination in the vasculature,
and/or decreased egress into target tissues. Many molecules
that play key roles in inflammation have been implicated in
leukocytosis, notably selectins, chemokines, integrins, and pro-
teases (1).
Interestingly, some medications also induce leukocytosis,

including corticosteroids, lithium, �-agonists, and heparin
(2–5). Heparin, a linear polysaccharide that belongs to the fam-
ily of glycosaminoglycans, has been used clinically as an antico-
agulant/antithrombotic for more than 70 years. It consists of
repeating disaccharide units containing a uronic acid and a
glucosamine residue that is either N-sulfated, N-acetylated,
or occasionally unsubstituted (6). The disaccharides may be
further O-sulfated at C6 or C3 of the glucosamine residues
and C2 of the uronic acid residues. The potent antithrom-
botic activity of heparin depends on the specific arrange-
ment of sulfated sugar units and uronic acid epimers, which
form a binding site for antithrombin III (6). Heparin also
possesses a variety of non-anticoagulant functions such as
inhibition of inflammation and tumor metastasis (7–9).
Heparin was also reported to induce lymphocytosis in mice,
rats, cows, and humans (3–5). Importantly, from a clinical
perspective, 0.44% of patients develop leukocytosis when
taking therapeutic doses of heparin. In the United States
more than 12 million patients receive heparin every year
(10), resulting in over 50,000 cases per year and indicating
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that heparin-induced leukocytosis (HIL)2 is a frequently
seen side effect of the drug in hospitals. However, the struc-
tural determinants of heparin that cause HIL and the mech-
anisms behind the effect remain unknown.
In this study, we observed that heparin induced both lym-

phocytosis and neutrophilia, and the effect required 6-O-sulfa-
tion of the glucosamine residues but did not require its antico-
agulant activity. Cell mobilization studies revealed that the
lymphocytosis was attributable to the blockage of lymphocyte
homing and release of thymocytes, whereas the neutrophilia
was mainly caused by neutrophil release from bone marrow
(BM) and demargination in the vasculature. Molecular mecha-
nism studies revealed that heparin inhibits L- and P-selectin-
and chemokine CXCL12-mediated leukocyte trafficking,
resulting in HIL.

EXPERIMENTAL PROCEDURES

Heparin and Its Derivatives—Porcine intestinal heparin
(average mass � 12,000–15,000 Da) was obtained from Scien-
tific Protein Laboratories (Milwaukee, WI). Heparinoids were
prepared as reported previously (9), includingN-desulfated/N-
acetylated heparin (N-des), 2-O/3-O-desulfated heparin (2/3-
des-hep), N-/2-O/3-O-desulfated heparin (N/2/3-des-hep),
6-O-desulfated heparin (6-des-hep), and carboxyl-reduced
heparin (CR-hep) (Fig. 2A). The heparin had an anti-factor Xa
activity of 149 units/mg, whereas all heparinoids had no detect-
able anti-factor Xa activity. The heparin and heparinoids were
negative for endotoxin.
Mice—Wild-type, P-selectin knock-out (P�/�), and L-selec-

tin knock-out (L�/�)mice, and P- and L-selectin double knock-
out (PL�/�) mice on a C57BL/6J background were purchased
from The Jackson Laboratory (Bar Harbor, ME). The �(1,3)-
fucosyltransferase-IV and -VII double knock-out (FucT-IV/
VII�/�)micewere kindly provided byDr. JohnB. Lowe (11) and
were bred onto C57BL/6J background. Mice were housed at a
specific pathogen-free facility, and the experimental protocol
was approved by the Institutional Animal Care and Use Com-
mittee of the University of Georgia.
Heparin/Heparinoid/Anti-CXCL12-neutralizing Antibody

Injection and Analysis of Leukocytosis—Previous studies
showed that a single bolus injection of sulfated polysaccharide
fucoidan (i.v., 1.25–2.5 mg/25 g BW) induced robust leukocy-
tosis in mice and that the leukocytosis peaked at 1.5 h after the
fucoidan injection and coincided with reduced CXCL12 con-
centration in BM (12). Glycosaminoglycan mimetics injected
intraperitoneally at 1.25 mg/25 g BW similarly induced leuko-
cytosis (13). Our pilot study showed that the CXCL12 concen-
tration in BM bottomed out at 90 min after heparin injection
(Fig. 6, B and C). Considering that heparin at 0.5–1.25 mg/25 g
BW potently blocks selectin-mediated leukocyte trafficking in
mice (9) and that disruption of CXCL12 signaling in BM and
selectin functions may represent the major molecular mecha-

nisms underlyingHIL, we rationalized injecting i.v. heparin at 1
mg/25 g BM, a dose close to glycosaminoglycan mimetics and
fucoidan administration (12, 13), and we used 90 min post-
heparin injection as the time point for HIL analysis in our stud-
ies. In brief, mice at 8–10 weeks old were injected i.v. via tail
veinwith the heparinoids at 1mg/25 g BW. Blood samples were
taken from the retroorbital plexus during isoflurane anesthesia
90 min after heparinoid injection. Total leukocytes were
counted separately by two investigators using hemocytometers.
The leukocyte subpopulationswere analyzed by flow cytometry
(9, 14). Neutrophils and monocytes were identified by high
expression of Gr-1 and Mac-1, respectively. The percentage of
lymphocyte in leukocyte population was quantified based on
forward and right angle light scattering in the cytogram. B cells
and NK cells were counted following staining with FITC-con-
jugated rat anti-mouse CD45R/B220 and pan-NK antibodies,
respectively. The subpopulations of T cells were determined by
quantifying CD4�/CD8�, CD4�/CD8�, and CD4�/CD8�

cells. For some studies, the mice were preinjected with anti-
CXC12-neutralizing antibody (12) (R&D Systems, 2 mg/kg
BW) i.v. 90 min prior to heparin administration.
Lymphocyte Homing—Lymphocyte suspensions from peri-

