HEMATOPOIESIS

Relationship between selectin-mediated rolling of hematopoietic stem and
progenitor cells and progression in hematopoietic development

Adam W. Greenberg, William G. Kerr, and Daniel A. Hammer

Current understanding of the adhesion
molecules and mechanisms regulating
hematopoietic stem and progenitor cell
(HSPC) homing to the bone marrow is
limited. In contrast, the process by which
mature leukocytes are able to home to
and extravasate out of blood vessels at
sites of inflammation has been well
characterized and invites comparison.
We studied the interaction of human
HSPC from adult bone marrow (ABM) and
fetal liver (FL) with E-, P-, and L-selectin
immobilized in a flow chamber. CD34
HSPC from both ABM and FL rolled avidly
on E-, P-, and L-selectin across a range of

physiologic shear rates, indicating the
presence of ligands for all three selectins

on HSPC. Results indicate that CD34 *

ABM and FL cells roll more efficiently (to

a greater extent and more slowly) than
more differentiated CD34 ~ cells, espe-
cially on P- and L-selectin. In a similar
fashion, increased rolling efficiency was
seen with CD34 *CD38~ ABM cells when
compared with committed progenitor cells

of the CD34 *CD38* phenotype. Rolling of
CD34+ ABM cells on P-selectin could be
partially inhibited by monoclonal anti-
body (mAb) against PSGL-1, and was not
inhibited by a mAb against CD34, suggest-

ing that HSPC have unique carbohydrate
repertoires that facilitate selectin-medi-
ated rolling. Our results provide direct
evidence of selectin ligands on HSPC
under physiologic flow conditions and
are the first to show a correlation be-
tween the maturity of HSPC during devel-
opment and rolling efficiency on se-
lectins, suggesting a mechanism by which
HSPC subsets may differentially home to
the extravascular spaces of the bone
marrow. (Blood. 2000;95:478-486)

© 2000 by The American Society of Hematology

Introduction

The objective in bone marrow (BM) transplantation is to seed endothelial selectin), P-selectin (CD62P, platelet selectin), and
damaged or destroyed host BM with pluripotent hematopoieticselectin (CD62L, leukocyte selectin). Selectins are involved in
stem and progenitor cells (HSPC) to reestablish the host immughe initial steps of the inflammation process by mediating the
response and erythroid and myeloid cell lineages. The mechanigglling of leukocytes on vascular endothelium that has been
of HSPC transplantation, where donated HSPC are injected into Hitivated as a result of inflammatory response. Subsequent steps
blood stream and “home”to the BM, suggests HSPC readily traffigyyolve the up-regulation of integrins on the leukocyte surface by
into tissues. Further evidence exists from other physiologic cOpnemoattractants that bind to cell surface receptors, integrin
texts that HSPC traffic avidly.During embryonic development, i qing to endothelial ligands, causing firm arrest of the rolling
HSPC migrate from the yolk sac to the fetal liver and spleen angd.scyte, and leukocyte migration through the blood vessel wall
then to the BM. Aiter birth and under normal IC’hys'OIO"J'Cto enter the extravascular tissue. It has not been established whether

conditions, HSPC can intravasate into the blood circulation frore}?similar process occurs for HSPC that home to and extravasate out

the BM. This process can be expanded by stem cell mobilization i .
of BM microvessels.

which cytokines such as granulocyte colony-stimulating factor . . . .
(G-CSF) increase intravasation from the BM. Ver_y few studies have _Iooked at th(_e_lnteractlon qf HSPC with
aq%ectlns under physiologic flow conditions. CD34 isolated from

Our current understanding about the adhesion molecules o . .
mechanisms regulating HSPC trafficking into and out of the BM {§G12 cells, a CD34 human hematopoietic progenitor cell line,

limited. This is in stark contrast to the detailed characterization ¥f2S Shown to support lymphocyte rolling and tethering through
leukocyte trafficking in the inflammatory response, in whictinteractions with L-selectin on the lymphocyte surfa@&ecause of
mature leukocytes are able to home to and extravasate out of bigéticipated differences between CD38M cells and KG1a cells,
vessels at sites of inflammati@nSimilarities in the trafficking €specially in their carbohydrate repertoires, it is not clear whether
ability of leukocytes and HSPC to home to particular tissue siteshese results fully translate to CD348M cells. Another study
vivo suggest that we examine whether HSPC trafficking sharégund that rolling of peripheral blood CD34sells on primary and
common molecular mechanisms with leukocyte trafficking. Thgansformed human BM endothelial cells was E-selectin depefdent.
selectin family of adhesion molecules includes E-selectin (CD62E, Recently, in vivo rolling of HSPC in murine BM has been
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observed using intravital microscopyrolling was found not to incubated for 1 hour in 20 pg/mL anti-E-selectin (68-5H11, {g@harmin-
involve L-selectin, but was reduced in wild-type mice treated witBen, San Diego, CA), anti-P-selectin (G1, lg@ncell, Bayport, MN), or
antibodies to E- and P- selectin and in knockout mice deficient ffti-L-selectin (DREG-56, Ig& Caltag, Burlingame, CA) in PBS and then
these selectins. In vivo experiments also provide evidence of §jgerted into the flow chamber. Cell suspensions at I0%/mL were

role of selectins in regulating the circulation and homing of HSP(;;].':Ubated for 30 minutes at 4°C with 10 pg/mL anti-PSGL-1 (PL1,1/gG

