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Transendothelial Migration of CD34 * and M ature Hematopoietic Cells:
An In Vitro Study Using a Human Bone Marrow Endothelial Cell Line

By RobertMo'hle, MalcolmA.S. Moore, RalphL. Nachman, and ShahinRafii

To study the role of bonemarrowendothelial cells (BMEC)
in the regulation of hematopoieticcell trafficking, wehave
designedan in vitro modebf transendothelial migration of
hematopoieticprogenitor cells andtheir progenyFor these
studies,wehave taken advantage of a humarBMEC-derived
cell line (BMEC-Whichproliferates independenbf growth
factors, is contact inhibited,and expresses adhesionmole-
cules similar to BMEC in vivo. BMEC-1 monolayers were
grownto confluencpn3 pummicroporous membranén-
serts andplaced in 6-weliissue culture plates. Granulocyte-
colony stimulating factor (G-€3mobilized peripheral
blood CD34" cells wereaddedto the BMEC-1monolayerin
the upper chamber of the 6-welplate. After 24 hours of
coincubation, the majority of CD34 cells remainednonad-
herentin the upperchamberwhile 1.6 + 0.8fthe progen-

CD34 * cells

nonmigrating cells (8.0%+ 0.8% v 0.3% =+ 0.4%#dl 5.5-

fold comparedwith unprocessedCD34 * cells (2.2%t 0.4%).
Whilenodifference in the expression of thg1-integrinvery

late activation antigen (VLA)-4nd 32-integrin lymphocyte

function-associated antigen (LFA)-twas found, L-selectin

expression on transmigrated CD34" cells was lost, sug-
gesting that sheddinghad occurred during migration. The
numbeiof transmigrated cells wasreducedby blocking anti-

bodies to LFA-1,while L-selectin and VLA-4antibodies had

no inhibitory effect. Continuous coculture of the remaining
in the upper chamber of the transwell inserts
resulted in proliferation anddifferentiation into myeloidand

megakaryocytic cells. Whilethe majority of cells in the upper

chamber comprised proliferating myeloidprecursors such

as promyelocytes and myelocytes,only mature monocytes

itor cells had transmigrated. Transmigrated CD34 cells ex- and granulocytes weredetected in the lower chamber.In

pressed a higher level of CD38omparedwith nonmigrating

CD34* cells and may therefore represent predominantly
committedprogenitor cells. Accordingly, the total plating
efficiencyof the transmigrated CD34' cells for lineage-com-

mitted progenitors was higher (14.0 + 0.1 v 7.8% = 1.5%). blood progenitor cell transplantation
the plating efficiencyof transmigrated cells forture hematopoieticcells.

In particular,
erythroid progenitors was 27-foldgreater comparedwith

ICROVASCULA R endothelial cellsisolated from hu-

man bone marro w aspirate s have been shown to sup-

conclusion, BMEC-1cells support transmigration of hemato-

poietic progenitors and mature hematopoietic cells. There-
fore, this modelmaybe usedto study mechanismsinvolved

in mobilization and homingof CD34 * cells during peripheral

and trafficking of ma-
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selectin, 81 and 32 integrins , which ar e expressed on CD34
progenitors , ar efound on endothelial cells, includin g BMEC,

port long-ter m proliferatio n of myeloid and megakaryocyti ¢ particularl y after cytokine stimulatichl:® Extracellula r ma-
progenito r cellsin vitrd:® Subsets of CD34" hematopoietic tri x protein s and stromal cells also provid e ligands, such as
progenito r cells adher e to monolayer s of culture d bone mar - fibronecti n for the31-integrin s very late activatio n antigen
row endothelial cells (BMECY In vivo, BMEC act asgate-  (VLA)-4 and VLA-5%%

keeper sseparatin gthe bonemarro w stromafromthesinusoi- By analogy to studies in matur e leukocytes, L-selectin
dal lumen, and may therefor e play an importan t role in theexpressed on progenitor cells and putativ e ligands such as
traffickin g of hematopoieti c cell$® Transendothelia | migra&a  CD34 on BMEC are likely to be importan t for the initial,
tion of hematopoieti ¢ progenito r cells occur s durin g mobili- reversibl e binding of the progenitor s to the bone marrow
zation in response to cytokines or chemotherap y and durin g endothelium , which has been described as **rolling**® E-
homing of circulatin g progenitors . Mechanism sinvolved in and P-selectin expressed on the endothelial cells could also
progenito r cell migratio n are still poorly understood . It has contribute , since ligand's have been found on hematopoietic

