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ive years ago, in collaboration with the late 
Medhi Tavassoli (1) we wrote a minireview on F the adhesive interactions taking place in bone 

marrow and their functional significance (2). In that 
review the emphasis was placed on the homing mech- 
anisms of progenitor cells to the marrow stroma. 

Although, at that time information was available 
on other adhesive processes occurring at the progeni- 
tor-stroma interphase, the data were mainly descrip- 
tive. Recent research has not only expanded the 
knowledge about the adhesive mechanisms operating 
in bone marrow, but has resulted in a wider under- 
standing of their role in steady-state and diseased he- 
matopoiesis. Moreover, new data have illustrated the 
way in which the expression and/or function of several 
cytoadhesive molecules or their respective ligands is 
modulated by cytokines. The latter will be briefly re- 
viewed in this article. 

Adhesion Molecules in Progenitor and 
Stromal Cells 

Hematopoiesis is a complex process in which stem 
cells can either self-replicate and/or differentiate into 
committed progenitors and mature cells. Myelopoiesis 
and B lymphopoiesis occur in close proximity with 
cellular elements or with extracellular matrix (ECM) 
molecules in the bone marrow microenvironment. 
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Within this cytoarchitecture, concerted interactions in 
time and space among progenitor cells, cytokines and 
stromal cells or ECM molecules result in ordered, 
steady-state hematopoiesis (3 ,  4). In vitro studies have 
shown that stromal cells are tightly entwined with he- 
matopoietic cells, forming aggregates within the mar- 
row. Based on these observations, a model has been 
proposed for stromal-hematopoietic cell interactions, 
which predicts that changes in the makeup of these 
aggregates could be revealing in terms of either stem 
or stromal cell responses to hematopoietic regulatory 
signals ( 5 ) .  

Most stromal-hematopoietic cell interactions are 
mediated by adhesive receptors/ligands, which are lo- 
cated both at the side of the progenitor and stromal 
cells as well as in the surrounding ECM (6). Signals 
thus generated play a significant role in the homing, 
self-replicat ion, differentiation, maturation, and mi- 
gration of progenitors within the marrow microenvi- 
ronment and finally in their egress as mature cells into 
the circulation. The characteristics of adhesive recep- 
tors ligands expressed in hematopoietic and stromal 
cells, as well as those manifested in the associated 
extracellular matrix, have been extensively reviewed 
by several authors. For detailed and comprehensive 
information on these adhesive molecules, the reader is 
referred to a series of excellent reviews on these topics 

Apart from these adhesive molecules, we would 
like to summarize data that have recently emerged 
demonstrating or suggesting that a novel set of adhe- 
sive molecules are present in the hematopoietic sys- 
tem or that membrane-associated molecules which 
were not considered as having an adhesive function 
may serve as adhesive receptors or ligands. 

Cell Adhesion Molecules (CAM Types). By 
means of a novel cell-blotting technique, a set of at 
least nine marrow stromal proteins with properties of 

(4, 7-11). 
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cell adhesion molecules (CAMs), has been recently 
described (12). In this work, the standard procedure to 
extract and identify cell adhesion molecules has been 
modified by using lithium dodecyl sulfate-PAGE fol- 
lowed by blotting onto polyvinylidene difluoride mem- 
branes. The molecules thus obtained, which are not 
related to CAMs already described in stromal cells 
(CD44, CD54, and CD 106) interact with differentia- 
tion-restricted counterreceptors (not yet defined) on 
hematopoietic progenitor cells. Another novel adhe- 
sive molecule which mediates the heterotypic adher- 
ence between lymphoblastic and stromal cells has 
been recently described (13). The adhesive interaction 
between these cells is a biphasic process, which in- 
volves an early phase of attachment mediated by late 
antigen-4 (VLA-4) expressed on lymphoblastic cells 
and vascular cell adhesion molecule- 1 (VCAM- I ) ex- 
posed on stromal cells. Initial attachment is followed 
by a late adhesive phase, not yet characterized, which 
seems to involve novel adhesive partners. However, 
data indicate that the late heterotypic adhesion be- 
tween lymphoblastic and marrow stromal cells is me- 
diated neither by certain members of the immunoglob- 
ulin, integrin, or selectin families nor by CD44. It is 
assumed that the early phase has a role in the homing 
of lymphoblastic precursors to the marrow, whereas 
the late phase may contribute to a firm adhesion or a 
stabilization process for retention of cells within the 
marrow space. A similar concept for the participation 
of a vast array of cytoadhesive molecules in progeni- 
tor-stroma interactions involving molecules that per- 
mit both homing and retention has already been pro- 
posed (2, 6, 14). 

A surface glycoprotein, a product of the MIC-2 
gene, which is involved in antigen-independent adhe- 
sion pathways in T cell subsets ( 1 3 ,  has recently been 
described in hematopoietic progenitor cells (16). The 
expression of this protein is high in CD34' progenitor 
cells and decreases progressively as cells differentiate 
along the granulocytic maturation pathway. Although 
its adhesion role in hemopoiesis has not been estab- 
lished, it is speculated that the MIC-2 product may be 
a potential candidate for an adhesion molecule and 
may function in cell-cell or cell-matrix signaling. 

Stem Cell Factor and the c-kit Receptor. Stem 
cell factor (SCF), a multipotent growth factor exists in 
either a membrane-bound or a soluble, secreted form 
(17). Upon binding of SCF to its receptor, the c-kit 
(CDll7) protooncogene ( I @ ,  a cascade of signal trans- 
duction occurs which leads to a proliferative response 
(19). In bone marrow, while hematopoietic progenitor 
cells express the c-kit receptor in a differentiation- 
dependent fashion (20), stromal cells such as fibro- 
blasts (21, 22) and endothelial cells (23) express the 
bound form of SCF. Data from several authors suggest 
that the binding of the membrane-bound form of SCF 

to its receptor may represent an additional adhesive 
event in hematopoiesis (21, 24, 25). Moreover, the ad- 
hesive interaction between c-kit receptor (in mega- 
karyocytes) and bound SCF (in marrow fibroblasts) 
seems to be a prerequisite for the expression of the 
proliferative effect of SCF (21). It remains to be estab- 
lished whether, in other cells expressing the c-kit re- 
ceptor or co-expressing both the c-kit receptor and the 
bound form of SCF, adhesive interactions or autocrine 
loops, viu c-kit/SCF, are required for proliferation (20, 
26, 27). The involvement of c-kit receptor and its 
ligand in the regulation of adhesive interactions in he- 
matopoiesis is further suggested by the observation 
that cytokines like interleukin-3 (IL-3), granulocyte- 
macrophage colony-stimulating factor (GM-CSF), in- 
terleukin-4 (IL-4), transforming growth factor+ 
(TGF-P) and tumor necrosis factor- (TNF-a), down- 
regulate the expression of c-kit receptor in several 
SCF-responsive progenitor cells (28-30). 

CD34 Antigen. Recent studies have assigned to 
the CD34 antigen an adhesive function for interactions 
between progenitors and various types of stromal 
cells. The CD34 antigen is a monomeric glycoprotein 
with an apparent Mr  of 110 kDa, containing heavily 
glycosylated regions, either N- and/or 0-linked glycan 
types at a proportion that is an attribute of the cell type 
expressing the antigen (31). CD34 is strongly ex- 
pressed in the most primitive hematopoietic progenitor 
cells and is progressively lost as these differentiate 
(31). Other cells, like human marrow fibroblasts, en- 
dothelial, and certain neoplastic cells, also express 
CD34 (32-34). In turn,  ligands for CD34 have been 
suggested to be present in stromal cells (35, 36). 

Several lines of evidence suggest that CD34 may 
be involved in adhesive interactions between progen- 
itor cells and stroma. Direct evidence for such a role 
has originated from studies in which CD34 was trans- 
fected into CD34-nonexpressing murine T cells. Com- 
pared with the nontransfected, CD34-expressing cells 
exhibited stronger cytoadherence to human marrow 
stromal cells (37). Additional evidence for the involve- 
ment of CD34 in adhesive events has resulted from 
studies showing that, depending on the differentiation 
stage of the progenitor cells, the occupancy of the 
CD34 by monoclonal antibodies (MoAb) against cer- 
tain epitopes of CD34, results in signal transduction 
and in the formation of cell aggregates, via P2 integrin- 
associated cytoadhesive pathways (38). Since most 
immature CD34+ progenitors lack P2 expression (39), 
occupancy of CD34 by its putative ligand in stroma 
may result in P2 integrin expression. This in turn al- 
lows the formation of heterotypic cell clusters by in- 
teraction with P7 integrin-counterreceptor-expressing 
cells in the bone marrow microenvironment. Further- 
more, it has been demonstrated that CD34 in endothe- 
lial cells, after selective glycosylation, may act as an 
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adhesive ligand for the lectin domain of L-selectin ex- 
pressed in lymphocytes and thus modulates leukocyte 
trafficking (36). 