pheral lymph nodes were prepared inDMEM, and erythrocytes
were lysed with a 0.83% NH4Cl solution. After washing with
PBS, the cells (5–10 � 106 cells/ml) were labeled with carboxy-
fluorescein diacetate succinimidyl ester (CFSE, 5 �M) (9). Hep-
arin at 1 mg/25 g BW in 100 �l of saline or only saline was
injected into the tail vein of the recipient mice. Five min later,
7 � 106 CFSE-labeled cells in 100 �l of saline were similarly
injected. Ninetyminutes after heparin administration, themice
were sacrificed. Peripheral blood and single cell suspensions
prepared fromperipheral (cervical and axillary) andmesenteric
lymph nodes were counted, and the percentage of CFSE� cells
was determined by flow cytometry.
Thymocyte Release from Thymus—The chests of anesthe-

tized mice were opened; 10 �l of FITC (Sigma) at 600 �g/ml in
PBSwas injected directly into each thymic lobe with a 28-gauge
needle, and then the chestswere closedwith surgical clips in the
overlying skin (15). This method labeled 30% of the thymocytes
in the thymus. Thirty minutes after intrathymic injection, mice
received heparin at 1 mg/25 g BW or only PBS via tail vein
injection. Ninety minutes later, the FITC� cells in the circula-
tionwere quantified by flow cytometry. The total of thymocytes
released from the thymus was calculated as the (number of
FITC

�

cells)/(30%).
Neutrophil Release from Bone Marrow—Mice were injected

with 0.6 mg of BrdU i.p. twice, separated by 12 h (16–18). At
24 h after the first injection, 35% Gr-1�-BM cells were labeled
with BrdU, and the mice were injected with heparin at 1 mg/25
g BW in 100 �l of saline or saline only via tail vein. Ninety min
later, blood was collected, and total leukocytes were counted.
TheGr-1�/BrdU� cells were quantified by flow cytometry, and
the neutrophils released from the BM were calculated as (Gr-
1

�

/BrdU� cells)/35%.
Neutrophil Demargination—Mice were injected intraperito-

neally with 0.6 mg of BrdU daily for 7 days at which point all
neutrophils in circulation were BrdU� (19). Fresh blood was
collected into citrate-containing tubes, washed with PBS, and

2 The abbreviations used are: HIL, heparin-induced leukocytosis; BM, bone
marrow; BW, body weight; N-des, N-desulfated; des-hep, desulfated hepa-
rin; CR-hep, carboxyl-reduced heparin; CFSE, carboxyfluorescein diacetate
succinimidyl ester; SPR, surface plasmon resonance; HPC, hematopoietic
progenitor cell.
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then transfused to the recipient mice at 150 �l/mouse via tail
vein. Thirty min after the transfusion, heparin at 1mg/25 g BW
in 100 �l of saline or saline only was injected similarly. Ninety
min after the heparin/saline administration, the Gr-1� and
BrdU�/Gr-1� cells in the peripheral blood were quantified by
leukocyte count and flow cytometry.
Measurement of CXCL12 Concentration in Blood and BM—

CXCL12� and CXCL12� levels in mouse plasma and BMwere
determined by ELISA using monoclonal antibodies specific for
CXCL12� (BAF351) or CXCL12� (BAF310) with capture anti-
body MAB350 and recommended protocols from R&D Sys-
tems (12). BM sampleswere prepared by flushing the content of
two femurs directly into 0.4 ml of sample buffer (0.1% BSA,
0.05%Tween 20 in 20mMTrizma (Tris base), 150mMNaCl, pH
7.3) and centrifuged, and the supernatants were collected and
used for CXCL12 concentration determination.
Transendothelial Cell Migration Assay—Transendothelial

cell migration was performed using trans-wells containing
3-�m pore-polycarbonate filters to separate the upper and
lower chambers in 24-well plates (Costar, Cambridge,MA) (20,
21). Immortalized mouse lung endothelial cells (22, 23) were
seeded at 1.5 � 104 per well in the upper chamber and became
confluent after 3–4 days in culture. The integrity of the endo-
thelium-covered trans-wells was controlled after each migra-
tion by May-Grunwald-Giemsa staining and followed by visu-
alization by microscopy. BM cells were freshly prepared in
single cell suspensions from mouse femurs and tibias by flush-
ing in PBS. Red blood cells were lysed with 0.83% NH4Cl solu-
tion before rinsing. The BMcells were added at 1� 105 cells per
upper compartment. The migration was initiated by supplying
CXCL12� (10 ng/ml) in the lower chamber to determine
CXCL12-induced chemotaxis. Only the active migrating cells
were able to get through the pores and into the lower chamber.
After 4 h, cells that migrated into the lower chamber were
counted. To determine whether heparin inhibits the CXCL12-
induced transendothelial chemotaxis of BM cells, the experi-
ment was similarly carried out with heparin added in the upper
and lower chambers prior to initiation of cell migration. In
additional experiments to determine the effect of immobilized
CXCL12 on random migration of BM cells (chemokinesis),
CXCL12� was preincubated at both apical and basal sides of
endothelial cell-covered trans-wells for 30 min at RT. Non-
boundCXCL12�waswashed away by rinsingwith PBS, and the
transendothelial cell migration experiments were carried out as
described above.
CXCL12� Binds to Endothelial Heparan Sulfate—Primary

human umbilical vein endothelial cells plated at 104 cells/well
in 96-well tissue culture plates were grown in EMB-2 media
supplementedwith growth factors and 2% FBS according to the
supplier’s recommendations (Lonza Inc., Walkersville, MD)
until confluency. The cells were then fixed with 4% paraformal-
dehyde for 10 min at RT and washed in PBS. After fixation,
some wells were incubated with a mixture of heparinases I–III
(20–50 milliunits/ml of each enzyme) for 1 h at RT. Nonspe-
cific binding sites were blocked with 5% BSA in PBS, and the
cells were then incubated with CXCL12� at 10 �g/ml in PBS
with or without heparin, heparan sulfate, or heparinoid at 20
�g/ml each for 1.5 h at RT. Bound CXCL12� was detected by

incubationwith amouse anti-CXCL12 IgG antibody (R&DSys-
tems, Minneapolis, MN) and then with an HRP-conjugated
goat anti-mouse IgG antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) and finally with the 3,3�,5,5�-tetramethylben-
zidine chromogen (Thermo Fisher Scientific, Waltham, MA).
The absorbance at 450 nm was read using a microplate reader
(Molecular Devices, Inc., Menlo Park, CA) equipped with Soft-
max software.
Binding of CXCL12� to Heparin and Heparinoids Studied by