been shown that resting and circulatin g CD34ematopoi-
etic progenito r cells express a variet y of adhesion molecules
includin g selectins and integrind. Potential ligands for L-
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progenito r cells® Stabl e adhesion and transendothelia | mi-
gration of matur e leukocytes depend s on the interactio n of
integrin s with their endothelial ligands. The concept that
integrin smay also beimportan t for progenito r cell trafficking
is supporte d by the finding that circulatin g progenitor s ex-
presslower levels of VLA-4 and th@2-integri n lymphocyte
function-associate d antigen (LFA)- 1 compare d with progeni-
tor sof the bone marrow?”*® Furthermore , in vivo administra-
tion of antibodie sto VLA-4 was found to mobilize hemato-
poieti c progenitor s into the circulatiof?,

In the bone marro w microenvironment , progenitor s prolif-
erat e and give rise to precurso r cells that are usualy not
found in the circulation . Changesin the expression of adhe-
sion molecules durin g differentiatio n might account for the
low migrator y capacity of maturatin g precurso r cells, dueto
stronger binding to the bone marro w stroma. Furthermore,
mor e matur e precurso r cells may not be able to migrate
throug h an endothelial cell layer. Matur e leukocytes regain
the ability to migrat e and ar e released into the circulation
after transendothelia | migration.

In this study, an in vitr o model of hematopoieti c cell traf-
ficking was developed using the BMEC-1 cell line, which
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retain s morphology , phenotype, and function of primary
BMEC, and grows contact inhibited independen t of exoge-
nousgrowt h factor€® The cells expressa patter n of adhesion

molecules similar to BMEC in vivo. In vitro, cultured pri-
mary BMEC change the expression of surface molecules

importan t for progenito r cell traffickin g durin g serial passag-

ing befor e they underg o senescence. For instance, the glyco-
protei n CD34 which is expressed on BMEC in vi¥oand
may act as a selectin-bindin g adhesion molecufd,is down-
regulate d durin g culturin g of primar y BMEEHowever,
the BMEC- 1 cell line constantl y expresses CD34. Because
migratio n of matur e and immatur e hematopoieti ¢ cells in-
cluding progenitor cell homing takes place durin g steady-
state hematopoiesis, BMEC-1 monolayer s used for the
experiment s were not prestimulate d with cytokines. In this
report , we demonstrat e that confluent layer s of the BMEC-
1 cdl linein vitro mimick the function of the bone marrow
endotheliu m in vivo alowing selective transendothelia | mi-
gratio n of hematopoieti ¢ progenito r cells and matur e mono-
cytes and granulocytes , while proliferatin g myeloid precur-
sors were unabl e to transmigrate.

MATERIALS AND METHODS

Immortalized bone marrow endothelial cells. The BMEC- 1 cell
line was generate d by introducin g the SV40-large T antigen into an
earl y passage of primar y BMEE® The resultin g cell line BMEC-
1wasderived from asingletransfecte d cloneand culture d in medium
199 (GIBCO-BR L Life Technologies, Gran d Island, NY) with 10%
to 20% fetal bovine serum (FBS; HyClone, Logan, UT). The cells
were passaged weekly by trypsinization . No growth supplements
wererequire d for propagatio n of the cell line. By direct and indirect
immunofluorescence , the phenotyp e of BMEC- 1 cells was character-
ized using monoclonal antibodie s to factor VIII/VW F (Dako, Car-
pinteria, CA), CD34 (HPCA-2, Becton Dickinson, San Jose, CA),
intercellular adhesion molecule (ICAM)-1 (84H10, Immunotech,
Marseille, France), vascular cell adhesion molecule (VCAM)-1
(1G11, Immunotech) , CD62P (AC1.2, Becton Dickinson), CD62E
(1.2B6, Immunotech) , CD31 (HEC7, a gift from W.A. Muller, The
Rockefeller University, New York, NY). Expression of adhesion
molecules was aso analyzed after stimulation with interleuking 1
(IL-18) or tumor necrosi s factor- (TNF-w) (100 U/mL) for 12 to
24 hours.

For the transmigratio n experiments ,»6 10° BMEC- 1 cells were
seeded on 3 um transwel | microporou s membrane s (Transwell,
Costar , Cambridge , MA). After 3 days, the monolayer s achieved
full confluency and were suitabl e for transmigratio n studies. The
transwel | insert swith the monolayer s were placed in a 6-well tissue
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to the upper chamber . After 6 hours, the transmigrate d cells were
recovered from the lower chamber . The proportio n of monocytes
(CD14%), T cells (CD2"), and B cells (CD19") was measured by
flow cytometr y and the percentag e of transmigrate d cells was calcu-
lated for each cell population.