These findings, together with a finely tuned con- 
trol of CD34 expression (40, 41), support the specula- 
tion that CD34 may have an important role in defining 
whether progenitor cells remain in a proper stromal 
environment for hematopoiesis to occur. 

CD44 and Hyaluronan Binding. CD44 is a trans- 
membrane molecule (42) which mediates the binding 
of several cells to hyaluronan, a major glycosamino- 
glycan component of the extracellular matrix. Consid- 
ering the abundance of hyaluronan in human bone 
marrow, it has been suggested that CD44ihyaluronan 
interaction may mediate adhesive processes between 
hematopoietic progenitors and marrow stroma (43, 
44). This interaction underlies not only cell attach- 
ment, but also migration and matrix remodeling (45). 
Alternative splicing of the CD44 gene, which is devel- 
opmentally regulated (46), generates isoforms to which 
distinct functions have been ascribed. It has been dem- 
onstrated that the main CD44 isoform expressed on 
resting hemopoietic cells is the CD44H variant which 
fully retains the property to bind hyaluronan (47). The 
binding of CD44 to hyaluronan is a highly regulated 
process; however the nature of this regulation is a mat- 
ter of controversy. Data have shown that this is either 
mediated by a phosphorylation-independent (45) or by 
a protein kinase (PK) C-or A-dependent process’(44). 
In the latter case, phorbol ester 12-0-tetradecanoyl- 
phorbol 13-acetate (TPA) was used to investigate the 
involvement of PKC phosphorylation in CD44 regula- 
tion. Under these conditions, hyaluronan binding was 
enhanced, but CD44 reactivity against anti-CD44 
MoAb was partially decreased, suggesting that an- 
other protein, distinct from CD44, was activated by 
the PKC-dependent process. Whether the activated 
protein is intercellular adhesion molecule-1 (ICAM- I ) ,  
which also binds hyaluronan in a cytokine-dependent 
fashion (48), has not been established. In this context, 
the observations that certain isoforms of CD44 can 
bind growth factors (49) and that interleukin-5 (IL-5) 
modulates CD44 expression (50) highlight a new and 
potentially important role for CD44 in the control of 
cell-matrix interactions. 

Anti-Adhesive Mechanisms. The identification 
of novel extracellular molecules involved in repulsive 
or inhibitory interactions, as a result of studies by neu- 
robiologists, has opened an exciting area of research 
for improved understanding of the regulation of cell 
adhesion and/or migration. Several extracellular ma- 
trix proteins, like tenascin, thrombospondin, laminin, 
mucin, and proteoglycans, have been postulated to 
display anti-adhesive properties (5 I) .  Although vari- 
ous of these molecules are produced by progenitor and 
stromal cells (7, 32, 52, 53), it is not known, so far, 

whether, besides their well-established role in he- 
mopoiesis, they also display anti-adhesive properties. 
This seems to be the case for perlecan, a component of 
the heparan sulfate proteoglycan family isolated from 
bone marrow stroma. It has been shown that hemato- 
poietic cells are repelled from attaching to perlecan- 
coated dishes, the anti-adhesive moiety being located 
in the core protein of the proteoglycan (54). Further 
evidences for the anti-adhesive effect of perlecan are 
given by the observation that collagen VI, a marrow 
stroma component (55) with strong cytoadhesive prop- 
erties, while combined with perlecan loses its capacity 
to bind progenitor cells (56). The mechanisms involved 
in the expression of the anti-adhesive properties of 
extracellular matrix molecules has not yet been eluci- 
dated, but preliminary evidence suggests that this may 
be related to steric hindrance at the cell surface rather 
than to a transmembrane signal transduction event 
(51). In the case of the hematopoietic system, such an 
effect may regulate the proper compartmentalization, 
and therefore the proliferation, of precursors within 
the marrow microenvironment. 

The existence of anti-adhesive molecules invites 
reconsideration of the current concepts thought to be 
important in cell-cell and cell-matrix interactions. 
Thus, cytoadhesive processes and their physiological 
significance should be considered as the algebraic sum 
of the intervening adhesive and anti-adhesive compo- 
nents, rather than the consequences of adhesion or 
nonadhesion processes p e r  se ,  as is currently ac- 
cepted. Perhaps the availability of disintegrins, a novel 
family of integrin inhibitory proteins (57), as well as 
new monoclonal antibodies to dissect the anti- 
adhesive regions of adhesive molecules, may help to 
elucidate the functional equilibrium between adhesive 
and anti-ad hesive processes. 

Modulation by Cytokines of the Expression and 
Function of Adhesive Receptors and Ligands in 
Progenitor and Stromal Cells 

Cytokines display a multiplicity of activities in he- 
matopoietic cells both at the level of early multilineage 
and in late committed or mature progenitors. Although 
individual factors may show preferential activity in 
one compartment, they typically manifest a spectrum 
of effects crossing the boundaries between early and 
late action and between specific lineages (58). Optimal 
proliferation of early, noncommitted precursors re- 
quires multiple cytokines and in addition the full ex- 
pression of their avidity to tightly adhere to the mar- 
row stroma. The adhesiveness of early progenitors 
contrasts with that of the more mature progeny which 
tend to be either less adherent or nonadherent. There- 
fore, upon binding to stroma early progenitors become 
more prone to receive the regulatory signals associ- 
ated with the microenvironmental niche (59,60). Thus, 
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it seems that specific growth factors and adhesion mol- 
ecules are intimately involved (61) in directing early 
events and/or in providing permissive conditions for 
the proliferation and differentiation of progenitor cells 
(62). However, recent findings, which will now be 
briefly discussed, have demonstrated that cytokines 
modulate the expression or function of cytoadhesive 
molecules both in progenitor and in stromal cells. This 
adds another set of primary actions to those elicited by 
cytokines in hematopoiesis (63). 

Effect of Cytokines on the Expression/ 
Function of Cytoadhesive Molecules in Progenitor 
Cells. Effects of G-CSF and GM-CSF. It has been 
observed that after administration of G-CSF or GM- 
CSF to patients or normal donors, large numbers of 
hemopoietic progenitors are released from their reser- 
voirs into the peripheral blood, which can be collected 
by leukapheresis. The mobilized product includes 
CD34+/CD33- cells, an immunophenotype marking 
early progenitor cells (64, 65). These studies have 
prompted conjectures about the mechanisms involved 
in the growth factor-mediated release of marrow pro- 
genitor cells. It has been speculated that, after expo- 
sure to G-CSF or GM-CSF, adhesion molecules are 
shed from the surface of marrow resident primitive 
multilineage cells, therefore allowing them to enter the 
circulation (66). 

An insight into the adhesive molecules that can be 
affected by the treatment with growth factors was ob- 
tained by experiments in which primates were injected 
with saturating amounts of anti P I  or P2 integrin anti- 
bodies. Under these conditions, anti-PI, but not anti- 
P2 antibodies, induced the mobilization of all classes of 
hematopoietic progenitors cells. Furthermore, anti- 
body treatment after a course of G-CSF additively in- 
creased circulating progenitors (67). These data sug- 
gest that P I  integrins which are expressed in progeni- 
tor cells (6, 14, 68, 69, 70) are involved in the 
trafficking of progenitor cells. Leavesley er al. (71) 
provide evidence that steady-state and G-CSF- 
mobilized progenitor cells manifest different levels of 
expression of adhesive molecules. While cells from 
both sources express similar levels of the platelet/ 
endothelial cell adhesion molecule-1 (PECAM- I ) ,  
those of VLA-4 and lymphocyte function-associated 
antigen-1 (LFA-1) were lower in mobilized than in 
steady-state progenitor cells. In spite of this, the ad- 
hesiveness of CD34+ cells from both sources to 
VCAM- 1-transfected CHO cells was similar. This ob- 
servation agrees with the concept that changes in the 
expression of integrins on the cell surface does not 
always correlate with their adhesive function, which 
may shift from a low- to a high-affinity state (72). The 
observation that VLA-4 function in cells from both 
sources was modulated by the co-expressed adhesion 
receptor PECAM-1 (71) strengthens the notion that 

interplay between several adhesive receptors (73) reg- 
ulates the activation of adhesive molecules. Thus, it 
seems that after G-CSF administration, progenitor 
cells express not only lower levels of certain adhesive 
molecules but a modified adhesive phenotype which 
may affect their location within the bone marrow. 