Surface Plasmon Resonance (SPR)—SPR analyses were con-
ducted using a BIACORE T100 apparatus (Biacore AB, Piscat-
away, NJ) with biotinylated heparin immobilized on streptavi-
din-coated chips. Biotinylated heparin was prepared using a
two-stage procedure with biotin coupled at the reducing end of
heparin (24, 25). The biotinylated heparin carried 1.3 biotin/
heparin andwas immobilized on streptavidin-coatedCM5 chip
surface. Briefly, the surface of a CM5 chip was activated by
injecting a freshly prepared mixture (1:1) of N-hydroxysuccin-
imide (50 mM in water) and 1-ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide (200 mM in water) at a flow rate of 5 �l/min,
followed by a 21-min injection of streptavidin (400mg/ml). Any
remaining activated carboxylic acid groups were blocked by
incubationwith 1M ethanolamine hydrochloride, pH 8.6, for 21
min. Approximately 1000 response units of streptavidin was
coupled to the cell surface using this method. Heparin immo-
bilization was achieved by injecting biotinylated heparin at 1
ml/min for 21min over the streptavidin-coated surface andwas
optimized to give �500 response units. As a reference surface
for refractive index and correction of nonspecific binding, a
second flow cell was treated in the same manner as above, but
without the injection of biotinylated heparin. To determine the
interaction of CXCL12� with heparinoids, CXCL12� (125 nM)
was premixed with heparin (1�g/ml) or 6-des-hep (1�g/ml) in
HBS-EP buffer (10 mM Hepes, 150 mM NaCl, 3 mM EDTA,
0.005% v/v surfactant P20) at RT. Themixturewas immediately
injected at a flow rate of 50 �l/min. CXCL12� (125 nM) was
used as a positive control, whereas HBS-EP buffer alone was
background control. Data were collected with a contact time of
120 s and a dissociation time of 300 s. The response unit for
binding was presented with the background response sub-
tracted. Data were evaluated using BIAevaluation Software 3.1,
Biacore.

RESULTS

Heparin Induces Both Lymphocytosis and Neutrophilia—
Heparin has been reported to cause rapid and transient lym-
phocytosis in humans, cows, rats, andmice after i.p or i.v. injec-
tion (3–5, 26); however, the effect on subpopulations of leuko-
cytes has not been defined. We examined the subpopulation
distribution of circulating leukocytes 90 min after heparin
treatment in mice. Compared with saline, heparin increased all
major subpopulations of leukocytes in the circulation, includ-
ing neutrophils (4.27 � 106/ml, 4.4-fold), lymphocytes (6.47 �
106/ml, 2.7-fold), andmonocytes (0.37� 106/ml, 2.1-fold) (Fig.
1). An analysis of the lymphocyte subpopulations showed the
same tendency with the following results: B lymphocytes
(2.24 � 106/ml, 1.9-fold), CD4�/CD8� (2.91 � 106/ml, 4.6-
fold), CD4�/CD8� (1.53 � 106/ml, 3.9-fold), and CD4�/CD8�

Heparin Blocks Selectin/CXCL12 to Induce Leukocytosis

5544 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 8 • FEBRUARY 17, 2012

 by guest on O
ctober 15, 2019

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


(0.06 � 106/ml, 12.5-fold) (Fig. 1). Lymphocytes and neutro-
phils were the two major subpopulations of circulating leuko-
cytes and accounted for �62 and 33% of HIL cell population,
respectively.
Induction of Leukocytosis Depends on the Degree of Sulfation,

6-O-Sulfation, and Carboxyl Moiety but Not Anticoagulant
Activity of Heparin—To determine the structure required for
heparin to induce leukocytosis, we treated mice with structur-
ally different heparins (Fig. 2A). Compared with heparin,
N-des-hep and 2/3-des-hep induced attenuated responses,
whereas N/2/3-des-hep was unable to induce leukocytosis,
indicating that HIL depended on the degree of sulfation (Fig. 2,
B–D). Intriguingly, 6-des-hep was also unable to induce leuko-
cytosis (Fig. 2, B–D). Heparin carries moreN-sulfate than 6-O-
sulfate, implying that the inefficacy of 6-des-hep to induce leu-
kocytosis was not due to a reduction in the overall degree of
sulfation, but specifically to the lack of 6-O-sulfate, revealing
that heparin uniquely requires 6-O-sulfation to induce leuko-
cytosis. CR-hep induced attenuated HIL response too, showing
that the presence of the carboxyl moiety is also required for
heparin to induce leukocytosis (Fig. 2, B–D). Intriguingly, sub-
population analysis observed that CR-hep had a slightly
reduced efficacy for inducing neutrophilia, but its ability to
cause lymphocytosis was abrogated (Fig. 2,C andD), highlight-
ing that heparin requires carboxyl moiety to induce lymphocy-
tosis but not neutrophilia. Furthermore, N-des-hep, 2/3-des-
hep. and CR-hep all were capable of inducing leukocytosis (Fig.
2, B–D), but they were devoid of anticoagulant activities, indi-
cating that the anticoagulant activity of heparin is not required
for HIL. Collectively, these observations indicate that HIL
depends on the degree of sulfation and carboxylation of hepa-
rin, and there is a specific requirement for 6-O-sulfation, but
anticoagulant activity is not required.