Transmigration of hematopoietic progenitor cells. After in-
formed consent, periphera | blood mononuclear cells (PBMNC) were
obtained from patient s with ovarian cancer who had received no
previou s cytotoxic therapy . Progenitor cells were mobilized with
cyclophosphamid e plus granulocyt e colony-stimulatin g factor (G-
CSF). MNC wereseparate d by Ficoll density gradien t centrifugation .
PB CD34" cells were isolated with immunomagneti ¢ beads (Dynal
A.S., Oslo, Norway ) using the CD34 monoclonal antibod y (MoAb)
11.1.6. The cells detached from the beads durin g incubation in Is-
cove's modified Dulbecco’s medium (IMDM) (GIBCO) containg
20% FBS at 37C/5% CQ for 18 hours. A total of 1x 10° CD34*
cellswer e added to the upper chamber of each transwel | insert placed
in the 6-well plate. After 24 hours, hematopoieti ¢ cells from the
upper and lower chamber s were recovered and furthe r characterized
by flow cytometr y and agarose progenito r cell assay.

Transmigration of proliferating hematopoietic cells.  Continuous
cocultur e of BMEC- 1 and CD34 cells in the upper chamber of the
transwel | inserts resulted in proliferatio n and differentiatio n of
CD34" cells into myeloid and megakaryocyti ¢ precursor s without
additio n of exogenous cytokineg® To analyz e migratio n of prolifer-
ating hematopoieti ¢ cells, 1x 10° CD34" cells were added to the
upper chamber of the transmigratio n system. The cellsin the upper
chamber were demidepopulate d after 24 hours, after 5 days, and
then every 5 day s up to day 30. The transmigrate d cellsin the lower
chamber were completel y removed after 24 hours, 5 days, and then
dternatin g after 3 or 2 days up to day 30. During the study, the
endothelial monolayer retaine d itscellular integrit y and no passaging
of the cells was required . At day 15 and day 30, the hematopoietic
cells from the upper and lower chamber s were characterize d by
Wright-Giems a stain, flow cytometry , and agarose progenitor cell
assay . To remov e the cells from the chamber s by pipetting , neither
vigorous shakin g nor scrapin g was required . Thus, endothelial cells
wer e not detected in the cytospi n preparation s or clonogeni ¢ assays.

Flow cytometry. A total of 1x 10*to 1 x 10° cells were incu-
bated for 30 minutes at €€ with the fluorescei n isothiocyanate
(FITC) or phycoerythri n (PE)-conjugate d MoAb CD34-PE, CD45-
FITC (clone HPCA-2, HLe-1; Becton Dickinson), CD34-FITC,
CD38-FITC, L-selectin-FITC, VLA-4-FITC, LFA-1-PE (clone
QBENd-10, T16, DREG56, HP2.1, 25.3; Immunotech) . |sotype-iden-
tical antibodie s served as control s (IgG 1 and 1gG2a, FITC/PE-conju-
gated, Immunotech) . The cells were analyzed using a Coulter Elite
flow cytometer (Coulter , Hiadleah, FL). For coexpression analysis, a
FL-1/FL- 2 contour plot was used. To calculat e the percentag e of
positive cells, a proportio n of 1% false positive events was accepted

cultur e p|a[e’ thus gaparann g an upper from a lower chamber inin the negativecontrol Qmple The mean ﬂUOre&:enceintens'ty was

each well. To assess the integrit y of BMEC- 1 monolayer s grown on
transwel | inserts, 1 mL medium 199/20% FBS containirfC-albu-
min (ARC, St Louis, MO) was added to the upper chamber . After
6 hours, the medium in the lower chamber was removed . Both the
medium of the lower chamber and an aliquot of the medium before
incubatio n were measured in A-counter (Rackbet a 1214, Wallac,
Gaithersburg , MD) alowing calculatio n of the percentag e of albumin
diffused. In repeated experiments, diffusion of radioactiv e labeled
albumi n was alway s less than 10% within 6 hour s (6.8% 1.3%,
mean + standar d deviation [SD], r= 7). Once confluent, contact-
inhibited BMEC- 1 monolayer s maintaine d their integrit y for severa
weeks, as measure d by albumi n diffusion.