. 2T . Il) or 2 ug/mL anti-CD34 (QBEND/10, IgGBi Internationall,
Knockout mice deficient in E- and P-selectin were found to havcer;fr?aziﬁ(; C“Ag) m Ri,nN'" 1640 r(nQedium gisBiosource Internationa
abnormalities in hematopoie&iand defective homing of HSPC to '

the BMY Isolation of cell populations

,HSPC are heterogeneousl anditis posgble tI'.Ia.tdIStlnct Subp()R"gingle cell suspension of FL tissue (18 weeks gestation) was minced,
lations of HSPC may have different homing activity. The preseng@,etted in complete RPMI medium several times, and passed through a cell
or lack of various cell surface markers and combinations of theggajner. The cells were pelleted (5 minutes, 1100 rpm) and the red blood
markers on HSPC have been shown to be associated with increagaid lysed with NHCI lysis buffer. After lysis, the cell suspension was
stem cell activity, as measured by long-term multilineage hematgituted 5-fold with complete RPMI and pelleted. This cell pellet was
poietic engraftment abilit§° CD34 is a surface antigen present orresuspended in complete RPMI in preparation for isolation of CDxls
1% to 3% of human BM cells that serves as a marker for tHs described later. Post-Ficoll ABM mononuclear cells were obtained from
identification and separation of HSPC, because it is not found BRi€tic Technologies (Gaithersburg, MD). The mononuclear cells from
fully differentiated, or mature, hematopoietic céfié! The cell ABM or FL were then enriched for CD34 by immunomagnetic positive
population expressing CD34 is heterogeneous, with CD34 antig ection (CD34 progenitor cell isolation kit; Miltenyi Biotech, Inc,

d ity hiahest | it dits d it . “Auburn, CA). Briefly, CD34 HSPC were indirectly magnetically labeled
ensity highest on €early progenitors and Its density progressiv ¥ing a monoclonal hapten-conjugated CD34 antibody (QBEND/10, IgG1,

decreasing to und.etectab.le levels as cells méﬁl@%.'s a o5 pg/16 cells) and colloidal superparamagnetic MACS microbeads
surface glycoprotein that is absent from the most primitive adybnjugated to an anti-hapten antibody. The magnetically labeled cells were
and fetal BM CD34 HSPC but is expressed by their differentiationthen enriched on positive selection columns in a magnetic field. CD34
committed immediate progen§!4 The CD34' CD38™ population content was assessed by FACS and purity was routinel§0%25 For
comprises approximately 10% to 20% of the total CBO®bpula- experiments involving CD34CD38"~ fractions, the CD34 fraction from

tion and is highly enriched for multiprogenitor and stem celhe column was stained with murine mAbs against human CD34 (581,
activity, including engraftment abili§?14 FITC, Pharmingen, San Diego, CA) and CD38 (HIT2, R-PE, Caltag,

We studied the interaction of human HSPC from adult bor%urlingame, CA) for FACS sorting and analysis. Cells collected from

. . b _ . FACS sorting were always strongly positive for CD34 he percentage of

mZi][rOW ('_A;]BM)ﬂ and ;etr%lb“\:etr (FL.)nV\.,Eh. Eht’ '|r31t' ?k?d l; Serl]eit.mr%DM* cells that were sorted as CD38nged from 11% to 21% of the live
surtaces in a tiow chamber 1o gain insight into the MechaniSMz, ;,te The proportion of the live cell gate that was sorted as D38

behind stem cell trafficking. QDQAHSPC Trom both ABM anq FL varied from 39% to 50%. The purity of FACS purified cells was routinely
rolled on E-, P-, and L-selectin when subjected to physiologic shagher than 95%.

rates, indicating the presence of ligands for all the selectins on

HSPC. Our results indicate that CD34nd CD34CD38 ABM  Flow chamber

and FL cells roll more efficiently (to a greater extent and morg| experiments were conducted in a parallel plate flow chamber with a
slowly) than the corresponding more differentiated CD3hd  tapered channel design that allows for a linear variation of shear stress down
CD34'CD38" cells. These results suggest the existence arigk length of the flow channel at a single flow rate and channel height. This
differential expression of selectin ligands on HSPC under physiesign is ideal for these experiments as it allows us to measure adhesion at
ologic flow conditions and suggest a mechanism for the homing @&ny different shear stresses in a single experiment, thus minimizing the
HSPC into the extravascular spaces of the BM, including tHgcessary supply of ABM or FL cells, which are expensive. The design is

improved ability of more primitive HSPC to engraft in the BM aﬂeibased on Hele-Shaw flow theory between parallel plates and has been
transplantation previously describe#1’ The plates were separated by 250 pm Duralastic