Heparin Blocks Lymphocyte Homing to Lymph Nodes and
Thymocyte Release from the Thymus—The leukocyte numbers
in the peripheral blood are controlled by hematopoiesis in the
BM and thymus, emigration from these tissues, distribution in
the vasculature, and migration to target organs. HIL occurred
minutes post-heparin injection and peaked at 30 min (Fig. 6A).
The time frame makes hematopoiesis unlikely to contribute
significantly to HIL; we therefore focused on examining the
effects of heparin on leukocyte mobilization. We began by
examining the role of heparin in lymphocyte homing to periph-
eral lymph nodes. Lymphocytes from peripheral and mesen-
teric lymph nodes were labeled with CFSE and then injected via
the tail vein 5min after heparin administration. Ninetyminutes
post-heparin injection, the mice were sacrificed, and the lym-
phocytes of peripheral and mesenteric lymph nodes as well as
the leukocytes in the peripheral blood were counted and ana-
lyzed for CFSE� cells by flow cytometry. As shown in Fig. 3A,
the numbers of CFSE� lymphocytes homing to the peripheral
and mesenteric lymph nodes were reduced by �90% in hepa-
rin-treated mice compared with saline-treated controls. Fur-
thermore, a corresponding increase in the CFSE� lymphocytes
was observed in the peripheral blood comparedwith the saline-
treated controls (Fig. 3B), indicating that heparin blocked lym-
phocyte homing to peripheral lymph nodes. In rats, recirculat-
ing lymphocytes enter the vascular compartment at a rate
sufficient to replace the blood population of lymphocytes about
15 times each day (27). Assuming that lymphocyte recirculation
in mice occurred similarly, a complete block should cause an
�0.94-fold increase in the number of lymphocytes in circula-
tion within 90 min. Based on a 90% inhibition efficiency (Fig.
3A), heparin blockage should increase 0.84-fold of the lympho-
cytes in circulation. Heparin elevated a 1.7-fold of lymphocytes
inHIL (Fig. 1B). Thus, blockage of homing accounted for�50%

FIGURE 1. Heparin-induced leukocytosis is mainly attributable to lymphocytosis and neutrophilia. A and B, subpopulation distribution of leukocytes in
cell numbers (A) and alteration in ratios over saline control (B). The leukocytosis is mainly attributable to a massive increase of circulating lymphocytes
(lymphocytosis) and neutrophils (neutrophilia), which account for roughly 62 and 33% of the total leukocyte elevation in peripheral blood, respectively. The
data were summarized from three sets of experiments with 8 –12 mice per group. Each bar represents the average value � S.E. The statistical analysis was
carried out by paired Student’s t test in comparison with saline treatment. WBC, white blood cells; L, lymphocytes; M, monocytes; N, neutrophils; T, T lympho-
cytes; B, B lymphocytes.
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of the lymphocyte elevation in HIL and represented a major
mechanism underlying heparin-induced lymphocytosis.
At steady state, T cells emigrate from the thymus to supply

andmaintain normal levels of these cells in the circulation. The
heparin-induced elevation of T lymphocytesmay also be due to
increased release from thymus. This hypothesis was evaluated
by intrathymic injection of FITC to label thymocytes in situ,
followed by determining the level of FITC� thymocytes in the
circulation 90 min post-heparin injection. The FITC injection
labeled 30% of thymocytes in the thymus, and the thymocytes
released from the thymus were calculated as (FITC� cells in
circulation)/(30%). Heparin induced a 1.7-fold increase of thy-
mocytes released into the circulation including CD4�/CD8�,
CD4�/CD8�, and CD4�/CD8� cells (Fig. 3C), indicating that
heparin induced thymic release of both mature and immature
thymocytes. Of the total T lymphocytes (4.44 � 106/ml)
increased by heparin, only 1.9 � 105/ml cells (including those
that were CD4�/CD8�, 8 � 104/ml; CD4�/CD8�, 2.3 � 104/
ml; CD4�/CD8�, 6.0 � 104/ml; CD4�/CD8�, 3.1 � 104/ml)
were from the thymus and accounted for 4.3%, indicating that

thymic release is a minor mechanism underlying heparin-in-
duced lymphocytosis.
Heparin Releases Neutrophils from Bone Marrow and

Demarginates Neutrophils in Vasculature—The BM is the site
for neutrophil production and contains a large storage pool of
mature neutrophils known as the BM reserve (28). These neu-
trophils can be rapidly mobilized during an inflammatory epi-
sode or in response to infection, resulting in neutrophiliawithin
hours (29). To determine whether heparin mobilized neutro-
phils from the BM leading to neutrophilia, BM neutrophils
were labeled by BrdU injection (two times, 12-h intervals).
Twenty four hours after the first injection, 35%Gr-1�-BM cells
were BrdU�. At the 24-h time point, the mice were given hep-
arin i.v., and BrdU�/Gr-1� cells in the peripheral blood were
counted 90minpost-heparin injection.Theneutrophils released
from the BM were calculated as the (number of BrdU�/Gr-1�

cells)/35%. As shown in Fig. 4A, compared with the saline control
that showed no effect on leukocyte numbers in the circulation,
heparinmobilized 3.35� 106/ml BMneutrophils into the circula-
tion. The total increase of neutrophils in HIL was 4.27 � 106/ml

FIGURE 2. Leukocytosis induced by differently structured heparins (heparinoids). A, structure of heparinoids involved in this study. Representative disaccharide
units of unfractionated heparin (Hep), N-desulfated and N-acetylated heparin (N-des), 2-O/3-O-desulfated heparin (2/3-des), N-/2-O/3-O-desulfated heparin (N/2/3-
des), 6-O-desulfated heparin (6-des), and carboxyl-reduced heparin (CR-hep). B and D, heparinoid-induced elevation of leukocytes in blood was assessed for leukocy-
tosis (B), lymphocytosis (C), and neutrophilia (D). The data were summarized from three sets of experiments with 8–12 mice per group. Each bar represents the average
value � S.E. The statistical analysis was carried out by paired Student’s t test in comparison with saline treatment. WBC, white blood cells.
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(Fig. 1A), and therefore the BM neutrophils accounted for 75% of
the elevation, revealing BM release as the major mechanism
underlying heparin-induced neutrophilia.