To assess the migrator y capacity of periphera | blood monocytes
and lymphocytes in this system, Ix 10° mononuclear cells were
isolated from periphera | blood samples by Ficoll-Hypaqu e (Phar-
macia, Uppsala, Sweden) density gradien t centrifugatio n and added

calculate d from thefluorescenc e histogra m and expressed in arbitrary
units. For the characterizatio n of the proliferatin g hematopoietic
cells, CD14-FITC, CD15-FITC, CD33-FITC, Glycophori n A-PE
(clone RMO52, 80H5, D3HL60.251, D2.10; Immunotech ) and
CD41a-PE (clone HIP8; PharMingen , San Diego, CA) were used.
Thedistinct population s of CD14" (due to matur e monocytes) and
CD15"* (due to granulocyti ¢ precursor s and granulocytes ) were
enumerate d in a FL-1/FL- 2 dot plot. To measur e the proportio n of
lymphocytesin MNC samples, CD2-FITC/CD19-P E (Immunotech )
was used.

Cell counts and cytospin preparation. Cell number sand concen-
tration s were assessed using a hemocytometer or automate d cell
counter (Coulter) . Standar d cytospin-preparation s were stained with
Wright-Giemsa . A differential count of at least 100 cells was per -
formed for each cytospin-preparation .

Progenitor cell assay (agarose assay). A total of 1x 10° (24
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Fig 1. Characterization of BMEC-1 cells. (A) Phase-contrast microscopy of a confluent monolayer of spindle-shaped BMEC-1 cells (original
magnification x 100). (B) Characteristic granular immunofluorescence was observed after staining with MoAb to factor VIII/vWF (original
magnification x 400). (C) ICAM-1 was weakly positive on resting BMEC-1 cells (original magnification x 400). (D) Expression of ICAM-1 was
upregulated after stimulation with IL-18 (original magnification x 400).

Fig 6. Transmigration of proliferating hematopoietic cells. (A) Wright-Giemsa stained proliferating cells in the upper chamber at day 15.
The majority of the cells consisted of granulocytic precursors such as promyelocytes and some mature monocytes/macrophages (original
magnification x 400). (B) Transmigrated cells in the lower chamber at day 15. The transmigrated cells recovered comprised almost exclusively
mature monocytes/macrophages (original magnification x 400). (C) Proliferating cells in the upper chamber at day 30. In addition to myeloid
precursors and monocytes, also mature granulocytes and bands were found (original magnification x 400). (D) Transmigrated cells from the
lower chamber at day 30. Both mature granulocytes and monocytes transmigrated into the lower chamber. Precursors earlier than metamyelo-
cytes were virtually not found among the transmigrated cells (original magnification x 400).

hours) or 1x 10*to 1 x 10° (day 15 and day 30) cells were plated RESULTS

in triplicat e in 35-mm tissue cultur e dishes (Corning , Corning , NY) . .
containing 1 mL IMDM , 20% FBS, 0.36% agarose (FM C Bioprod- | mmunophenotype of BMEC-1 cells and transmigration

ucts, Rockland , ME), and a combinatio n of five cytokines: human Of Peripheral blood monocytes and lymphocytes. To con-
Kit-ligand (20 ng/mL ; kindl y provided by Immunex , Seattle, WA), firm that the cell line used in thi s study retain sthe character-
human IL-3 (50 ng/mL ; Immunex) , mutei n IL-6 (20 ng/mL ; kindly istics of endothelial cells and expresses adhesion molecules
provided by Imclone Systems Inc, New York, NY), human granulo - similar to primar y bone marro w endothelial cells, the pheno-
cyte colony-stimulatin g factor (100 ng/mL ; Amgen, Thousan d Oaks, type of BMEC- 1 cells was analyzed by direct and indirect
CA), and human erythropoieti n (6 U/mL ; Amgen). The plates were jmmunofluorescence . Factor VIII/VW F showed a character-
cultured for 14 daysat 3’1:_, 100%. humidity ,_and 5% CpCoani% istic granula r patter n of reactivit y (Fig 1). Furthermore , the
(>40 cells) were scored using an inverted microscope. By thistech )5 yer e positive for CD34 (Tabl e 1). A basal expression of
nique, erythroi d (mainly burst-formin g units-erythroi: d [BFU-E]) and | ~an1_ 1 \as found , which was upregulate d after stimulation
myeloid colonies (colony-formin g units granulocyte , ma(:rophage,d with IL-18 (Fig 1). VCAM-1, E-selectin, and P-selecti n were

and granulocyte-macrophag e [CFU-G, CFU-M, CFU-GM]) coul . . . . o
be detected. positive after cytokine stimulatio n (Tabl e 1). Similar to pre-