sheeting (Allied Biomedical, Paso Robles, CA), which compressed to 180
pm when the flow chamber was fully assembled and tightened. During
. experiments, the chamber was secured on the stage of a Nikon Diaphot
Materials and methods inverted phase contrast microscope (Melville, NY) connected to a mono-
chrome CCD video camera (Cohu, Inc., San Diego, CA) and an S-VHS
videocassette recorder (Model SVO-9500MD; Sony Electronics, Park
The E-, P-, and L-selectin-IgG chimeras used in this study were a gift froRidge, NJ). Buffer and cell suspensions were drawn through the chamber
Ray Camphausen (Genetics Institute, Cambridge, MA). The chimerag an infusion/withdrawal syringe pump (Harvard Apparatus, South
consisted of the lectin, epidermal growth factor, and multiple shoNatick, MA).

consensus repeat domains for human E-, P-, or L- selectin linked to the Fc )

region of human Ig@ Controls or selectin chimeras were incubated otdhesion experiments

silanated glass microscope slides (Sigma, St. Louis, MO) in modifigdl p_ or |-selectin coated slides were placed in the well of the flow
flexiPERM wells (Sigma) at 2.0 pg/mL in phosphate-buffered saline (PBE)amber that was assembled in PBS to prevent air bubbles and then secured
overnight at 4°C. Slides were washed with PBS, then incubated Wif}} the microscope stage. The perfusion buffer or cell suspension flow rate
blocking buffer for 1 hour at 22°C to block nonspecific adhesion. Blocking,,5 set to 0.004 21 mL/s (0.253 mL/min), which for a channel height of 180
buffer is PBS containing 2% bovine serum albumin (BSA) (Sigma) that If’m gives an observable range in wall shear rates fronT ¥10s487 st
heated at 56°C for 30 minutes before blocking to denature the BSA. Contfyn the length of the channel. The chamber was perfused with RPMI 1640
slides were made by incubating only with blocking buffer or by incubating,adium (Gibco BRL, Life Technologies, Rockville, MD) supplemented
with human I9G (Calbiochem, San Diego, CA). with 10 mmol/L HEPES for 15 minutes; then the cell suspension
(1 X 10°/mL) was introduced. Data were collected by stepping down the
chamber from inlet to outlet in 5.0-mm steps, allowing at least 1 minute
All antibodies used were murine monoclonal antibodies (mAbs) directdxtween steps. Cell interaction with the surface was recorded for future
against the appropriate human molecule. Chimera-coated slides wanalysis at a total magnification of 38Qusing a 1X objective). All

E-, P-, and L-selectin substrates

Antibodies and reagents
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experiments were performed at room temperature (22°C). Perfusion butsgope slides. Interactions of HSPC purified from ABM and FL with
with 5 mmol/L EDTA (Sigma) or 10 ug/mL fucoidan (Sigma) was used fothe selectin surfaces were observed at wall shear rates ranging from
inhibition experiments with these reagents. Fucoidan is a sialylategy -1 tg 487 s! that are similar to the wall shear rates ranging
fucosylated plant polysaccharide that has been shown to block tﬂ%m 237 5110 167.9 s that have been observed in murine BM

carbohydrate binding domains of L- and P- selectin, but not E-selectin, i%crovesselé.Rolling velocity, rolling flux, and rolling concentra-

specific, saturable fashic. tion at each shear rate observed were determined and used to
compare populations of cells. Rolling flux (rolling cells counted/min/
mn?) gives an indication of the relative number of cells rolling,

To determine the rolling flux (cells rolling/min/m) the number of rolling - \yhereas rolling concentratior=¢olling flux/rolling velocity) is a
interactions in each field of view, consisting of a 0.438 frarea, were  \aaqure of the overall rolling efficiency of cells (cells that roll to a

manually counted for 1 minute at each shear stress. Cells were Coumegriéater extent and slower than other cells roll more efficiently)

they rolled for> 10 cell diameters while remaining in the field of view. :
Firmly attached cells were not included in rolling calculations. Cells were We used the CD34 and CD38 cell surface markers to define and

considered firmly attached if they remained stationary=o0 seconds. 150late _subpopulatlons of ABM and FL cells. Immunomagnetic
Velocity measurements were obtained from recorded data using Natiof&Paration and FACS sorting and analysis were used. CBBM
Instruments’ image acquisition (IMAQ) PCI-1408 frame grabber boarand FL cells were compared with more differentiated CD8dlls.
(Austin, TX), IMAQ software, and LabVIEW 4.0. Virtual instruments (VIs) Comparisons were also made between CBt3238- ABM cells
used in LabVIEW were developed to determine rolling velocities. Brieflyiand committed progenitor cells represented by COi3238" cells.