In the vasculature, neutrophils are divided approximately
evenly between the circulating pool and the marginating pool
(19, 28), which are in dynamic equilibrium. The neutrophils in

FIGURE 3. Heparin blocks lymphocyte homing to peripheral lymph nodes and releases thymocytes from thymus. A and B, lymphocytes homing to
peripheral lymph nodes. CSFE�-labeled lymphocytes were injected into mice via tail vein, and their homing to lymph nodes was assessed 90 min post-heparin
injection by quantifying CSFE�-lymphocytes in lymph nodes (A) and remaining in circulation (B). C, heparin released thymocytes from thymus. Thymocytes
were intrathymically labeled with FITC 30 min prior to heparin injection, and FITC� cells in blood were quantified 90 min post-heparin injection. The data were
summarized from two sets of experiments with 4 –5 mice per group. Each bar represents the average value � S.E. The statistical analysis was carried out by
paired Student’s t test in comparison with saline treatment. PLN, peripheral lymph node; LN, lymph node.

FIGURE 4. Heparin released neutrophils from the bone marrow and demarginated neutrophils in the vasculature. A, neutrophil release from BM into
blood circulation. BrdU-labeled BM neutrophils in blood as Gr-1�/BrdU� cell were quantified 90 min post-heparin injection. B, heparin mobilized neutrophils
from marginating pool to circulating pool in the vasculature. Transfused BrdU-labeled neutrophils (BrdU�/Gr-1�) were allowed to reach the dynamic equilib-
rium of distribution between circulating and marginating pools, and then the BrdU�/Gr-1� cells in circulating pool were quantified 90 min post-heparin
injection. The data were summarized from two sets of experiments with 5– 6 mice per group. Each bar represents the average value � S.E. The statistical
analysis was carried by paired Student’s t test in comparison with saline treatment.
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the marginating pool can be swept rapidly into the circulation
by treatments such as epinephrine (30). To test whether hepa-
rin mobilized the marginating pool of neutrophils into the cir-
culating pool contributing to neutrophilia, BrdU-labeled leuko-
cytes from the blood of donor mice were transfused into
recipient mice via i.v. injection. Thirty min after transfusion,
heparin was administered, and 90 min later the BrdU�/Gr-1�

cells in the circulation were quantified. As shown in Fig. 4B,
heparin induced a 0.98-fold increase of BrdU�/Gr-1� cells in
the circulation over the saline group. Calculated from the base
value of the saline group (1.24 � 106/ml), demargination
increased 1.24 � 106/ml neutrophils in the circulation and
accounted for 25% of neutrophil elevation, revealing it as the
second major mechanism underlying heparin-induced
neutrophilia.
Heparin Blocks P- and L-selectin-mediated Leukocyte

Trafficking—Lymphocyte homing, neutrophil retention in the
BM, and margination in the vasculature are mediated by selec-
tins (31). We and others reported previously that heparin
bound to L- and P-selectins but not E-selectin and blocked L-
and P-selectin-mediated leukocyte trafficking in vivo (7, 9). We
also observed that 6-O-sulfation of glucosamine residues was
required for heparin to interact with L- and P-selectin and for

blockage of their functions in vitro and in vivo (9), similar to
heparin’s structural requirement for HIL (Fig. 2). Therefore, we
hypothesized that heparin functioned similarly to inhibit L- and
P-selectin-mediated leukocyte trafficking leading to HIL. To
test this hypothesis, we examined L�/� and P�/� mice. L�/�

mice showed normal leukocyte counts, whereas P�/� mice dis-
played spontaneous leukocytosis (Fig. 5), indicating that inhi-
bition of P-selectin represented the major selectin-dependent
molecular mechanism underlying HIL. To determine whether
inhibition of L-selectin also contributed to HIL, we examined
PL�/� mice. PL�/� mice displayed a spontaneous leukocytosis
that was not different from P�/� mice (Fig. 5A). However, hep-
arin treatment induced amore profound leukocytosis response,
including both lymphocytosis and neutrophilia, in PL�/� mice
than in P�/� mice (Fig. 5), demonstrating that the absence of
L-selectin sensitized the HIL response. Together, these obser-
vations suggest that heparin inhibits both P- and L-selectin-
mediated leukocyte trafficking, which leads to leukocytosis.
However, the profound HIL response in PL�/� mice also sug-
gests that there was a selectin-independent mechanism
involved (Fig. 5). This was confirmed by observing the HIL
response occurring in FucT-IV/VII�/� mice that lacked all
three selectin ligands (Fig. 5). It should be noted that the hepa-

FIGURE 5. Heparin-induced leukocytosis depends on blockade of P- and L-selectin function. Mice deficient in selectin (L�/�, P�/�, and PL�/�) or selectin
ligand (FucT-IV/VII�/�) were injected i.v. with heparin or saline and then analyzed for leukocytosis (A), lymphocytosis (B), and neutrophilia (C). The data were
summarized from three sets of experiments with 6 –10 mice per group. Each bar represents the average value � S.E. The statistical analysis was carried out by
paired Student’s t test in comparison with saline treatment. WBC, white blood cells.
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rin-induced neutrophilia was not as dramatic as that of PL�/�

mice, which may be due to the high spontaneous neutrophilia
present in FucT-IV/VII�/� mice (11, 32).
Heparin Modulates CXCL12 Function—Chemokines are