Blocking of progenitor cell migration. A total of 5x 10°CD34*  Vious studies using resting endothelial celf§, peripheral
progenitor cells in 100uL phosphate-buffere d saine (PBS) con-  blood monocytes efficiently transmigrate d the BMEC-1
tainin g 1% bovine serum albumi n (BSA; Sigma, St Louis, MO) were layer (78.9%= 5.7% of the monocytes wer e recovered from
incubate d for 30 minute sat°€ with 5ug of theMoAB IgGlisotype  the lower chamber after 6 hours), while the proportio n of
control (clone 107.3; PharMingen) , L-selectin (clone DREG56; En-  transmigrate d lymphocyte s was substantiall y lower (3.7%
dogen, Cambridge , MA), VLA-4 (CD49d, clone HP2.1; Immuno- 0394 of the T cells). Particularly , B cells were not detected
tech), LFA-1 (CD11a, clone TS 1/11; Endogen) , and LFA-1 (CD18, in the lower chamber €0.1%).

clone TS 1/18; Endogen). These antibodie s have been shown to . .

: : . Number and phenotype of transmigrated progenitor cells.
functionall y block th ectiv e adh lecufé® Th - - .
LinclionaT! y iock Te respectly achesion molect & suspen A total of 1 x 10° CD34" hematopoieti ¢ progenito r cells

sion was added to the upper chamber of the transmigratio n system . .
containing 1 mL of medium 199/10% FBS. After 24 hours, the Wereadded to the upper chamber of the transmigratio n sys-
number of transmigrate d cells was assessed and divided by the num- tém. After 24 hours, 1.6%+ 0.3% of the CD34 cells had
ber of migrate d cellswithout antibod y pretreatmen t (relativ e number transmigrate d into the lower chamber , while 71.0%2.5%
of transmigrate d cells). stayed nonadheren t in the upper chamber . As assessed by

Satistical analysis. Dataar eexpressed asmean: standar derror - flow cytometry , transmigrate d CD34cells expressed a
of the mean (SEM) of at least three independen t experiments. To higher level of CD38 compare d with nonmigratin g cells (Ta-
detect difference s between migratin g and nonmigratin g cells, the
test for paired sampleswas applied . R value< .05 was considered
statisticall y significant.

Table 2. Flow Cytometry of Nonmigrating and Transmigrated
CD34* Progenitor Cells

Table 1. Expression of Adhesion Molecules by BMEC-1 Cells Fluorescence Intensity (arbitrary units)
Antigen CD Number Fluorescence Nonmigrating Transmigrated

PECAM CD31 i Antibody Cells Cells
CD34 glycoprotein CD34 + IgG control (FITC) 0.18 = 0.01 0.20 = 0.02
ICAM-1 CD54 (+) IgG control (PE) 0.21 = 0.01 0.23 = 0.01
ICAM-1 (stim) CD54 ++ CD34 (PE) 12.7 + 3.8 141 +5.0
E-selectin CD62E - CD38 (FITC) 6.6 = 0.8 10.0 = 1.0*
E-selectin (stim) CD62E + L-selectin (FITC) 4.1 +0.7 0.8 = 0.1*
P-selectin CD62P - VLA-4 (FITC) 23+03 29 +0.5
P-selectin (stim) CD62P + LFA-1 (PE) 1.0 = 0.4 1.1+0.3
VCAM-1 CD106 -

A total of 1 x 10° CD34" cells were added to the upper chamber
of the transmigration system. Nonmigrating and transmigrated cells

Abbreviations: —, negative; (+), weakly positive; +, positive; ++, were recovered after 24 hours and analyzed by flow cytometry.
strongly positive; stim, after stimulation with IL-13 or TNFa. * P < .05.

VCAM-1 (stim) CD106 +
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ble 2). Thisindicates that transmigrated progenitors are more
mature, since expression of CD38 on progenitor cells is re-
lated to differentiation and lineage commitment.” More
primitive, CD34%/CD38" progenitor cells were virtually not
detected after transmigration as indicated in Fig 2 by the
shaded areas. The difference was not due to selective trans-
migration of smaller cells, since their forward scatter tended
to be even greater. As shown in Table 2, the greater fluores-
cence intensity of CD38 was statistically significant in a
series of eight experiments, while no difference was found
in the expression level of CD34 glycoprotein.