Vis automatically advanced the VCR a specified number of frames, grabbed CD34+ ABM and FL cells rolled on surfaces to which E-, P-, or
a designated number of frames spaced equally apart, converted eptdelectin chimeras had been immobilized, under physiologic flow

captured frame into a binary image according to user supplied Criter@onditions (Figures 1 to 5). Control substrates composed of
detected cells on each image according to user inputted criteria, an

recorded these cell positions as coordinates on a 2-dimensional arra@.sorbed human IgGr adsorbed BSA alone did not support any
Another VI was then used to plot cell trajectories by using the coordinate

arrays from the images and representing each detected cell from each

grabbed frame as a point on a background plot. Trajectories were then

manually selected for and instantaneous and average velocities in boththe & 45 _
and y directions, along with the standard deviation of the average velocities, £ 40
were automatically calculated and sent to a tab delimited text file that could § b
be imported into spreadsheet and graphing programs. Instantaneous veloc.& 35 |
ity was calculated by dividing the displacement of a rolling cell by the time 30 |
between incremental captured frames. Average velocity was calculated by 22 25
averaging the instantaneous velocities for a given trajectory. The time 7
between incremental captured frames was set to 3 seconds, or 90 frames, f¢~ 20
E- and P-selectin and 0.5 seconds, or 15 frames, for L-selectin. The total § 15
time for each analyzed trajectory was 30 seconds, or 10 iterations, for E- i 10
and P-selectin, and 10 seconds, or 20 iterations, for L-selectin. Rolling ©

Data analysis

m

cel

concentration, an index of overall rolling efficiency, is calculated as rolling é 5 -
flux/mean velocity, giving units of concentration (cells per microliter). For © 0 : . .
shear rates in which there wetre2 rolling cells, rolling concentration was x CD34+ FL CD34+FL+ CD34-FL

set equal to zero because mean rolling velocity cannot be determined.

anti-CD62P

Free stream velocity calculations

Free stream velocities were calculated using the theory of Goldman, Cox,&~ 30 -

and Brennet?20 for a 10-um-diameter sphere at particle to surface £

separation of 50 nm and range from 195 pum/s at a shear rate of*1@ s § 25 J

1232 um/s at a shear rate of 4872sAt this particle to surface separation, it £

is assumed that a cell would be able to interact with the selectin surface. E 20 2

Free stream velocity gives an estimate of the velocity of a cell very close to, -_'Q

but not rolling on, the selectin surface. 8 15 |
g

Statistics 5 10 .
M

Experiments were performed in triplicate when possible. Comparisons of & § |
mean values over specified ranges of shear rates were examined witl.
2-tailed paired Studenttests, with significance taken Bt< .05. Data are 0 : - . [

presented as mean SEM, except where indicated. CD34+ FL CD34+FL+ CD34-FL
anti-CD62L

Figure 1. Rolling flux of CD34 + and CD34~ FL cells on P- and L-selectin at a

shearrate of 210 s ~1. Cells were subjected to wall shear rates from 487 s~1to 77 s~
. ) i .on P- or L-selectin chimeras adsorbed at 2 pg/mL on silanated glass. Rolling flux,
In order to characterize the interaction of human HSPC Wit§jing velocity, and rolling concentration was determined at 10 shear rates on P- and
selectins, we immobilized E-, P-, or L-selectin chimeras on theselectin, but only the rolling flux at a representative shear rate of 210 s~* is shown.

surface of a paraIIeI plate flow chamber. Selectin chimeras Consilgtgontrol experiments, chimera-coated slides were incubated with mAb. (A) Rolling
. . ' . ux on P-selectin. Control experiment used the anti-P selectin (CD62P) mAb, G1. (B)
Ing of the extracellular domains of the selectins fused to the Rglling flux on L-selectin. Control experiment used the anti-L selectin (CD62L) mAb,

domain of human IgGwere adsorbed to silanated glass micropREG-56. Data presented are from single experiments.

Rollin

Results
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cell rolling or firm adhesion (data not shown). Monoclonal A
antibodies specific for E-, P-, and L-selectin greatly reduced rolling
interactions of CD34 FL on corresponding E-, P-, and L-selectin
surfaces (Figure 1 and data not shown). CD38M cell rolling on

P- and L-selectin was calcium dependent as shown by inhibition witt x g
EDTA (Figure 2). Rolling on P- and L-selectin was blocked by fucoidan E £
(Figure 2). Also, previously bound and rolling cells were released o g

immediately on infusion of 5 mmol/L EDTA or 10 pg/mL fucoidan.
These observations indicate that CD34BM and FL cells express
functional E-, P-, and L-selectin ligands and that their interactions witr
the selectins are specific.