Effect of SCF. The effectiveness of SCF to mo- 
bilize progenitor cells from the marrow (74), has 
prompted studies to investigate the associated mech- 
anisms and to establish whether adhesion molecules 
are involved. Evidence indicates that SCF may affect 
stem cell redistribution (75) in a process that seems to 
involve P I  integrins (76). In the latter study, using a 
SCF-responsive myeloid cell line (M07E), it was ob- 
served that SCF modulates adhesive function in a 
dose- and time-dependent manner, via integrins a& I 

and a5PI. Thus, M07E cells showed increased adhe- 
siveness to endothelial cells or VCAM- I transfected 
cells shortly (30 min) after SCF treatment. This effect, 
however, was transient, and after longer exposures 
(up to 24 hr) to SCF a time-dependent decrease in 
integrin-mediated adherence occurred. This bimodal 
adhesive effect of SCF was not paralleled by changes 
in the density of integrin receptors on the cell surface 
as determined by flow cytometry. Thus, it seems that 
upon binding of SCF to its receptor, which implies 
receptor internalization (25), the function of a subpop- 
ulation of P, integrin receptors is modulated by uncou- 
pling or disengagement of its adhesive activity. The 
latter could be mediated by the tyrosine kinase activity 
of the stem cell factor receptor (24). It has to be es- 
tablished whether these in vitro results may explain 
the in vivo SCF-induced mobilization of progenitor 
cells (77). If this proves to be the case, the SCF- 
induced transient increase in adhesion may result in 
progenitor cell redistribution, which, followed by the 
period of decreased adhesion, permits progenitor mi- 
gration and their final release into the circulation. Bi- 
modal adhesive effects produced by cytokines in vivo 
are not without precedent. It has been documented 
that the transient leukopenia observed after GM-CSF 
administration is due in part to a rapid rise in neutro- 
phi1 adhesion-promoting glycoproteins, which cause 
neutrophil margination in the pulmonary vasculature. 
The recovery in circulating neutrophil and monocyte 
numbers coincided with the release of these cells from 
the lungs, mediated by adhesive processes not well 
identified (78, 79). 

Effect of a-hterferon. a-Interferon (IFN-a), 
which frequently normalizes peripheral blood counts 
in chronic myelogenous leukemic (CML) patients, 
seems to be involved in the regulation of the adhesive 
properties of hemopoietic progenitor cells. In CML, 
marrow progenitors, unlike normal progenitors, fail to 
adhere in vitro to normal stromal layers, fibronectin, 
or its proteolytic fragments. This defect probably re- 
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sults in the increased numbers of circulating progeni- 
tors seen in CML (80,81). Incubation of CML-purified 
marrow progenitors with IFN-a induces a dose- 
dependent increase in their adhesion to normal 
stroma. This effect, which is partly mediated by p1 
integrins, does not depend on the cell density of a& 
or asp1 integrins. Rather, it depends on the restoration 
of P1 integrin function (10, 82), probably mediated by 
early signals after IFN-a treatment, like the produc- 
tion of macrophage-inflammatory protein-la (MIP-a) 
or diacylglycerol release and/or protein kinase C acti- 
vation (83, 84). It has to be established whether in 
CML P1 integrin presents alterations in its ligand bind- 
ing site or in certain cytoplasmic domains. This is the 
case in the alternatively spliced variant (Pic) of inte- 
grin P1, which has already been detected in hemato- 
poietic cell lines (85) and may be important, not only in 
the transmission of distinct adhesive signals, but also 
in the control of cell growth (86). In this respect it is 
worth mentioning that various cytokines (IFN-a, 
TGF-P, and TNF) acting through their receptor fami- 
lies are involved, like the PlC variant, in the inhibition 
of cell growth (84, 87). 

Effect of IL-3. IL-3, a multilineage growth factor, 
affects proliferation, maturation, survival, and func- 
tion of a variety of primitive, committed, and mature 
hematopoietic cells. Animal studies have shown that 
short-term ex vivo preincubation of marrow cells with 
IL-3, either decreases (88) or increases the grafting 
efficiencies of transplanted marrow cells (89, 90). In 
the latter case it has been postulated that increased 
grafting may be related to the upmodulation of homing 
receptors by IL-3 (91). These results suggest that IL-3 
may also have a role in the regulation of the adhesive 
properties of progenitor cells. This concept was 
strengthened by the observation that IL-3-depleted 
progenitors, compared with control cells, exhibited a 
rapid decrement in their attachment to fibronectin. 
This effect was reverted by the readdition of IL-3, but 
not GM-CSF, IL-6, or TGF-P (92). Further studies 
demonstrated that the adhesion of hematopoietic pro- 
genitors to fibronectin is modulated by IL-3 through a 
decrease in the expression of the integrin and not by a 
change in its affinity for its substrate (70). Moreover, 
the IL-34ependent modulation of cytoadhesion was 
not related to other late IL-3 effects like those in- 
volved in cell viability and in growth/survival (92, 93). 

In addition to the effect of IL-3 in modulating a,P1 
integrin expression, we have recently reported that the 
synthesis of proteoglycans by progenitor cell lines (94, 
95) is also modulated by IL-3. In these studies, pro- 
teoglycan synthesis by multipotent but not by bipotent 
murine progenitor cells, was increased after exposure 
to IL-3. This does not involve changes in charge den- 
sity, hydrodynamic size, nature of the glycosamino- 
glycan chains or membrane stability of the proteogly- 

can. IL-3-treated cells, compared with untreated cells, 
exhibited increased adhesiveness to the 40-kDa fi- 
bronectin fragment containing the heparin-binding 
region (96). 

Effects of Cytokines on the Expression/ 
Function of Cytoadhesive Molecules in Stromal 
Cells and the Associated Extracellular Matrix. It 
has not been clearly established whether growth fac- 
tors may affect the adhesive properties of marrow 
stroma. This concept implies that after cytokine stim- 
ulation, either endogenous or exogenous, the architec- 
ture and function of cellular elements of the bone mar- 
row microenvironment, or the nature of the adjacent 
extracellular matrix, may be changed, thus affecting 
the extent or nature of its interaction with progenitor 
cells. 

Effects on the cellular structure of marrow 
stroma. As already mentioned, current clinical prac- 
tice to mobilize stem cells involves the use of growth 
factors, like G-CSF, GM-CSF, SCF, and/or IL-3. Al- 
though data favor the concept of “shedding” of adhe- 
sive molecules on the side of the progenitor cells, sev- 
eral lines of evidence have shown that cytokines also 
modify or disrupt the steady-state architecture of mar- 
row stroma (97). 

It has been reported that cytokine administration 
in vivo after high-dose chemotherapy results in pro- 
found morphological and immunohistochemical 
changes in marrow stromal cells. Thus, marrow spec- 
imens from patients treated with IL-3 or GM-CSF, 
compared with control marrow, exhibit an increased 
vascular network with a high proportion of endothelial 
cells expressing CD34. The concentration of other 
marrow stromal cells, like macrophages and fibro- 
blasts, is also increased (98). In vitro studies using 
human umbilical vein endothelial cells (HUVEC) have 
shown that G-CSF or GM-CSF induces in a dose de- 
pendent fashion cell proliferation and migration, the 
latter effect in relation with changes in cell shape and 
cytoskeletal organization (99). Whether HUVEC and 
marrow endothelial cells respond to growth factor in 
the same way is not known, but certainly the availabil- 
ity of methods to obtain marrow endothelial cells (100) 
will allow the exploration of the mechanisms involved 
in their regulation by growth factors. Similarly, growth 
factors affect the proliferation and properties of mar- 
row stromal cells. SCF and IL-6, both produced by the 
stroma, preferentially induce the differentiation and 
proliferation, respectively of marrow stromal cells 
(101). Fibroblast precursors from human marrow 
when cultured in the presence of GM-CSF increased 
their rate of proliferation and gave rise to larger colo- 
nies (CFU-F) than control cells (102). In the same 
vein, we have observed that the plating efficiency of 
human bone marrow fibroblasts is decreased after ex- 
posure to G-CSF or GM-CSF, probably by an effect 
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on cytoskeletal arrangement (Fernandez M, unpub- 
lished data). 

Effects on the expression of cytoadhesive mol- 
ecules. Several reports have documented the involve- 
ment of cytokines in the expression or function of ad- 
hesion molecules in marrow stromal cells. Human 
marrow fibroblastic cells establish heterotypic interac- 
tions with progenitor cells by means of the VCAM-I/ 
VLA-4 adhesive system (103). The expression of 
VCAM-1 in marrow stromal cells is upregulated by 
IL-4 (104) in a mode that does not involve the cascade 
of events activated by other cytokines, as it occurs in 
other cells (105). Moreover, marrow stromal cells pre- 
incubated with IL-4 exhibit an enhanced capacity for 
binding CD34' progenitor cells (106). Evidence sug- 
gests that the effect of IL-4 on VCAM-1 expression, 
and the concomitant change in stromal cell adhesive- 
ness, may be related to an increase in the half-life of 
VCAM-1 mRNA (106, 107). 