Plating efficiency of transmigrated and nonmigrating pro-
genitors. The difference in the phenotype of migrating and
nonmigrating cells is supported by data from agarose colony
assays demonstrating a significantly higher plating efficiency
of transmigrated versus nonmigrating CD34" cells for lin-
eage-committed colony-forming units (Fig 3). The plating
efficiency was also greater compared with nonprocessed
CD34* cells that were not subjected to the transmigration
assay. However, the increased plating efficiency was related

Nonmigrating Cells
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1 * Nonmigrating Cells
15 !
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= |
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Fig 3. Plating efficiency of progenitor cells. Equal numbers of non-
migrating, transmigrated, and unprocessed CD34" cells were plated.
The plating efficiency of the transmigrated progenitors for total colo-
nies was greater compared with both nonmigrating and nonpro-
cessed CD34" cells. The difference was related to the greater number
of erythroid progenitors (BFU-E).
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Fig 2. Coexpression of CD38
and CD34 on nonmigrating and
transmigrated progenitor cells.

Contour plots of one representa-
tive experiment are shown. The
fluorescence intensity of CD38
was greater on the transmi-
grated cells, while no difference
was observed regarding the ex-
pression level of CD34. More
primitive, CD34"/CD38" progeni-
tor cells are indicated by the
shaded area. This particular pop-
ulation was virtually absent
(<1%) in the transmigrated cells,
compared with 1% to 5% in the
nonmigrating cells. The differ-
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Nonmigrating Cells
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Fig 4. Expression of adhesion molecules on non- g
migrating and transmigrated progenitor cells. While 8

L-selectin was positive on most of the nonmigrating
CD34* cells, the expression was markedly reduced
after transmigration. No difference in the expression
of VLA-4 and LFA-1 was observed when nonmigrat-
ing and transmigrated progenitors were compared.
Progenitor cells were positive for both VLA-4 and
LFA-1. While VLA-4 was positive at a high level, the
fluorescence intensity of LFA-1 was only low.

to a higher number of erythroid progenitors, while no sig-
nificant difference was found for the number of myeloid
progenitors. Because the number of erythroid progenitors
was lower in the nonmigrating population compared with
the nonprocessed CD34" cells, this could be due to a more
effective migration of erythroid progenitors.

Expression of adhesion molecules. In Fig 4, the fluores-
cence histogram of one representative experiment is shown.
While L-selectin was expressed on the majority of the non-
migrating CD34" cells, only low levels were found on the
transmigrated progenitors. No difference of VLA-4 expres-
sion was observed. VLA-4 was positive on most of the non-
migrating, as well as transmigrated progenitor cells. LFA-1
was expressed at a low fluorescence level on the progenitor
cells independent of whether they had transmigrated or not.
The mean fluorescence intensities obtained from repeated
experiments are shown in Table 2. The difference in L-

ia88 «1 1688

L-selectin FITC L-selectin FITC

18+

1868 a1 i18a8

VLA-4 FITC VLA-4 FITC

18+

1880 a1 18688

LFA-1PE LFA-1 PE

selectin expression between nonmigrating and transmigrated
progenitors was statistically significant.

Blocking of progenitor cell migration. Preincubation
with an irrelevant, isotype matched 1gG1 antibody had no
effect on the number of transmigrated CD34" cdlls, as indi-
cated by arelative transmigration of nearly 100% compared
with cells that had not been preincubated with antibody (Fig
5). Similarly, antibodies to L-selectin and VLA-4 did not
block the migration of hematopoietic progenitor cells. In the
presence of blocking MoAbs to the LFA-1 alpha and beta
chain, the number of transmigrated cellswas reduced to 40%
and 30% of the IgG1 isotype control, respectively. In aseries
of four experiments, the difference was statistically signifi-
cant.

Transmigration of proliferating hematopoietic cells. On
day 15, 2.1 + 0.4 x 10° cells were found in the upper
chamber before demidepopulation, mainly comprising gran-
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Fig 5. Blocking of transendothelial migration. CD34* cells were
either preincubated with the respective blocking MoAb, an isotype
matched IgG1, or PBS/BSA 1% alone (control without antibody), and
added to the upper chamber of the transmigration system. The num-
ber of transmigrated cells was measured after 24 hours. Transmigra-
tion was expressed as percent of the control without antibody pre-
treatment, *P < .05.