CD34" ABM cells rolled on E-, P-, and L-selectin at wall shear
rates ranging from 7774 to 487 s (Figures 3-5). Free stream
velocities for cells very close to, but not interacting with, the
selectin surfaces were calculated to range from 195 um/s at a she
rate of 77 s! to 1232 um/s at a shear rate of 487! {see
“Materials and Methods”). Thus, for all the shear rates observed,
velocities of cells rolling along the selectin surfaces (Figures 3B, .~
4B, and 5B) are much slower than free stream velocities. Both
CD34" and CD34 cells rolled much faster on L-selectin than on =

Rollin

SELECTIN-MEDIATED ROLLING OF STEM AND PROGENITOR CELLS

—o— CD34+ ABM
—g— CD34- ABM

150

350

481

E- or P-selectin. Rolling velocities were 1- to 2-fold higher on

P-selectin than on E-selectin. Rolling velocities of CD3BM

cells ranged from 0.7 to 1.0 um/s on E-selectin, 0.8-1.9 um/s org
P-selectin, and 24-118 pm/s on L-selectin. Increases in shear ra=

40
35 }
30
25 |
20
15 4
10 4
5 ]
CD34+ ABM CD34+ ABM CD34+ ABM
+ EDTA + Fucoidan

Rolling Flux (cells/min/mm?) >

120 -
100
80 |
60
40
20 4

1

Rolling Flux (cells/min/mm?) m3

CD34+ ABM CD34+ ABM CD34+ ABM
+ EDTA + Fucoidan

Figure 2. Rolling flux of CD34 * ABM cells on P- and L-selectin at a shear rate of
210 s~1. Rolling flux, rolling velocity, and rolling concentration were determined at 10
shear rates for P- and L-selectin, but only the rolling flux at a representative shear rate
of 210 st is shown. In control experiments, cells were perfused with 5 mmol/L EDTA
or 10 pg/mL fucoidan. (A) Rolling flux on P-selectin chimera. (B) Rolling flux on
L-selectin chimera. Data for control experiments represents single experiments and
is compared with the mean rolling flux for 3 independent experiments = SEM.

50 250 450
Shear Rate (1/s)
1.4 - —o— CD34+ ABM
1.2 | —g— CD34- ABM
1.0 |
2 08 |
Q
Q
0.6 |
_g’ 0.4 |
E 0.2 |
0.0 : . , ‘
50 150 250 350 450
Shear Rate (1/s)
C 1600 . —o—CD34+ ABM
c 1400 - —g— CD34- ABM
S 1200 T
E —,
§ E 1000
8=
> § 600
£ 400 |
©
o 200 |
0 %
50 150 250 350 450
Shear Rate (1/s)

Figure 3. CD34 * and CD34 ~ ABM cells rolling on E-selectin.  Cells were subjected
to wall shear rates from 487 s~1 to 77 s~* on E-selectin chimera adsorbed at 2 pg/mL
on silanated glass. (A) Rolling flux. Rolling flux was determined at 10 shear rates for
each experiment. (B) Rolling velocity. Rolling velocities were determined for every
rolling cell at each shear rate for which there were 2 or more rolling cells and then
averaged at each shear rate for each experiment. At higher shear rates for which
there were < 2 rolling cells, mean rolling velocity is not presented. (C) Rolling
concentration. Rolling concentration ( = rolling flux/mean rolling velocity) was deter-
mined at 10 shear rates for each experiment. Each data point represents results from
2 independent experiments. Data are presented as mean = SEM.

resulted in increases in rolling velocities. However, a 6-fold
increase in shear rate produced only a 1.4-fold increase in rolling
velocities on E-selectin, a 2.4-fold increase on P-selectin, and a
4.8-fold increase on L-selectin. Rolling flux (Figures 3A, 4A, and
5A) and rolling concentration (Figures 3C, 4C, and 5C) generally
decreased with increases in shear rate on E-, P-, and L-selectin. An
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A (P =.002), 77 s'to 390 s ! on P-selectin® = .0005), and 77s!
to 433 s on L-selectin P = .0006). Differences were greater
—o—CD34+ ABM when comparing CD34 and CD34 FL cells. CD34 FL cells
—B—CD34- ABM showed greatly reduced E-, P-, and L-selectin ligand activity
X compared with CD34 FL cells with little rolling of CD34 FL
i cells at any shear rate observed (Figure 1 and data not shown).
= CD34" ABM cells rolled more slowly than CD34ABM cells on
= P- and L-selectin (Figures 4B and 5B), but not on E-selectin
n? (Figure 3B). The reduction in rolling velocities on P- and L-selectin
was significant across a range of shear rates from ¥#s410 st
(P = .001 andP = .003, respectively). Rolling concentration was
0 | @
T T T TN A
50 150 250 350 450 120 - -
Shear Rate (1/s) 100 . —o— CD34+ ABM
B - —g— CD34- ABM
60 e _cD34+ABM X E 80 |
0 CD34- ABM L=
E 50 B —a— o) .E 60 |
2 40 = £
2 g T 40
8 3.0 - L 20
o B
>
> 2.0
£ 0 : :
e 104 50 150 250 350 450
0.0 : ‘ . \ Shear Rate (1/s)
50 150 250 350 450 B
Shear Rate (1/s) 200
C 800 - ‘€ 160 | —g— CD34- ABM
c 700 | —o— CD34+ ABM 2 140 |
2 600 —g—CD34- ABM 2 120
£~ 500 1 g 100 -
c % B °
c < 400 . o 60
o v c
g g 300 | '% 40 |
£~ 200 . € 20-
€ 100 . 0 : : : ,
0 50 150 250 350 450
50 150 250 350 450 Shear Rate (1/s)
Shear Rate (1/s) C .
Figure 4. CD34 + and CD34 ~ ABM cells rolling on P-selectin.  Cells were subjected 60 | 5 CD34+ ABM

to wall shear rates from 487 s~1 to 77 s~ on P-selectin chimera adsorbed at 2 pg/mL
on silanated glass. (A) Rolling flux. (B) Rolling velocity. (C) Rolling concentration.
Each data point represents results from 3 independent experiments. Data are
presented as mean = SEM.