Bone marrow endothelial cells are likely to play an 
important role in the homing of hematopoietic progen- 
itor cells (108). The recent fruitful results of the isola- 
tion and cultivation of marrow endothelial cells (100, 
109) will permit studies to map adhesion receptors and 
their regulation by endogenous or exogenous cyto- 
kines. Among this line, a recent study has shown that 
the expression of several adhesive molecules (ICAM- 
1 ,  VCAM-1, E-selectin, and PECAM-1) on marrow 
endothelial cells is regulated by TNF-a (109). The 
scarce information available on adhesive molecules 
and their regulation in marrow endothelial cells con- 
trasts with the ample data demonstrating cytokine 
modulation of adhesive molecules in human umbilical 
vein endothelial cells (HUVEC) (33, 110-1 14). How- 
ever, based on the knowledge that marked phenotypic 
and functional differences exist between sinusoidal en- 
dothelium from different anatomical sites ( 1  15), any 
attempt to extrapolate information from HUVEC to 
marrow endothelial cells should be done with caution. 

As previously discussed, CD34 antigen seems to 
play a role as an adhesive molecule. In this context, 
not only progenitor but also stromal cells (32, 33) ex- 
press the antigen. It has been observed that freshly 
isolated endothelial cells, which are CD34+, become 
CD34- after cultivation, probably as consequence of a 
proliferation-dependent downregulation process. The 
expression of CD34 is also downregulated by cyto- 
kines, such as interleukin-1 p (IL-lp), IFN-y, and 
TNF-a, under conditions where these cytokines up- 
regulate adhesion molecules, like ELAM- 1 and 
ICAM-1 (33). Taken together, these data suggest that 
antigen CD34 in stromal cells may have a role in reg- 
ulating progenitor-stroma cell adhesion. 

Effects on the production of extracellular ma- 
trix molecules. Several cytokines affect the capacity 
of marrow stromal cells to produce matrix molecules. 

Thus, it has been reported that the deposition in mar- 
row stroma of reticulin and collagen 111 is selectively 
increased by IL-3, but not by GM-CSF (98, 116). 
TGF-f3 enhances the synthesis of collagen and fi- 
bronectin by marrow stromal cells as well (117). In 
nonhematopoietic cells, TGF-P and EGF induce ten- 
ascin-C production (1 18), which acts as a cytoadhesive 
(anti-adhesive?) molecule in the bone marrow micro- 
environment (52). 

In endothelial cells, TNF induces a decrease in the 
rate of synthesis of proteoglycans as well as in the 
level of mRNA for the core protein of the proteogly- 
cans, perlecan and biglycan (1 19). Although it is not 
known whether in marrow endothelial cells TNF pro- 
duces similar effects, the above-mentioned studies are 
interesting in view of the anti-adhesive properties of 
perlecan (54) and in light of the observation that pro- 
teoglycans are involved in the capture and presenta- 
tion of growth factors within the marrow microenvi- 
ronment (120). Further evidence for the regulation of 
matrix molecule production by growth factors is pro- 
vided by the observation that the expression of mRNA 
for collagen VI  as well as the synthesis of collagen VI 
by marrow stromal cells is regulated by G-CSF 
(Fernandez M, unpublished results). Since the genes 
for collagen VI are constitutively expressed by mar- 
row stromal cells ( 5 5 ,  56), changes in the level of ex- 
pression of this protein may alter proper progenitor- 
stromal interactions by hampering the organization of 
the extracellular matrix (121). 

Finally, steroid hormones are also involved in the 
regulation of the synthesis of matrix components by 
stromal cells. Marrow fibroblasts, after exposure to 
hydrocortisone, increase their steady-state level of 
stem cell factor mRNA, an effect that involves coor- 
dinated increases in transcripts encoding soluble and 
membrane-bound proteins (22). Furthermore, treat- 
ment of marrow stromal cells with methyl predniso- 
lone results in a decreased synthesis of hyaluronic acid 
and in the production of structurally modified proteo- 
glycans. These changes in turn modify the capacity of 
the stroma to bind and stimulate the formation of pro- 
genitor colonies (122). 

Perspectives 
Adhesive interactions play a central role as deter- 

minants of hematopoietic progenitor cell location 
within the marrow microenvironment and in their mi- 
gration, proliferation, survival, and differentiation. An 
important clue deducted from the overview of data 
presented here points to the fact that adhesive inter- 
actions taking place in the bone marrow are under the 
regulation of cytokines, among other factors. Thus, 
the reductionist concept of adhesion molecules as cell 
surface components facilitating only cell contacts and 
of cytokines as soluble effectors with a broad range of 
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biological activities does not seem to be valid anymore 
( I  23). Incidentally, adhesion molecules and cytokines 
are now known to exist also as soluble and bound 
species, respectively. On the other hand, it has been 
reported that molecules related to extracellular matrix 
components regulate cytokine expression ( I  24). 

Besides the evident effect of cytokines on the ex- 
pression and function of adhesive molecules, the data 
reviewed here suggest the idea that in the bone mar- 
row microenvironment there exists a sort of interde- 
pendence with overlap and similarity between the ex- 
pression of adhesion molecules and cytokines. This 
notion is strengthened by the “classical” observation 
of a physical association between cytokines and ma- 
trix molecules (i.e., proteoglycans) and by the “new” 
evidence that cytokine-receptor pairs (i.e., c-kit recep- 
tor and bound-SCF) can mediate or consolidate adhe- 
sion. The above idea is not new, since the information 
evolving from immune and inflammatory responses 
has shown that the coordinated expression of cyto- 
kines and adhesion molecules is essential for the de- 
velopment of the sequence of molecular events in- 
volved (61, 125). 

Although considerable amounts of work have 
been performed to elucidate the nature and regulation 
of the adhesive processes in the marrow microenvi- 
ronment, there remain gaps in our understanding of 
the mechanisms involved in the cytoadhesive proper- 
ties of progenitor and stromal cells. Briefly, we feel 
that research should be carried out to clarify, among 
other issues, whether growth factors are involved in 
the regulation of the pattern of glycosylation or sul- 
fation of cytoadhesive molecules/ligands (36, I22), the 
production of soluble adhesive molecules ( I  26, I27), 
the interplay between the expression and function of 
adhesive and anti-adhesive molecules (56), the expres- 
sion of “key” molecules for the organization of extra- 
cellular matrix (55, 128), and, finally, the expression 
and overexpression of regulatory genes and their im- 
pact in cell adhesion (129). 

It is likely that a better understanding of the nature 
of cytoadhesive molecules and the modulation of their 
expression and function by growth factors or other 
signals will help to define an “adhesive phenotype” 
for progenitor cells at each stage of their differentia- 
tion. Such a concept will not only improve our knowl- 
edge of steady-state hematopoiesis but will undoubt- 
edly shed light on our understanding of hematological 
diseases. The clinical application of this information 
will certainly focus new research on the development 
and selection of appropriate prognostic and therapeu- 
tic strategies. In this respect, recent data shows that 
the adhesive phenotype of cells from diseased marrow 
differs from that of the normal, steady-state marrow 
( 1 30- 1 33). 

In addition, since growth factors are intensively 

used for the mobilization of progenitor cells from mar- 
row to peripheral blood, more research should be per- 
formed to understand whether prolonged exposure to 
high doses of cytokines also entails the blocking of 
attachment of newly generated progenitors, redistribu- 
tion/circulation of progenitors attached to other tissues 
(75, 134) or the activation of secondary effects, such as 
endogenous cytokine release (1  35, 136). 

The helpful comments of Oscar Brunser, MD, are gratefully 
acknowledged. 

1 .  

2. 

3 .  

4. 

5 .  

6. 

7. 

8 .  

9. 

10. 

I I .  

12. 

13. 

14. 

15. 

16. 

17. 

18. 