ulocytic precursors such as promyelocytes, mature mono-
cytes, rarely granulocytes, and occasionally megakaryocytes
(Fig 6 [see page 74], Table 3). However, the vast majority
of the transmigrated cells were mature monocytes and mac-
rophages with foamy cytoplasm. A total number of 4.1 +
0.7 x 10° cells had transmigrated during 48 hours. Flow
cytometry confirmed the morphologic data (Table 3). Non-
migrating cells were brightly positive for CD15 characteris-
tic for granulocytic precursors, while the monocytic marker
CD14 was highly expressed on the transmigrated cells. Only
few cells with megakaryocytic differentiation (CD41a")
were detected. At this time point, early progenitor cells were
still efficiently transmigrating as demonstrated by acompara-
ble plating efficiency of nonmigrating and transmigrated
cells. On day 30 finally, the upper chamber contained 3.2 =
0.5 X 10° cedlls, whereas 1.3 = 0.2 X 10° cells had transmi-
grated into the lower chamber within 48 hours. The mgjority
of nonmigrating, but also of transmigrated cells, comprised
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mature granulocytes and monocytes. Accordingly, CD15%*
cells were also detected in the lower chamber. Only very
few colony-forming units were observed at that time point.

DISCUSSION

Thein vitro transmigration model used in thisstudy allows
analysis of transendothelial migration of hematopoietic pro-
genitors and subsets of hematopoietic cells during differenti-
ation. Phenotype and plating efficiency of peripheral blood
progenitor cellsthat had transmigrated through immortalized
bone marrow endothelial cells in vitro were different from
that of nonmigrating cells. The relatively low number of
migrating progenitor cells compared with monocytes or
granulocytes® indicates that progenitors migrate less avidly
than mature leukocytes. This model might therefore also be
useful to evaluate conditions that promote migration and
could play arole in progenitor cell mobilization. Granulo-
cytic precursors such as promyelocytes showed virtually no
migratory capacity. Adhesion molecules such as 51 and 52
integrins are expressed in lower levels on circulating progen-
itor cells compared with noncirculating CD34" cells or ma-
ture leukocytes, which could account for their moderate mi-
gration in vitro.** However, expression of integrins on the
cell surface, even in small amounts, may be a prerequisite
for transendothelial migration and homing to the bone mar-
row as demonstrated by the ability of LFA-1 antibodies to
reduce in vitro transmigration. Furthermore, it was shown
that administration of VLA-4 antibodies in vivo was associ-
ated with both mobilization of progenitors and inhibition of
homing to the bone marrow.**?® Indeed, blocking of VLA-
4 could also increase the number of circulating progenitor
cells by inhibiting homing and thus increasing the time pro-
genitors stay in circulation, rather than recruiting progenitor
cells from the bone marrow.

In our in vitro model, blocking VLA-4 antibodies were
not able to inhibit transendothelial migration. VLA-4 may
particularly be important for the final homing of progenitor
cellsin the bone marrow stroma, which provides the ligands
fibronectin and VCAM. Thelatter is constitutively expressed
on bone marrow stromal cells.®*° In arecent study however,
expression of VCAM-1 at low levels was also found on
resting bone marrow endothelium of mice in vivo.® Also
ICAM-1, the ligand for LFA-1, might be constitutively ex-

Table 3. Cytospin Preparations (Wright-Giemsa), Flow Cytometry, and Plating Efficiency of Nonmigrating and Transmigrated Cells in
Continuous Coculture With Immortalized BMEC

Day 15 Day 30
Nonmigrating Transmigrated Nonmigrating Transmigrated
Cells Cells Cells Cells
Myeloblasts (%) 3.8+18 23+ 14 0 0
Myeloid Precursors (%) 783 =25 3.8 1.1 53+ 1.2 23 0.7
Monocytes (%) 13.6 + 2.3 76.5 = 7.4 26.0 = 2.0 243 +5.4
Granulocytes + bands (%) 45+ 1.2 17.5 = 8.2 68.7 = 1.5 73.3 + 5.7
CD34" (%) 0 0 0 0
CD33" (%) 925 + 35 94.6 = 2.4 83.3 = 6.6 91.0 £ 7.0
CD14"" (%) 47 =23 49.1 + 17.3 12.6 = 4.2 28.5 = 5.9
CD15%" (%) 77.0 7.6 23.0 = 10.2 74.3 = 4.0 64.1 = 8.4
CD41a" (%) 0.2 + 0.2 0.2 + 0.2 0.2 + 0.1 0.8 +0.4
Plating efficiency (/10,000 cells) 1.71 = 0.37 1.33 = 0.53 0.37 = 0.03 0
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pressed on BMEC in vivo, similar to microvascular endothe-
lium of other tissues.® Bone marrow endothelia cells ana-
lyzed directly after isolation by cell sorting were shown to
be positive for ICAM-1, while epression of VCAM-1 and
E-selectin was only weak.? The immortalized bone marrow
endothelia cell line BMEC-1 retains a stable phenotype of
first-passage BMEC, which could explain that basal levels
of ICAM-1 are detectable. Interaction of S2-integrins with
congtitutively expressed ICAM on endothelial cells could
be important for adhesion and transendothelial migration
of circulating progenitors in the bone marrow. This is in
accordance with our finding that antibodies to LFA-1 sig-
nificantly reduced the number of migrated cells. Blocking
of B2-integrin with CD18 antibodies aso reduces migration
of mature monocytes through resting endothelium in vitro®
suggesting that similarities exist in adhesion and migration
of mature and immature hematopoietic cells. In other studies,
however, progenitor cells did not adhere to ICAM-1—trans-
fected cells in a significant amount suggesting that LFA-1
expressed on CD34" cellsisin alow affinity state.”” In our
transmigration assay, the affinity state of integrins could be
modulated by signaling through other adhesion molecules
during sequential steps of adhesion and transmigration.