—5— CD34- ABM

3

cells/m

apparent shear threshold effééf was observed on L-selectin in
which rolling flux and concentration increased with increases in
shear rate up to 150 $and then decreased (Figure 5A, C) and also %
on P-selectin in which rolling flux and concentration peaked at &£
approximately 200 (Figure 4A and C).

ng Concentration
m

Significant differences in rolling properties were observed for 50 150 250 350 450
CD34" cells compared with CD3%ells. CD34 cells are those
cells that were not selected by CD3rhagnetic separation. CD34 Shear Rate (1/s)

ABM and FL cells had a higher rolling flux than CD34ells on E-, Figure 5. CD34 * and CD34~ ABM cellis rolling on L-selectin.  Cells were subjected
P-, and L-selectin (Figures 1, 3A, 4A, and 5A). For ABM cells, thi& wall shear rates from 487 s~ to 77 s~* on L-selectin chimera adsorbed at 2 ug/mL

! . ... on silanated glass. (A) Rolling flux. (B) Rolling velocity. (C) Rolling concentration.
effect was the most pronounced on L'SeleCtm’ but was SlgnlfIC%Eh data point represents results from 3 independent experiments. Data are

across a range of shear rates from 7¥te 339 s1 on E-selectin  presented as mean = SEM.
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much lower for CD34 ABM cells than CD34 ABM cells on E-, difference was most evident on P-selectin. CHDGBH38~ ABM
P-, and L-selectin (Figures 3C, 4C, and 5C). This effect was maslls rolled slower than CD34-D38" ABM cells on P-selectin
pronounced on L-selectin, but was significant at shear rates fromfrdm 211 s* to 289 s (P = .007, Figure 7B) and on L-selectin
s 1to 339 s on E-selectin® = .001) and 77 st t0 390 st on from 211 s!to 410 st (P = .003, Figure 8B). The reduction in
P- and L-selectinR = .001 and® = .002, respectively). rolling velocity was most pronounced on L-selectin. Thus, the fast
Few differences between ABM and FL cells were observed aolling of CD34" ABM cells on L-selectin could be resolved into
E-, P-, or L-selectin. Comparison of CDB4ersus CD34 FL cells  faster (CD34CD38") and slower (CD34CD38") rolling popula-
generally revealed the same trends in rolling flux (Figure 1), rollingons (Figure 8B). Rolling concentration was greater for
velocity (data not shown), and rolling concentration (data n@D34+*CD38 cells than CD34CD38" cells on E-selectin at shear
shown) as CD34 versus CD34 ABM cells. rates from 77 st to 211 st (P = .01, data not shown), on
Neither the CD34-specific mAb QBEND/10 nor PSGL-1P-selectin from 77 s to 289 st (P = .003, Figure 7C), and on
specific mAb PL1 significantly reduced the rolling flux of CD34 [-selectin from 77 s! to 339 s! (P = .04, Figure 8C). This
ABM cells on P-selectin (Figure 6A). However, PSGL-1 mAb PLjifference was the most evident on P-selectin. Interestingly, a
greatly increased rolling velocities on P-selectin from 77t8 410 maximum in rolling flux and rolling concentration on L-selectin
s™1 (P = .0005, Figure 6B), indicating at least partial blocking ofFigure 8A, C) was seen with CD3€D38" ABM cells, suggest-
the P-selectin ligands on CD34ABM cells with this mAb. The ing that the shear threshold effect on L-sel€étia preserved for
CD34 mAb QBEND/10 had no effect on rolling velocities orthis subpopulation.
P-selectin. The addition of either CD34 or PSGL-1 mAbs reduced
rolling flux on L-selectin from 77 s' to 410 s* (P = .02 for each,
Figure 6C) but had no effect on rolling velocities (Figure 6D)Discussion
These results indicate that PSGL-1 acts as a ligand for P-selectin on
the surface of CD34 ABM cells as shown by increased rolling During BM and purified HSPC transplantation, as well as in normal
velocities. The epitope recognized by the QBEND/10 mAb ophysiologic processes, HSPC must home to the BM. The similari-
CD34 does not act as a ligand for P-selectin. Less conclusities between HSPC and leukocyte trafficking invite comparison and
results were obtained on L-selectin, but it appears that basbiggestthat an examination of selectin-mediated HSPC adhesion is
PSGL-1 and CD34 on the surface of CD34BM cells may both warranted. In vitro flow chambers have been an effective tool to
play a modest role in mediating interactions with L-selectin aslucidate leukocyte rolling mechanis##g> and thus should be
shown by the effect of the mAbs on rolling fluxes. useful for elucidating the molecular mechanisms of HSPC rolling.
The CD34" ABM population was further fractionated into theThe increased ability of more primitive HSPC populations to roll
CD38" and CD38 subpopulations by FACS sorting and analysison selectins may be an important feature that contributes to their
The rolling efficiency of CD34CD38 ABM cells was greater ability to home to the marrow spaces and subsequently erfgratft.
than for CD34CD38" ABM cells. Rolling flux was greater for Human HSPC isolated from ABM and FL rolled on E-, P-, and
CD34'CD38 ABM cells than CD34CD38" ABM cells on L-selectin under physiologic flow conditions. Results indicated the
E-selectin from 77 st to 211 s (P = .01, data not shown), on presence of ligands on HSPC that supported rolling and are calcium
P-selectin from 77 s' to 289 s! (P = .005, Figure 7A), and on dependent, as shown by inhibition of rolling with EDTA. Rolling
L-selectin from 211 s! to 339 st (P = .02, Figure 8A). This was inhibited by antibodies to each of the selectins and by fucoidan
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A 70 difficulty in isolating a large enough number of cells for multiple
) —o— CD34+CD38- ABM experiments. As such, there remains much to be done in studying
60 4 the interactions of HSPC with selectins. Cell lines, such as KG1a, a
< 50 #—CD34+CD38+ ABM CD34" human hematopoietic progenitor cell line, or animal HSPC
X £ i were not used because of the difficulty in extrapolating results to
i % 40 nontransformed human HSPC. Animal or transformed human
> £ 30 HSPC may express completely different or slightly modified
% B 1 ligands and receptors than primary HSPC. Fine differences in
[v4 § 20 | carbohydrate chemistry can greatly affect interactions between the
~ selectins and their ligands on the cell surfdé&Analysis of primary
10 4 HSPC isolated from human ABM and FL cells provides the most direct
0 T . ! A test of the mechanism of human HSPC transplantation.
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on P- and L-selectin. These results give direct evidence of Iigand:"g |
for E-, P-, and L-selectin on human HSPC. T "’E 150 |
Our results also show that rolling, characterized by rolling § &
velocity, rolling flux, and rolling concentration, differs during the s ] 100
progression from primitive stem/progenitor hematopoietic cells to% 2 i
committed progenitor cells to lineage committed cells. Our results,g =~ 50
indicate that primitive ABM and FL stem/progenitor cells (CD34 ‘Tz: 1
and CD34CD38") roll more efficiently than more differentiated
cells (CD34 and CD34CD38', respectively) on E-, P-, and 0 T
L-selectin. This is the first study to show that HSPC demonstrate 50 150 250 350 450
different capacities for rolling on selectins, based on their progres: Shear Rate (1/s)