Zanjani ED, Wilson J ,  Adams JG. Obituary, Medhi Tavassoli, 
MD. 1933-1993. Exp Hematol 23:7, 1995. 
Tavassoli M,  Minguell JJ. Homing of hemopoietic progenitor 
cells to the marrow. Proc SOC Exp Biol Med 196:367-373, 
1991. 
Orkin SH. Hematopoiesis: How does it happen? Curr Opin 
Cell Biol 7:870-877, 1995. 
Klein G. The extracellular matrix of the hematopoietic micro- 
environment. Experentia 51:914-926, 1995. 
Funk PE, Kincade PW, Witte P. Native associations of early 
hematopoietic stem cells and stromal cells isolated in bone 
marrow cell aggregates. Blood 83:361-369, 1994. 
Liesveld JL, Dipersio JF, Abboud CN. lntegrins and adhesive 
receptors in normal and leukemic CD34+ progenitor cells: po- 
tential regulatory checkpoints for cellular traffic. Leuk Lym- 
phoma 14: 19-28, 1994. 
Long MW. Blood cell cytoadhesion molecules. Exp Hematol 
20:28&30 I , 1992. 
Juliano RL, Haskill S. Signal transduction from the extracel- 
lular matrix. J Cell Biol 120577-585, 1993. 
Carlos TM, Harlan J M .  Leukocyte-endothelial adhesion mol- 
ecules. Blood 84:206&2101, 1994. 
Verfaillie C, Hurley R ,  Bhatia R, McCarthy JB.  Role of bone 
marrow matrix in normal and abnormal hematopoiesis. Crit 
Rev Oncol Hematol 16:201-224, 1994. 
Yoder MC, Williams DA. Matrix molecule interactions with 
hematopoietic stem cells. Exp Hematol 23:961-967, 1995. 
Seshi B. Discovery of novel hematopoietic cell adhesion mol- 
ecules from human bone marrow stromal cell membrane pro- 
tein extracts by a new cell-blotting technique. Blood 83:2399- 
2409, 1994. 
Patrick CW Jr . ,  Juneja HS, Lee S, Schmalstieg FC, Mclntire 
LV. Heterotypic adherence between human B-lymphoblastic 
and pre-B-lymphoblastic cells and marrow stromal cells is a 
biphasic event: lntegrin very late antigen-4 mediates only the 
early phase of the heterotypic adhesion. Blood 85:168-178, 
1995. 
Liesveld JL, Winslow J M ,  Frediani KE, Ryan DH, Abboud 
CN. Expression of integrins and examination of their adhesive 
function in normal and leukemic hematopoietic cells. Blood 

Gelin C, Aubrit F, Phalipon A, Raynal B, Cole S, Kaczorek M,  
Bernard A. The E2 antigen, a 32 kd glycoprotein involved in 
T-cell adhesion processes, is the MIC2 gene product. EMBO J 

Dworzak M N ,  Fritsch G, Buchinger P, Fleischer C, Printz D, 
Zellner A,  Schollhammer A,  Steiner G, Ambros PF, Gadner H. 
Flow cytometric assessment of human M1C2 expression in 
bone marrow, thymus, and peripheral blood. Blood 83:415- 
425, 1994. 
Anderson DM, Lyman SD, Baird A, Wignall JM, Eisenman J, 
Rauch C, March CJ, Boswell HS, Gimpel SD, Cosman D, 
Williams DE. Molecular cloning of mast cell growth factor, a 
hematopoietin that is active in both membrane bound and sol- 
uble forms. Cell 63:235-243, 1990. 
Zsebo KM, Williams DA, Geissler EN, Broudy VC, Martin 
FH, Atkins HL, Hsu R-Y, Birkett NC, Okino KH, Murdack 

81:112-121, 1993. 

8:3253-3259, 1989. 

ADHESION AND CYTOKINES IN HEMATOPOIESIS 31 9 



DC, Jacobsen FW, Langley KE, Smith KA, Takeishi T, Cat- 
tenach BM, Galli SJ, Suggs SV. Stem cell factor is encoded at 
the SL locus of the mouse and is the ligand for the c-kit tyrosine 
kinase receptor. Cell 63:213-218, 1990. 

19. Andrews RG, Briddell RA, Appelbaum FR, McNiece IK. 
Stimulation of hematopoiesis in vivo by stem cell factor. Curr 
Opin Hematol 1:187-196, 1994. 

20. Briddell RA, Broudy VC, Bruno E, Brandt JE, Srour EF, Hoff- 
man R. Further phenotypic characterization an isolation of hu- 
man hematopoietic progenitor cells using a monoclonal anti- 
body to the c-kir receptor. Blood 79:3159-3167, 1992. 

21. Avraham H, Scadden DT, Chi S. Broudy VC, Zsebo KM, 
Groopman JE. Interaction of human bone marrow fibroblasts 
with megakaryocytes: Role of the c-kir ligand. Blood 80:1679- 
1684, 1992. 

22. Linenberger ML, Jacobsen FW, Bennett LG. Broudy VC, 
Martin FH, Abkowitz JL. Stem cell factor production by hu- 
man marrow stromal fibroblasts. Exp Hematol 23: 1104-1 114. 
1995. 

23. Fleischman RA, Simpson F, Gallardo T, Jin X ,  Perkins S. 
Isolation of endothelial-like stromal cells that express Kit 
ligand and support in vitro hematopoiesis. Exp Hematol 

24. Kinashi T, Springer TA. Steel factor and c-kir regulate cell- 
matrix adhesion. Blood 83: 1033-1038, 1994. 

25. Adachi S, Tsujimura T. Jippo T, Morimoto M. Isozaki K, Ka- 
sugai T, Nomura S, Kitamura Y. Inhibition of attachment be- 
tween cultured mast cells and fibroblasts by phorbol 12- 
myristate 13-acetate and stem cell factor. Exp Hematol 2358- 
65, 1995. 

26. Hu Z, Ma W, Uphoff CC, Quentmeier H, Drexler HG. c-kit 
expression in human megakaryoblastic leukemia cell lines. 

27. Turner AM, Zsebo KM, Martin F. Jacobsen FW, Bennett LG, 
Broudy VC. Nonhematopoietic tumor cell lines express stem 
cell factor and display c-kir receptors. Blood 80:374-381, 1992. 

28. Welham MJ, Schrader JW. Modulation of c-kir mRNA and 
protein by hemopoietic growth factors. Mol Cel Biol 11:2901- 
2904,1991. 

29. Sillaber C, Strobl H. Bevec D. Ashman LK. Butterfield JH, 
Lechner K, Maurer D. Bettelheim P. Valent P. IL-4 regulates 
c-kit proto-oncogene product expression in human mast and 
myeloid progenitor cells. J Immunol 147:42244228. 1991. 

30. Khoury E, Andre C, Pontvert-Delucq S, Drenou B, Baillou C, 
Guigon M, Najman A, Lemoine FM. Tumor necrosis factor a 
(TNF-a) downregulates c-kit proto-oncogene product expres- 
sion in normal and acute myeloid leukemia CD34' cells, via 
p55 TNF-a receptors. Blood 84:250&2514, 1994. 

3 I .  Holyoake TL, Alcorn MJ. CD34 + positive haemopoietic cells: 
Biology and clinical applications. Blood Rev 8:113-124, 1994. 

32. Simmons PJ, Torok-Storb B. CD34 expression by stromal pre- 
cursors in normal human adult bone marrow. Blood 78:2848- 
2853, 1991. 

33. Delia D, Lampugnani MG, Resnati M,  Dejana E, Aiello A,  
Fontanella E, Soligo D, Pierotti MA, Greaves MF. CD34 ex- 
pression is regulated reciprocally with adhesion molecules in 
vascular endothelial cells in vitro. Blood 81: 1001-1008, 1993. 

34. Lasky LA. Selectin-carbohydrate interactions and the initia- 
tion of the inflammatory response. Annu Rev Biochem 64:113- 
139, 1995. 

35. Rafii S, Shapiro F, Rimarachin J ,  Nachman RL, Fems B, 
Weksler B, Moore MAS, Asch AS. Isolation and characteriza- 
tion of human bone marrow microvascular endothelial cells: 
hematopoietic progenitor cell adhesion. Blood 84: 10-19, 1994. 

36. Baumhueter S, Dybdal N, Kyle C, Lasky LA. Global vascular 
expression of murine CD34, a sialomucin-like endothelial 
ligand for L-Selectin. Blood 84:2554-2565, 1994. 

37. Healy L, May G, Gale K, Grosveld F, Greaves M,  Enver T. 
CD34 and hematopoietic cell adhesion. Exp Hematol 23:816a, 
1995. 

38. Majdic 0, Stock1 J, Pick1 WF, Bohuslav J ,  Strobl H. Schei- 
necker C, Stockinger H, Knapp W. Signaling and induction of 
enhanced cytoadhesiveness via the hematopoietic progenitor 
cell surface molecule CD34. Blood 83:122&1234. 1994. 

23:1407-1416, 1995. 

Blood 83~2133-2144, 1994. 

39. Gunji Y ,  Nakamura M,  Hagiwara T, Hayakawa K, Matsushita 
H, Osawa H, Nagayoshi K, Nakauchi H, Yanagisawa N, Mi- 
ura Y ,  Suda T. Expression and function of adhesion molecules 
on human hematopoietic stem cells: CD34+ LFA-I - cells are 
more primitive than CD34+ LFA-1 + cells. Blood 80:429-436, 
1992. 