small secreted proteins whose primary function is regulating
leukocyte trafficking. The chemokines, including KC, MIP-2,
and CXCL12, potentially mobilize neutrophils and lympho-
cytes from the BM (12, 33–37). As these chemokines bind hep-
arin (38), we hypothesized that heparin modulates these
chemokine functions, leading to HIL. The levels of KC and
MIP-2 in the peripheral blood peaked at 150 min post-heparin
injection (data not shown) and did not correlate with the HIL
kinetics that peaked at 30 min post-heparin injection (Fig. 6A),
suggesting that HIL is not associated with these chemokines.
However, the levels of CXCL12 in blood strongly correlated
with HIL (Fig. 6, A–C), implying that heparin might disrupt
CXCL12 function leading to HIL. Mice lacking either CXCL12
or CXCR4 are embryonic lethal and thus are not an option for
examining the effect of heparin-induced CXCL12 release on
leukocyte mobilization. We chose to treat mice with anti-
CXCL12-neutralizing antibody. Co-injection of fucoidan with
anti-CXCL12 neutralizing antibody was reported to inhibit
fucoidan-induced mobilization of hematopoietic progenitor
cells (HPCs) but not mature leukocytes (12). This was probably
due to the higher responsiveness of HPCs to CXCL12 than
mature leukocytes (39). Also, because mature leukocytes
express significantly higher levels of CXCR4 than HPCs (39),
the latter may result in higher affinities of mature leukocytes
than HPCs for CXCL12 when competing with the anti-SDF-1-

neutralizing antibody (12). To avoid this competition problem,
we treatedmicewith an anti-CXCL12-neutralizing antibody 90
min prior to heparin administration, allowing sufficient time
for the antibody to bind and to neutralize CXCL12 prior to
heparin-induced leukocyte release. Under these experimental
conditions, anti-CXCL12 antibody did not affect leukocyte
numbers at steady state as reported (12, 40) but attenuated HIL
by 44% (Fig. 6D), revealing that disruption of CXCL12 function
by heparin is another major contributor to HIL.
Heparin Disrupts CXCL12 Binding to Heparan Sulfate and

the Heparin-CXCL12 Interaction Requires 6-O-Sulfation—In
contrast to CXCL12 in the blood, reverse kinetics were
observed in the BM with a gradual decrease in CXCL12, which
plateaued at the lowest levels 90 min after heparin administra-
tion (Fig. 6, B and C). CXCL12 is mainly expressed in BM (12,
41). Thus the coincidence of its increase in the blood and
decrease in the BM suggests that heparin released CXCL12
from the BM into the circulation. In BM, CXCL12 binds to
heparan sulfate on cell surfaces and forms a gradient in the
extracellular matrix (12, 21, 25, 42).We therefore hypothesized
that heparin displaced the binding of CXCL12 to BM heparan
sulfate, thereby releasing it into the blood. In addition, previous
studies reported that O-sulfation but not N-sulfation was
required for heparin to interact with CXCL12 (43), but the par-
ticular type of the O-sulfation required for the interaction was
not known.Weobserved thatHIL essentially depended on 6-O-
sulfation (Fig. 2, B–D), suggesting that 6-O-sulfation may be
required for heparin to interact with CXCL12. To answer these
questions, we examined the binding of CXCL12 to endothelial

FIGURE 6. Heparin-induced leukocytosis depends on blockade of CXCL12 function. The kinetics of leukocytosis (A) and the levels of CXCL12� (B) and
CXCL12� (C) in peripheral blood and in BM after heparin administration. The data were summarized from three experiments with 10 mice per group.
D, blocking CXCL12 function with neutralizing antibody attenuated HIL response. The mice were preinjected i.v. with neutralizing anti-CXCL12 antibody prior
to heparin or saline injection and then analyzed for HIL. The data were summarized from three experiments with 7–9 mice per group. Each bar represents the
average value � S.E. The statistical analysis was carried out by paired Student’s t test. WBC, white blood cells. Ab, antibody.
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cells in the presence of heparin or heparinoids or to endothelial
cells pretreated with heparinases. In agreement with previous
reports (12, 21, 37), CXCL12 bound potently to the endothelial
cells, but the binding was decreased by heparinase treatment,
confirming that the binding was heparan sulfate-dependent
(Fig. 7A). Soluble heparin and heparan sulfate both potently
inhibited CXCL12 binding to the endothelial cell surface, sug-
gesting that heparin displacedCXCL12 binding fromBMhepa-
ran sulfate to lead to release into the peripheral blood. 2/3-des-
hep retained the same inhibitory potency as that of heparin, but
6-des-hep did not show inhibition, indicating that 6-O- but not
2/3-O-sulfation is required for heparin to interact with
CXCL12. To confirm this finding, we also carried out compet-
itive SPR analysis, and we observed that heparin at 1 �g/ml
inhibited CXCL12 binding to immobilized heparin by 70%,
whereas 6-des-hep at the same concentration did not show any
inhibition (Fig. 7B). Together, these observations suggest that
heparin releases CXCL12 into the blood by disrupting the bind-
ing of CXCL12 to BM heparan sulfate and that the release
requires heparin to be 6-O-sulfated.
Heparin Disrupts CXCL12-mediated Neutrophil Retention—

In the BM, CXCL12 forms a stable haptotactic gradient to
retain newly produced neutrophils (28, 36). It is possible that
the release of CXCL12 from BM by heparin might interfere
with theCXCL12 gradient, leading to neutrophil egress into the

blood. This was determined by examining CXCL12-induced
transendothelial migration of BM cells with CXCL12 placed in
the lower chamber and heparin added to both the upper and
lower chambers prior to initiation of cell migration. Heparin at
100 �g/ml completely inhibited CXCL12 gradient-directed
chemotaxis of BM cells (Fig. 7C), supporting the idea that hep-
arin disrupts the CXCL12 gradient in BM, and in this way con-
tributes to neutrophil egress from the BM into the blood.
Heparin-released CXCL12 Promotes BM Cell Migration—

CXCL12 is a strong chemoattractant for immature and mature
neutrophils and lymphocytes. Elevation of CXCL12 levels over
2 ng/ml in circulation via either injection with an adenovirus
expressing CXCL12 (44) or treating mice with AMD3100, a
specific CXCR4 inhibitor (40), potentially mobilized both BM
mature and immature leukocytes. Heparin elevated CXCL12 in
circulation to �10 ng/ml (CXCL12� at 3.6 ng/ml and
CXCL12� at 6.9 ng/ml, Fig. 6, B and C). Furthermore, heparin
binding protects CXCL12 from carboxyl-terminal cleavage to
preserve its biological function in serum (45). Therefore, it is
conceivable that the heparin-released CXCL12 in the circula-
tion might create a chemoattractant signal to promote BM
cells to egress into the circulation, thereby contributing to leu-
kocytosis. This idea was tested using the transendothelial cell
migration assay with CXCL12 supplemented in the lower
chamber at 10 ng/ml, a concentration equivalent to peak