sion in hematopoietic development. _ _ _
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limited because of the rarity of the HSPC and the associateguits from 3 independent experiments. Data are presented as mean + SEM.
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and their ligands by BM endothelial cells and HSPC. BMayer, adhere to the BM extracellular stromal matrix, and undergo
endothelial cells express E- and P-seletfihas well as CD34. proliferation and maturation in the BM extravascular space.
HSPC express L-select?830 PSGL-15273132gnd CD340-12 |t Our results generally agree well with and may provide advan-
should also be noted that L-selectin has been reported to expregfes over in vivo studies that show a role for selectins in the rolling
sialyl Lewis® (sLe¥) and to function as a counter-receptor for Eof HSPC in murine BM microvesséland also in the homing of
and P-selectid® Because the endothelium of BM microvessel${SPC to the BM of lethally irradiated knockout mitén studies
represents a continuous barfiémat homing HSPC must cross towith knockout mice deficient in E- and P-selectihthere may
nest in the BM extravascular space, it is certainly plausible thalegist compensation mechanisms, such as elevated cytokine fevels,
critical step in this process is the adhesion of HSPC to E- amfat can affect both results and conclusions about molecular
P-selectin expressed by the endothelium of BM microvessgigechanisms. Similarly, in normal animals, many molecular and
and/or L-selectin expressed by HSPC adherent to BM microvess|jylar interactions may play a role in homing, making it difficult
sels, which could be presented to other HSPC in flow. to test hypotheses. Such complications do not exist in a reconsti-
The HSPC cell surface molecules responsible for the homip_gfgjfted system such as ours. Although a previous study utilizing
HSPC to the BM are currently not known. However, our initia 4y ita| microscopy in mice found that rolling of an injected cell
results suggest roles for PSGL-1 and possibly CD34 as evidenged, i yormal adult BM microvessels did not involve L-selectin,

by anltlbody blocking experiments on substrates 9f P- anc‘:I. We do not rule out a role for L-selectin in the homing of HSPC to
selectin. The PSGL-1 mAb PL1 greatly increased rolling velociti fe BM. As mentioned earlier, cell lines may possess different or

of CD34" ABM cells on P-selectin, indicating that PSGL-1 acts ag | .« : . . .
) . ' odified adhesion molecules than primary cells. Also, interactions
a ligand for P-selectin on CD34ABM cells. Both the PSGL-1 . " ) on . pr y inte :
involving L-selectin may play a more important role in BM

mAb PL1 and the CD34 mAb QBEND/10 modestly reduced thg, L . ;
rolling flux of CD34° ABM cells on L-selectin. One recognized affected by chemotherapy or radiation or in developing fetal BM.