40. Satterthwaite AB, Borson R, Tenen DG. Regulation of the 
gene for CD34, a human hematopoietic stem cell antigen, in 
KG-I cells. Blood 7532299-2304, 1990. 

41. Fackler MJ, Civin CI, May WS. Up-regulation of surface CD34 
is associated with protein kinase C-mediated hyperphosphory- 
lation of CD34. J Biol Chem 267:1754&17546, 1992. 

42. Perschl A. Lesley J, English N ,  Trowbridge I, Hyman R. Role 
of CD44 cytoplasmic domain in hyaluronan binding. Eur J Im- 
munol 25495-501, 1995. 

43. Miyake K,  Medina KL, Hayashi SI, Ono S, Hamaoka T, Kin- 
cade PW. Monoclonal antibodies to Pgp-IlCD44 block lympho- 
hemopoiesis in long-term bone marrow cultures. J Exp Med 
171 :477-488, 1990. 

44. Morimoto K ,  Robin E, Le Bousse-Kerdiles MC, Li Y, Clay D, 
Jasmin C, Smadja-Joffe F. CD44 mediates hyaluronan binding 
by human myeloid KGla and KGI cells. Blood 83:657462, 
1994. 

45. Uff CR, Neame SJ. Isacke CM. Hyaluronan binding by CD44 
is regulated by a phosphorylation-independent mechanism. 
Eur J Immunol 251883-1887, 1995. 

46. Patel DD, Hale LP, Whichard LP, Radcliff G, Mackay CR, 
Haynes BF. Expression of CD44 molecules and CD44 ligands 
during human thymic fetal development: Expression of CD44 
isoforms is developmentally regulated. Int Immunol7:277-286, 
1995. 

47. Droll A,  Dougherty ST, Chiu RK, Dirks JF, McBride WH, 
Cooper DL. Dougherty GJ. Adhesive interactions between al- 
ternatively spliced CD44 isoforms. J Biol Chem 270:11567- 
11573, 1995. 

48. McCourt PA, Ek B. Forsberg N ,  Gustafson S. Intercellular 
adhesion molecule-I is a cell surface receptor for hyaluronan. 
J Biol Chem 269:30081-30084, 1994. 

49. Bennett KL, Jackson DG, Simon JC, Tanczos E, Peach R,  
Modrell B, Stamenkovic I ,  Plowman G, Aruffo A. CD44 iso- 
forms containing exon V3 are responsible for the presentation 
of heparin-binding growth factor. J Cell Biol 128:687-698, 
1995. 

50. Murakami S. Miyake K, June CH, Kincade PW, Hodes RJ. 
IL-5 induces a Pgp-IKD44 bright B subpopulation that is 
highly enriched in proliferative and Ig secretory activity and 
binds to hyaluronate. J Immunol 1453618-3627, 1990. 

51.  Chiquet-Ehrismann R. Inhibition of cell adhesion by anti- 
adhesive molecules. Curr Opin Cell Biol 7:715-719, 1995. 

52. Klein G, Beck S, Muller CA. Tenascin is a cytoadhesive ex- 
tracellular matrix component of the human hematopoietic mi- 
croenvironment. J Cell Biol 123: 1027-1035, 1993. 

53. Sanchez-Mateos P, Campanero MR, Del Pozo MA, Sanchez- 
Madrid F. Regulatory role of CD43 leukosialin on integrin- 
mediated T-cell adhesion to endothelial and extracellular ma- 
trix ligands and its polar redistribution to a cellular uropod. 
Blood 86:2228-2239, 1995. 

54. Klein G, Conzelmann S, Beck S, Timpl R, Muller CA. Perle- 
can in human bone marrow: A growth-factor presenting, but 
anti-adhesive, extracellular matrix component for hematopoi- 
etic cells. Matrix Biol 14:457465, 1995. 

5 5 .  Chichester CO, Fernandez M,  Minguell JJ. Extracellular ma- 
trix gene expression by human bone marrow stroma and by 
marrow fibroblasts. Cell Adhes Commun 1:93-99, 1993. 

56. Klein G ,  Muller CA, Tillet E, Chu ML, Timpl R. Collagen type 
VI in the human bone marrow microenvironment: A strong 
cytoadhesive component. Blood 86: 1740-1748, 1995. 

57. Soszka T, Knudsen KA, Beviglia L, Rossi C, Poggi A, 
Niewiarowski S. Inhibition of murine melanoma cell-matrix 
adhesion and experimental metastasis by albolabrin, an RGD- 
containing peptide isolated from the venom of Trimeresurus 
albolabris. Exp Cell Res 1966-12, 1991. 

5 8 .  Moore MAS, Phil D, Shapiro F. Regulation and function of 
hematopoietic stem cells. Curr Opin Hematol 1:18&186, 1994. 

320 ADHESION AND CYTOKINES IN HEMATOPOIESIS 



59. Tucker D, Bol S, Kannourakis G. Characterization of stroma- 
adherent colony-forming cells: A clonogenic assay for early 
hemopoietic cells? Exp Hematol 21:469474, 1993. 

60. Lowry PA, Deacon D, Whitefield P, McGrath HE, Quesen- 
berry PJ. Stem cell factor induction on in vitro murine hema- 
topoietic colony formation by “subliminal” cytokine combina- 
tions: The role of “anchor factors.” Blood 80:663-669, 1992. 

61. Nathan C, Sporn M. Cytokines in context. J Cell Biol 113:981- 
986, 1991. 

62. Shima M, Teitelbaum SL, Holers VM, Ruzicka C, Osmack P, 
Ross FP. Macrophage-colony-stimulating factor regulates ex- 
pression of the integrins alpha 4 beta I and alpha 5 beta I by 
murine bone marrow macrophages. Proc Natl Acad Sci USA 
925  179-5 183, 1995. 

63. Lowry PA. Hematopoietic stem cell cytokine response. J Cell 
Biochem 58:41W15, 1995. 

64. Teshima T, Harada M,  Takamatsu Y,  Makino K, Taniguchi S. 
Inaba S, Kondo S, Tanaka T, Akashi K, Minamishima I. Ishii 
E, Nishimura J, Niho Y. Cytotoxic drug and cytotoxic drug/ 
G-CSF mobilization of peripheral blood stem cells and their 
use for autografting. Bone Marrow Transplant 10:2 15-220, 
1992. 

65. Peters WP, Rosner G ,  Ross M,  Vredenburgh J ,  Meisenberg B, 
Gilbert C, Kurtzberg J. Comparative effects of granulocyte- 
macrophage colony-stimulating factor (GM-CSF) and granulo- 
cyte colony-stimulating factor (G-CSF) on priming peripheral 
blood progenitor cells for use with autologous bone marrow 
after high-dose chemotherapy. Blood 81: 1709-1719, 1993. 

66. Chao NJ, Schriber JR, Grimes K, Long GD, Negrin RS, Rai- 
mondi CM, Horning SJ, Brown SL, Miller L. Blume KG. 
Granulocyte colony-stimulating factor “mobilized” peripheral 
blood progenitor cells accelerate granulocyte and platelet re- 
covery after high-dose chemotherapy. Blood 81:203 1-2 135, 
1993. 

67. Papayannopoulou T, Nakamoto B. Peripheralization of he- 
mopoietic progenitors in primates treated with anti-VLA-, in- 
tegrin. Proc Natl Acad Sci USA 90:9374-9378, 1993. 

68. Williams DA, Rios M,  Stephens C, Patel VP. Fibronectin and 
VLA-4 in haematopoietic stem cell-microenvironment interac- 
tions. Nature 352:43&441, 1991. 

69. Minguell JJ, Hardy CH, Tavassoli M. Adhesive interaction of 
hemopoietic progenitor cell membrane with the RGD domain 
of fibronectin. Biochim Biophys Acta 1151: 120-126, 1993. 

70. Hardy CL, Minguell JJ. Modulation of the adhesion of he- 
mopoietic progenitor cells to the RGD site of fibronectin by 
interleukin 3. J Cell Physiol 164:315-323, 1995. 

71. Leavesley DI, Oliver J M ,  Swart BW, Berndt MC, Haylock 
DN, Simmons PJ. Signals from platelet/endothelial cell adhe- 
sion molecule enhance the adhesive activity of the very late 
antigen-4 integrin of human CD34’ hemopoietic progenitor 
cells. J Immunol 153:46734683, 1994. 