The initial, reversible steps of adhesion termed as *‘roll-
ing,”” which involves selectins and their ligands, might be
required to activate integrins. This idea is supported by the
finding that ligation of L-selectin can upregulate the affinity
of #2-integrinsin mature leukocytes.®* Assays that use endo-
thelial cells can detect sequential steps of adhesion and trans-
endothelial migration in vitro. Furthermore, ligation of
CD34, whichisknown to act as aselectin ligand, upregul ated
the affinity state of LFA-1 expressed on hematopoietic pro-
genitor cells.® In our study, the loss of L-selectin on transmi-
grated cells suggests that shedding may have occurred during
transmigration after initial binding to a ligand on the endo-
thelia cells. Thisfinding is in accordance with observations
in transmigration assays for mature leukocytes such as lym-
phocytes.® Similarly, in mature leukocytes no difference
was observed in the expression of LFA-1 and VLA-4 after
transmigration. In contrast to selectins, which are regulated
by rapid proteolytic cleavage (shedding), the function of
integrins is mainly not modulated by expression level, but
rather by changes in the receptor affinity. Ligation of 52-
integrins during migration also causes shedding of L-selec-
tin,® which might similarly occur in our transmigration
assay, as involvment of S2-integrins was confirmed by the
blocking experiments. Signaling through L-selectin by re-
ceptor binding does not only increase affinity state and even
expression level of integrins, but also enhances proliferation
of hematopoietic progenitor cells.* The more mature pheno-
type of the transmigrated cells as assessed by CD38 expres-
sion and the higher plating efficiency for committed progeni-
tors, which are contained in the CD38™'¢" population further
supports this notion. However, a higher number of BFU-E
accounts for the higher plating efficiency of transmigrated
cells, while no significant difference was found in the plating
efficiency for myeloid CFU.

During continuous coculture, immature myeloid precursor
cells such as promyelocytes and myelocytes did not migrate,
while mature hematopoietic cells and colony-forming progen-

79

itor cells were found in the transmigrated compartment. This
indicates that the capacity of bone marrow endothelial cells
to alow selective migration of both mature and very early
hematopoietic cells is still retained by the BMEC-1 cdll line
in vitro. This suggests that transit of hematopoietic cells is
regulated, at least partialy, at the level of the sinusoidal bone
marrow endothelium. The gain or loss of adhesion molecules
expressed on hematopoietic cells may finaly dictate whether
cellsmigrateinto the peripheral circulation. In addition, differ-
entiation-dependent expression of surface molecules with ad-
hesive function could also be important for modulating the
affinity of hematopoieitc cells to bind to stromal cells or ma
trix proteins.® In our transmigration assay, erythroid progeni-
tors seem to migrate more avidly than myeloid. One may
speculate that lineage-related expression of adhesion mole-
cules’ could result in a different migratory capacity.

In conclusion, the human bone marrow endothelia cell
line BMEC-1 alows migration of progenitors and mature
hematopoietic cells. Differencesin the phenotype and plating
efficiency between migrating and nonmigrating cells suggest
that more primitive and lineage-committed progenitors differ
in their ability to migrate. On the other hand, signaling
through adhesion molecules during transendothelial migra-
tion could aso initiate differentiation and proliferation,
which takes place in vivo after homing to the bone marrow
microenvironment. The in vitro transmigration model pro-
vides a suitable technique to further analyze mechanisms of
progenitor cell trafficking.
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