difficulty with studying CD34 recognition with antibodies is that CD34In vitro experiments have shown that neutropzlls use L-sele_ctln 0
is a heterogeneous ligand that is differentially glycosylated in diﬁe?_ccumgla_te near already adherent neutrophifs®We hypothesize
ent phenotypes (reviewed in Krause éfjaland study of its activity thatasmlar process may occurfc_)r HSPC tha}t would allow accumula-
would be greatly aided by a more diverse repertoire of antibodilig" of HSPC atsites of extravasation in BM microvessels.

against CD34. Further experiments are necessary to completely eluciOur results do not exclude a role for other adhesion molecules

date the selectin ligands responsible for mediating the rolling on sel@&-chemoattractants that may be critical for firm arrest of rolling
tin surfaces. cells or subsequent extravasation. Also, because the selectins are

Differential expression of selectin ligands may be a way &xpressed on many tissues, additional mechanisms to ensure
determining which HSPC can home to the BM most effectivelypPecific homing of HSPC to the BM must be required. Perhaps,
The increased rolling ability on E-, P-, and L-selectin for CD34 specificity is provided by other adhesion molecules or unique
cells compared with CD34cells suggests that differential eXpresghemoattractants secreted within the BM microenvironment. Also,
sion of selectin ligands on ABM and FL cells exists. These resuli§le selectins could be inducibly upregulated or constitutively
in conjunction with a similar increase in rolling efficiency on E-, P-expressed on BM endothelial cells. Evidence of constitutive
and L-selectin for CD34CD38~ ABM cells compared with expression of E- and P-selectin on murine BM venules and
CD34*CD38" ABM cells, indicate a correlation between selectirinusoids, in the absence of inflammation, has been folihi same
ligand expression on the surface of HSPC and their progressiorstidy also found that bone venules, inimmediate vicinity to BM venules
hematopoietic development. More immature HSPC roll at a highapd sinusoids, did not support rolling of HSPC, suggesting that BM
concentration on E-, P-, and L-selectin than more mature HSPC. microvessels express the selectins selectively as well.
mentioned earlier, immature HSPC, as defined by the presence ofBecause the success of BM and HSPC transplantation depends
CD34 and lack of CD38 cell surface antigens, are enriched for stemn the efficient seeding of grafted cells in the recipient’s BM, the
cell activity, as measured by long-term multilineage hematopoiefigrther characterization of HSPC trafficking is of great importance.
engraftment ability, relative to other more differentiated hematopdlhe evidence that more primitive subpopulations of HSPC that
etic precursor populations (CD3@D38 or CD34).8% This engraft better in BM during transplantation and that bind preferen-
suggests a link between selectin ligand expression and stem ¢elly to selectin substrates invites examination of additional
activity, including propensity for engraftment. We propose that th&ibpopulations of HSPC. Results have shown that the subfraction
increased rolling efficiency of more primitive HSPC allows them tof CD34*CD38~ ABM cells expressing c-mpl, the thrombopoietin
be retained in greater numbers by the endothelium of Blceptor, engrafts significantly better in a severe combined immu-
microvessels, allowing more of these cells to extravasate into thedeficient-human bone model than the subfraction lacking c-mpl
BM stromal matrix. Thus, primitive HSPC are able to home morexpression? inviting investigation of whether this subpopulation
effectively than their more differentiated progeny. is further endowed for preferential homing to the BM. These

These results suggest a role for the selectins in the homingg¥eferential homing abilities of the most primitive HSPC suggest
HSPC to the BM. We hypothesize that HSPC may home to the Biat evolution has developed a natural method for retention of stem
as a result of binding to E-, P-, or L-selectin or combinations @fells in the rich BM environment, a mechanism that can be further

these. This process might mimic the known multistep process fgkploited in BM transplantation through additional fractionation of
extravasation of mature leukocytes. In the initial steps, HSP§onor BM before transplantation.

would roll on E- and P-selectins expressed by BM microvessel

endothelial cells or on L-selectin expressed by HSPC already

adherent to the BM endothelium. Subsequent steps would i”"O'A%knowledgments

stronger binding of integrin molecules on HSPC to their ligands on

the BM endothelium resulting in firm adhesion of the HSPC to thé/e thank Heather McIntosh and John Ninos for the purification of
vessel walls. HSPC may then transverse through the endotheli@ human stem/progenitor cell populations used in this study.
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