72. Hynes RO. Integrins: Versatility, modulation, and signaling in 
cell adhesion. Cell 69: 11-25, 1992. 

73. Piali L, Albelda SM, Baldwin HS, Hammel P, Gisler RH, Im- 
hof BA. Murine platelet/endothelial cell adhesion molecule 
(PECAM-I )/CD3 1 modulates Pz integrins on lymphokine- 
activated killer cells. Eur J Immunol 23:2464-2471, 1993. 

74. McNiece IK, Briddel RA, Hartley CA, Smith KA, Andrews 
RG. Stem cell factor enhances in vivo effects of granulocyte 
colony stimulating factor for stimulating mobilization of pe- 
ripheral blood progenitor cells. Stem Cells 11(Suppl 2):36-41, 
1993. 

75. Fleming WH, Alpern EJ, Uchida N ,  Ikuta K, Weissman IL. 
Steel factor influences the distribution and activity of murine 
hematopoietic stem cells in vivo. Proc Natl Acad Sci USA 
90:376&3764, 1993. 

76. Kovach NL, Lin N ,  Yednock T, Harlan JM, Broudy VC. Stem 
cell factor modulates avidity of a4PI and a#, integrins ex- 
pressed on hematopoietic cell lines. Blood 85: 159-167, 1995. 

77. Carlo-Stella C, Rizzoli V. Stem cells and stem cell factor(s). 
Hematologica 80:14, 1995. 

78. Arnaout MA, Wang EA, Clark SC, Sieff CA. Human recom- 
binant granulocyte-macrophage colony-stimulating factor in- 
creases cell-to-cell adhesion and surface expression of adhe- 

sion-promoting surface glycoproteins on mature granulocytes. 
J Clin Invest 78:597401, 1986. 

79. Devereux S, Bull HA, Campos-Costa D, Saib R, Linch DC. 
Granulocyte macrophage colony stimulating factor induced 
changes in cellular adhesion molecule expression and adhesion 
to endothelium: in-vitro and in-vivo studies in man. Brit J Hae- 
matol 71:323-330, 1989. 

80. Gordon MY,  Dowding CR, Riley GP, Goldman JM, Greaves 
MF. Altered adhesive interactions with marrow stroma of hae- 
matopoietic progenitor cells in chronic myelogenous leu- 
kaemia. Nature 328:342-344, 1987. 

81. Verfaillie CM. McCarthy JB, McGlave PB. Mechanisms un- 
derlying abnormal trafficking of malignant progenitors in 
chronic myelogenous leukemia: Decreased adhesion to stroma 
and fibronectin but increased adhesion to the basement mem- 
brane components laminin and collagen type IV. J Clin Invest 

82. Bhatia R,  Wayner EA, McGlave PB, Verfaillie CM. Inter- 
feron-a restores normal adhesion of chronic myelogenous leu- 
kemia hematopoietic progenitors to bone marrow stroma by 
correcting impaired PI integrin receptor function. J Clin Invest 
94:38&391, 1994. 

83. Bhatia R, McGlave PB, Verfaillie CM. Treatment of marrow 
stroma with interferon-a restores normal P 1 integrin- 
dependent adhesion of chronic myelogenous leukemia hema- 
topoietic progenitors. Role of MIP-la. J Clin Invest 96:931- 
939, 1995. 

84. Pfeffer LM, Eisenkraft BL, Reich NC, Improta T, Baxter G, 
Daniel-Issakani S, Strulovici B. Transmembrane signaling by 
interferon alpha involves diacylglycerol production and activa- 
tion of the epsilon isoform of protein kinase C in Daudi cells. 
Proc Natl Acad Sci USA 88:7988-7992, 1991. 

85. Languino LR, Ruoslahti E. An alternative form of the integrin 
beta I subunit with a variant cytoplasmic domain. J Biol Chem 
267:7116-7129, 1992. 

86. Meredith J Jr., Takada Y,  Fornaro M, Languino LR, Schwartz 
MA. Inhibition of cell cycle progression by the alternatively 
spliced integrin PIC.  Science 269: 1570-1571, 1995. 

87. Moses HL, Yang EY, Pietenpol JA. TGF-beta stimulation and 
inhibition of cell proliferation: New mechanistic insights. Cell 

88. van der Loo JCM, Ploemacher RE. Marrow- and spleen- 
seeding efficiencies of all murine hematopoietic stem cell sub- 
sets are decreased by preincubation with hematopoietic growth 
factors. Blood 852598-2606, 1995. 

89. Fabian 1, Bleiberg 1, Riklis 1, Kletter Y. Enhanced reconstitu- 
tion of hematopoietic organs in irradiated mice, following their 
transplantation with bone marrow cells pretreated with recom- 
binant interleukin 3.  Exp Hematol 151 14&1144, 1987. 

90. Tavassoli M,  Konno M, Shiota Y,  Omoto E, Minguell JJ, 
Zanjani DE. Enhancement of the grafting efficiency of trans- 
planted marrow cells by preincubation with interleukin-3 and 
granulocyte-macrophage colony-stimulating factor. Blood 

91. Shiota Y.  Minguell J, Zanjani ED, Tavassoli M. Induction of 
upmodulation of homing receptors in cloned hemopoietic pro- 
genitors by growth factors. Bone Marrow Transplant 9:123- 
127, 1992. 

92. Minguell JJ, Hardy C. Restorative effect of IL-3 on adherence 
of cloned hemopoietic progenitor cells to stromal cell. Exp 
Hematol 2155-60, 1993. 

93. Williams GT, Smith AC, Spooncer E, Dexter TM, Taylor DR. 
Haemopoietic colony-stimulating factors promote cell survival 
by suppressing apoptosis. Nature 343:76-79, 1990. 

94. Minguell JJ, Tavassoli M. Proteoglycan synthesis by hemopoi- 
etic progenitor cells. Blood 73: 1821-1827, 1989. 

95. Shirota T, Minguell JJ, Tavassoli M. Expression of chondroitin 
sulfate as a unique type of proteoglycan on the cell membrane 
of multipotential and committed hemopoietic progenitor cells. 
Biochim Biophys Acta 1136:17-22, 1992. 

96. Conget P, Minguell JJ. IL-3 increases surface proteoglycan 
synthesis in haemopoietic progenitors and their adhesiveness 
to the heparin-binding domain of fibronectin. Brit J Haematol 

90~1232-1239, 1992. 

63:245-247, 1990. 

77:1599-1606, 1991. 

89~1-7, 1995. 

ADHESION AND CYTOKINES IN HEMATOPOIESIS 321 



97. 

98. 

99. 

100. 

101. 

102. 

103. 

104. 

105. 

106. 

107. 

108. 

109. 

110. 

1 1 1 .  

112. 

113. 

Drize N ,  Chertkov J. Zander A. Hematopoietic progenitor 
cells mobilization into the peripheral blood of mice using a 
combination of recombinant stem cell factor (rrSCF) and re- 
combinant human granulocyte colony-stimulating factor (rhG- 
CSF). Exp Hematol 23:1180-1186, 1995. 
Orazi A, Cattoretti G, Schiro R ,  Siena S, Bregni M,  Di Nicola 
M, Gianni AM. Recombinant human interleukin-3 and recom- 
binant human granuloc yte-macrophage colony-stimulating fac- 
tor administered in vivo after high-dose cyclophosphamide 
cancer chemotherapy: Effect on hematopoiesis and microen- 
vironment in human bone marrow. Blood 79:2610-2619. 1992. 
Bussolino F, Ziche M,  Wang J M ,  Alessi D, Morbidelli L, Cre- 
mona 0, Bosia A, Marchisio PC. Mantovani A. In vitro and in 
vivo activation of endothelial cells by colony-stimulating fac- 
tors. J Clin Invest 87:986995. 1991. 
Schweitzer CM, van der Schoot CE, Drager AM, van der Valk 
P, Zevenbergen A,  Hooibrink B, Westra AH, Langenhuijsen 
MMAC. Isolation and culture of human bone marrow endo- 
thelial cells. Exp Hematol 23:4148, 1995. 
Huss R ,  Hoy CA, Deeg HJ. Contact-and growth factor- 
dependent survival in a canine marrow-derived stromal cell 
line. Blood 85:2414-2421. 1995. 
Dedhar S, Gaboury L, Galloway P. Eaves C. Human granulo- 
cyte-macrophage colony-stimulating factor is a growth factor 
active on a variety of cell types of nonhemopoietic origin. Proc 
Natl Acad Sci USA 859253-9257, 1988. 
Simmons PJ, Masinovsky B, Longhenecker BM, Berenson R ,  
Torok-Storb B, Gallatin WM. Vascular cell adhesion mole- 
cule-I expressed by bone marrow stromal cells mediates the 
binding of hematopoietic progenitor cells. Blood 80:388-395, 
1992. 
Juneja HS, Schmalsteig FC, Lee S, Chen J .  Vascular cell ad- 
hesion molecule-I and VLA-4 are obligatory adhesion proteins 
in the heterotypic adherence between human leukemia/ 
lymphoma cells and marrow stromal cells. Exp Hematol 
21:444-450. 1993. 
Thornhill MH, Haskard DO. IL-4 regulates endothelial cell 
activation by IL-I, tumor necrosis factor, or IFN-gamma. J 
Immunol 145865472, 1990. 
Keller U ,  Aman MJ,  Derigs G. Huber C. Peschel C. Human 
interleukin-4 enhances stromal cell-dependent hematopoiesis: 
Costimulation with stem cell factor. Blood 84:2 189-2196. 1994. 
Iademarco MF, Barks JL. Dean DC. Regulation of vascular 
cell adhesion molecule-I expression by IL-4 and TNF-a in 
cultured endothelial cells. J Clin Invest 95264-271. 1995. 
Abboud CN. Human bone marrow microvascular endothelial 
cells: Elusive cells with unique structural and functional prop- 
erties. Exp Hematol 23:l-3, 1995. 
Masek LC, Sweetenham JW. Isolation and culture of endothe- 
lial cells from human bone marrow. Brit J Haematol 88:855- 
865, 1994. 
Sironi M,  Sciacca FL, Matteucci C, Conni M. Vecchi A, Ber- 
nasconi S, Minty A,  Caput D, Ferrara P, Colotta F, Mantovani 
A. Regulation of endothelial and mesothelial cell function by 
interleukin- 13: Selective induction of vascular cell adhesion 
molecule-I and amplification of interleukin-6 production. 