FIGURE 7. Heparin disrupted CXCL12 binding to heparan sulfate in a competitive and 6-O-sulfation-dependent manner and abolished the CXCL12 gradient-
directed bone marrow cell migration. A, effects of heparinoids on the binding of CXCL12 to endothelial cell surface. CXCL12�was preincubated with heparan sulfate
(HS), Hep, N-des-hep, 2/3-des-hep, 6-des-hep, or CR-hep. CXCL12� alone or the preincubated CXCL12a solution was incubated with untreated endothelial cells
(control) or cells pretreated with heparinases. CXCL12� bound to the cell surface was detected by an ELISA. The data were summarized from three independent
experiments. Bars represent mean � S.E. The p values were calculated using the paired Student’s t test in comparison with saline treatment. B, heparin but not
6-desulfated-heparin competitively inhibited CXCL12 binding to immobilized heparin in the SPR assay. CXCL12� was premixed with Hep or 6-des-hep and then the
mixture was injected over heparin-immobilized CM5 chip surface. The SPR sensorgram shown is representative of three experiments. C, CXCL12 induced transendo-
thelial cell migration of BM cells via both chemotaxis and chemokinesis, and heparin inhibited the CXCL12-induced chemotaxis of BM cells. The transendothelial cell
migration assay was carried out with BM cells placed in the upper chamber and CXCL12 supplemented in the lower chamber (to determine chemotaxis) or immobi-
lized to both abluminal and luminal surfaces (to determine chemokinesis). The BM cells that migrated into the lower chamber were counted. To determine the effect
of heparin on CXCL12-induced chemotaxis of BM cells, heparin was added in both upper and lower chamber prior to initiation of cell migration. The data were
summarized from three experiments. Each bar represents the average value � S.E. The statistical analysis was carried by paired Student’s t test.
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CXCL12 levels in circulation in HIL. Compared with BSA (10
ng/ml) that showed no effect on BM cell migration (	0.1% of
input cells), CXCL12 induced 5% of the input BM cells tomigrate
into the lower chamber (Fig. 7C). Interestingly,whenCXCL12was
added to both the upper and lower chamber at the same concen-
tration such that no CXCL12 gradient existed, it still induced
1.75%of the inputBMcells tomigrate into the lowerchamber (Fig.
7C), indicating that CXCL12 promoted randommigration of BM
cells (chemokinesis).Thesedata suggest thatCXCL12 in theblood
induces BM cell egress into the circulation through enhancement
of both chemotaxis and chemokinesis of BM cells.

DISCUSSION

Early studies established that heparin induces lymphocytosis
(3–5, 26). In this study, we observed that heparin induced both
lymphocytosis and neutrophilia. We also observed monocyto-
sis induced by heparin. These observations demonstrate that
heparin actually functions as a pan-leukocytosis inducer in
mice. Clinical observation reveals that �1 out of every 230
patients develops HIL when taking heparin. In the United
States, more than 12million patients receive heparin every year
(10); thusHIL is a frequent side effect of the drug. Further study
is needed to determinewhether pan-leukocytosis occurs inHIL
patients. This study revealed that heparin disrupts key leuko-
cyte trafficking molecules to lead to HIL. HIL patients demon-
strate sensitivity to heparin treatment by manifesting leukocy-
tosis. This suggests that some molecules that modulate
leukocyte trafficking may function abnormally in the patients.
Further studies with HIL patients may uncover novel mecha-
nisms of leukocyte trafficking.
Sulfated glycans, including dextran sulfate and fucoidan,

have been reported to induce lymphocytosis or leukocytosis,
and their effects are dependent on sulfation (3, 5, 12, 26, 37).
Similarly, we observed that sulfation was essential for heparin
to induce leukocytosis. Furthermore, our study illustrated that
6-O-sulfation is uniquely required for induction of leukocytosis
by heparin. We previously showed that heparin requires 6-O-
sulfation to inhibit L- and P-selectin function (9), and in this
study we observed that heparin requires 6-O-sulfation to bind
to CXCL12. Therefore, the requirement of 6-O-sulfation for
induction of leukocytosis is consistent with our finding that
heparin blocks L- and P-selectin and CXCL12-mediated leuko-
cyte trafficking, leading to HIL. Interestingly, we also observed
that reduction of the carboxyl groups of heparin diminished its
effect on lymphocytosis but not on neutrophils, suggesting that
some lymphocyte mobilization molecules are critically modu-
lated by carboxylated heparin, and further study of this issue
may reveal novelmechanisms of lymphocyte trafficking.Mean-
while, it has been recognized that clinical heparins from differ-
ent manufacturers differ in their levels of sulfation and/or car-
boxylation modifications (46). Therefore, it is conceivable that
different heparins may affect HIL differently.
Leukocytosis is a disruption of normal homeostasis of leuko-

cytes that leads to enhanced production, enhanced release,
and/or reduced emigration into tissues (1). We uncovered that
neutrophil release from BM and demargination in the vascula-
ture are the major mechanisms underlying heparin-induced
neutrophilia. We also determined that heparin inhibited lym-

phocyte homing accounted for �50% of heparin-induced lym-
phocytosis, whereas thymic release only accounted for 4.3%,
indicating that heparin must also disrupt other pathways of
lymphocyte trafficking. Under physiological conditions, 20% of
the recirculating lymphocytes are in the spleen (47), and a large
number of differentiatingB cells (B220�) cells are present in the
BM.Therefore, it is possible that heparinmay inhibit homing of
recirculating lymphocytes to spleen and release B220� cells
from BM contributing to lymphocytosis.
Leukocyte trafficking has been well dissected at the molecu-

lar level. Selectins are specialized in capturing leukocytes from
the bloodstream onto the blood vessel wall, thereby critically
modulating leukocyte margination, lymphocyte recirculation,
and leukocyte extravasation (31). In this study, we showed that
inhibition of L- and P-selectin represents one major mecha-
nism underlying HIL. This observation is consistent with pre-
vious studies showing that heparin binds to L- and P-selectin
and inhibits L- and P-selectin-mediated leukocyte trafficking in
inflammation (7, 9). This observation also agrees with the
observation that fucoidan blocks L- and P-selectin to cause leu-
kocytosis (37). Selectins contain an amino-terminal calcium-
dependent carbohydrate recognition domain that binds to a
sialylated, fucosylated carbohydrate antigen related to sialyl
Lewisx. The selectin-ligand interactions involve sulfate residues
either on the carbohydrate or in the context of sulfated
tyrosines in the proteins that are in proximity to the carbohy-
drate chain (48). It is currently thought that the sulfate of hep-
arin competes with the endogenous sulfate residues of selectin
and/or their ligands to disrupt selectin-ligand interactions
thereby inhibiting L- and P-selectin functions.
In this study, heparin was injected at 1 mg/25 g BW. We

estimate that the heparin dose in our study was higher than the
clinical dose of heparin in humans. Recent studies by Stevenson
et al. (49, 50) observed that clinically relevant levels of heparins
block tumormetastasis via selectin inhibition. In linewith these
observations, we believe that blockage of L- and P-selectin
function contributes to HIL at clinically relevant levels.
Our studies also revealed that release of CXCL12 fromBM to

circulation contributes to the mechanisms underlying HIL.
This finding is in agreement with previous studies examining
other sulfated glycans, including fucoidan, dextran sulfate, and
glycosaminoglycan mimetics (12, 13, 20, 21, 42). CXCL12 is a
CXC chemokine that binds to the G protein-coupled receptor,
CXCR4. CXCL12 is constitutively expressed at high levels by stro-
mal cells, osteoblasts, and endothelial cells in BM, and the
CXCL12/CXCR4 axis provides a major retention signal for neu-
trophils in theBMwheremore than90%of thematureneutrophils
in the body reside (2, 18, 29, 33, 36). Similarly, CXCL12 also acts as
an inhibitory factor thatdeters emigrationofprematureBcells out
of the BM (51). CXCL12 is sequestered by heparan sulfate in the
BM (20, 21, 42). In this study, we observed that heparin released
CXCL12 from the BM, competitively inhibiting CXCL12 binding
to heparan sulfate, and that the released CXCL12 reached a con-
centration that could potently induce egress of BM cells, together
resulting in HIL. CXCL12 is also expressed in spleen and lymph
where it functions as a chemoattractant for both progenitor and
mature T and B lymphocytes (51). It is likely that heparin disrupts
theCXCL12 gradient in the spleen and lymphnodes thereby con-
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tributing to lymphocytosisby interferingwith lymphocytehoming
to these secondary lymphoid organs. CXCL12 is also expressed in
the thymus (51). In this study, we observed that heparin released
thymocytes that may be due to heparin disruption of CXCL12
function in the thymus. Overall, our results show that heparin
alters CXCL12-mediated leukocyte trafficking inmultiple organs,
resulting in neutrophilia and lymphocytosis.
Heparin is known to interact with multiple leukocyte traf-

ficking-related molecules, including selectins, chemokines,
integrins, cytokines such as granulocyte colony-stimulating
factor (G-CSF), and granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF) (6, 9, 14, 38, 52). Our study revealed that
inhibition of L- and P-selectin and CXCL12 represent themain
molecular mechanisms underlying HIL. It is possible that leu-
kocytosis could be caused by heparin interactions with other
molecules, including other chemokines and integrins. How-
ever, we postulate that these contributions to leukocytosis are
less significant due to the critical and unique roles of L- and
P-selectin as well as CXCL12 in leukocyte trafficking. During
immune surveillance, P- andL-selectinsmediate the first essen-
tial steps of leukocyte margination and homing prior to tran-
sendothelial migration mediated by chemokines and integrins
(31). It is conceivable that heparin inhibition of P- and L-selec-
tin diminishes the apparent effect of chemokines and integrins
in HIL, consistent with our previous report that heparin’s anti-
inflammatory function is achieved primarily by blockage of L-
and P-selectin functions (9). The CXCL12 pathway acts as the
major retention signal to deter BM cell egress, and interruption
of the CXCL12/CXCR4 signaling rapidly induces leukocytosis
(12, 13, 33, 40). G-CSF and GM-CSF function to stimulate pro-
liferation and differentiation of HPCs into granulocytes and
macrophages, and both can mobilize mature and HPCs from
BM to peripheral blood also (53). GM-CSF and G-CSF require
days to elevate leukocytes in blood (41, 54, 55), whereas mobi-
lization of leukocytes by heparin occurs withinminutes and the
effect is short lived. Thus, it is unlikely that heparin induces
leukocytosis via modulating GM-CSF and/or G-CSF functions.
Blockage of L- and P-selectin or CXCL12 has been shown to

potently mobilize HPCs from the BM to the peripheral blood
(12, 37, 53, 54). Thus, it would be interesting to know whether
and how heparin mobilizes HPCs and the structural features of
heparin required for the effect. Furthermore, the unique
expression pattern of chemokines, such as CXCL12, MIP-3�,
SLC,MIP-1�, TECK, BLC, BLC, and/orDC-CK1, in specialized
microenvironments determines the location of lymphoid pro-
genitors in primary lymphoid tissues, circulation of naive T
cells and B cells to secondary lymphoid tissues, and tissue-spe-
cific infiltration of effector lymphocytes (38, 51, 56). It is there-
fore also interesting to know whether and how heparin affects
chemokine-directed trafficking of T and B cells for develop-
ment and effector functions.
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