Brizzi MF, Garbarino G, Rossi PR. Pagliardi GL, Arduino C, 
Avanzi GC. Pegoraro L. Interleukin 3 stimulates proliferation 
and triggers endothelial-leukocyte adhesion molecule 1 gene 
activation of human endothelial cells. J Clin Invest 91:2887- 
2892, 1993. 
Meng H. Tonnesen MG, Marchese MJ, Clark RAF, Bahou 
WF, Gruber BL. Mast cells are potent regulators of endothelial 
cell adhesion molecule ICAM- I and VCAM- 1 expression. J 
Cell Physiol 16540-53. 1995. 
Romer LH, Mclean NV,  Yan HC. Daise M. Sun J ,  DeLisser 
Hm. IFN-gamma and TNF-alpha induce redistribution of 
PECAM-I (CD31) on human endothelial cells. J Immunol 
154:65824592, 1995. 

Blood 84:1913-1921, 1994. 

114. Klein CL, Bittinger F, Koehler H. Wagner M. Otto M,  Her- 
manns 1, Kirkpatrick CJ. Comparative studies on vascular en- 
dothelium in vitro. 3. Effects of cytokines on the expression of 
E-selectin, ICAM- 1 and VCAM- I by cultured endothelial cells 
obtained from different passages. Pathobiology 63:83-92, 1995. 

115. Turner RR, Beckstead JH, Warnke RA. Endothelial cell phe- 
notypic diversity. Am J Clin Pathol 87569-573, 1987. 

116. Hansen PB, Knudsen H, Gaarsdal E. Jensen L, Ralfkiaer E, 
Johnsen HE. Short-term in vivo priming of bone marrow hae- 
matopoiesis with rhG-CSF, rhGM-CSF or rhIL-3 before mar- 
row harvest expands myelopoiesis but does not improve en- 
graftment capability. Bone Marrow Transplant 16:373-379, 
1995. 

117. Kimura A,  Katoh 0, Hyodo H. Kuramoto A. Transforming 
growth factor-beta regulates growth as well as collagen and 
fibronectin synthesis of human marrow fibroblasts. Br J Hae- 
matol 72:486-491, 1989. 

118. Sakai T, Ohta M, Furukawa Y,  Saga Y ,  Aizawa S, Kawakatsu 
H, Saito M. Tenascin-C induction by the diffusible factor epi- 
dermal growth factor in stromal-epithelial interactions. J Cell 
Physiol 165: 18-29, 1995. 

119. Ramasamy S. Lipke DW. McClain CJ, Hennig B. Tumor ne- 
crosis factor reduces proteoglycan synthesis in cultured endo- 
thelial cells. J Cell Physiol 162:119-126, 1995. 

120. Bruno E. Luikart SD, Long MW. Hoffman R. Marrow-derived 
hepardn sulfate proteoglycan mediates the adhesion of hema- 
topoietic progenitor cells to cytokines. Exp Hematol 23: 1212- 
1217. 1995. 

121. Colombatti A. Bonaldo P. The super family of proteins with 
von Willebrand Factor type A-like domains: One theme com- 
mon to components of extracellular matrix, hemostasis, cellu- 
lar adhesion, and defense mechanisms. Blood 77:2305-23 15, 
1991. 

122. Siczkowski M. Amos ATS. Gordon MY.  Hyaluronic acid reg- 
ulates the function and distribution of sulfated glycosaminogly- 
cans in bone marrow stromal cultures. Exp Hematol 21:126- 
130. 1993. 

123. Plopper GE, McNamee HP, Dike LE. Bojanowski K. lngber 
DE. Convergence of integrin and growth factor receptor sig- 
naling pathways within the focal adhesion complex. Mol Biol 
Cell 6:1349-1365, 1995. 

124. Yang L. Yang YC. Heparin inhibits the expression of interleu- 
kin- 1 1 and granulocyte-macrophage colony-stimulating factor 
in primate bone marrow stromal fibroblasts through mRNA 
destabilization. Blood 86:25262533, 1995. 

125. Raghow R. The role of extracellular matrix in postinflamma- 
tory wound healing and fibrosis. FASEB J 8:823-831, 1994. 

126. Christiansen I ,  Gidlof C, Wallgren AC, Simonson B, Totter- 
man TH. Serum levels of soluble intercellular adhesion mole- 
cule-I are increased in chronic lymphocytic leukemia and cor- 
relate with clinical stage and prognostic markers. Blood 
84:30 10-30 16. 1984. 

127. Akan H, Sengul S. Beksac M,  Koc H, Ilham 0, Gurman G,  
Ozcan M. Soluble adhesion molecules during progenitor cell 
engraftment. Blood 86:975a, 1995. 

128. Minguell JJ. Is hyaluronic acid the “organizer” of the extra- 
cellular matrix in marrow stroma? Exp Hematol 21:7-8, 1993. 

129. Taniguchi Y ,  Komatsu N.  Moriuchi T. Overexpression of the 
HOX4A (HOXD3) homeobox gene in human erythroleukemia 
HEL cells results in altered adhesive properties. Blood 
8527862794, 1995. 

130. Huang N ,  Kawano MM. Mahmoud MS, Mihara K, Tsujimoto 
T, Niwa 0. Kuramoto A. Expression of CD21 antigen on my- 
eloma cells and its involvement in their adhesion to bone mar- 
row stromal cells. Blood 8537043712, 1995. 

131. Petropavlovskaia MS. Roberts SJ, Elwood PC. TGF-PI and 
retinoic acid induce the adherence of leukemic cells to bone 
marrow stroma. Blood 86:26a, 1995. 

132. Kimura A,  Kawaishi K, Katoh 0, Kuramoto A, Satow Y.  
L-selectin expression on CD34 positive cells is decreased in 
chronic myelocytic leukemia (CML). Blood 86:524a, 1995. 

322 ADHESION AND CYTOKINES IN HEMATOPOIESIS 



133. De Kossodo S, Moore R, Gschmeissner S, East N ,  Upton C, 
Balkwill FR. Changes in endogenous cytokines, adhesion mol- 
ecules and platelets during cytokine-induced tumour necrosis. 
Br J Cancer 72: 1165-1 172, 1995. 

134. Bodine DM, Seidel EN, Zsebo KM, Orlik D. In vivo admin- 
istration of stem cell factor to mice increases the absolute num- 
ber of pluripotent hematopoietic stem cells. Blood 82:445455, 
1993. 

135. Imamura M, Hashino S, Kobayashi H, Kubayashi S, Hirano S, 
Minagawa T, Tanaka J ,  Fuji Y ,  Kobayashi M, Kasai M, 
Sakurada K, Miyazaki T. Serum cytokine levels in bone mar- 
row transplantation: synergistic interaction of interleukin-6, 
interferon-y, and tumor necrosis factor- in graft-versus- 
host disease. Bone Marrow Transplant 13:745-751, 1994. 

136. Antin JH, Ferrara J1. Cytokine dysregulation and acute graft- 
versus-host disease. Blood 80:2964-2968, 1992. 

ADHESION AND CYTOKINES IN HEMATOPOIESIS 323 




