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Activation-Dependent a 5 P l  Integrin-Mediated  Adhesion  to  Fibronectin 
Decreases  Proliferation of Chronic  Myelogenous  Leukemia  Progenitors and 

K562 Cells 
By Beverly I. Lundell, James B. McCarthy, Nicholas L. Kovach, and Catherine M. Verfaillie 

Chronic  myelogenous  leukemia  (CML)  is a  malignant  disease 
of the hematopoietic  stem  cell  characterized  by  abnormal 
circulation  and  proliferation of  malignant  progenitors.  In 
contrast to their  normal  counterparts,  CML  progenitors  ad- 
here  poorly to bone  marrow  stroma or  fibronectin (FN). 
Aside from anchoring  progenitors in the marrow  microenvi- 
ronment, p1  integrin-dependent  adhesion  of  normal  progen- 
itors  is also  associated with inhibition of their  proliferation. 
As the 6 1  integrin expression  on  CML  progenitors is normal, 
we hypothesized that decreased integrin  affinity  may under- 
lie the abnormal  adhesive  and proliferative characteristics 
of  CML  progenitors. We examined the effect of affinity mod- 
ulation by the activating  antibody 8/42 on the adhesion  and 
proliferation of  CML  progenitors  and the CML  cell  line,  K562. 

ORMAL HEMATOPOIESIS occurs in the complex mi- 
croenvironment of the marrow, which consists of he- 

matopoietic cells, stromal cells, and extracellular matrix 
(ECM) components. Hematopoietic progenitor proliferation 
and differentiation are regulated by receptor-mediated sig- 
nals initiated by cytokines or interactions between progeni- 
tors and stromal cells or ECM components.'.' A variety of 
adhesion receptors have been identified on hematopoietic 
progenitors, including the integrins a4p1 and a5p l  .3,4 We 
and others have demonstrated that  40% to 50% of colony- 
forming cells (CFC) present in normal bone marrow adhere 
to  marrow stroma and to the ECM component fibronectin 

Adhesion of CFC to FN involves both the RGD- 
containing, 75-kD cell-binding domain, to  which the a5@l 
integrin binds: and the CS1 site in the carboxy terminal, 
33/66-kD heparin-binding domain, a ligand for the a4p l  
integrin.7 These same receptors are responsible at least in 
part for adhesion of CFC to stroma.* 

More recently, we have demonstrated that integrin-depen- 
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8A2 induced a5gl-dependent adhesion  of  Philadelphia  chro- 
mosome-positive (Ph+) CD34+/HLA-DR+  cells  and  K562 
cells to FN.  Increased  adhesion was 8A2- and  FN  concentra- 
tion-dependent,  time-dependent,  and  energy-dependent. 
Further,  8A2-induced  adhesion to FN  significantly  inhibited 
the proliferation of  malignant  CML  progenitors  as well as 
K562  cells  independent  of  cell  differentiation,  necrosis,  or 
apoptosis.  These  studies  demonstrate that affinity  modula- 
tion of the a5p1 integrin  on CML  progenitors  and  K562  cells 
by 8A2 results  in  increased  adhesion to FN with subsequent 
decreased  proliferation,  suggesting that decreased g1 inte- 
grin  affinity  contributes to the abnormal  circulation  and  pro- 
liferation of  malignant  progenitors in CML. 
0 1996 by The  American  Society of Hematology. 

dent adhesion also affects normal progenitor proliferation."."' 
Proliferation of CFC is significantly inhibited when  normal 
progenitors are cultured in contact with  marrow stroma or 
FN but not the nonspecific adhesive substratum poly-L-ly- 
sine (PL),",'' suggesting that integrin-dependent adhesion 
is responsible for inhibition of progenitor pr~liferation.~~'" 
Studies demonstrating that direct engagement of the a4p1 
integrin through antibody clustering results in decreased pro- 
genitor proliferation further strengthen this n o t i ~ n . ' ~  

Chronic myelogenous leukemia (CML) presents a patho- 
logic state for further investigation of the relationship be- 
tween integrin-mediated adhesion and cell proliferation. 
Clinically, CML is characterized by  an abnormal circulation 
and increased proliferation of malignant  progenitor^.'^ At  the 
cytogenetic level, CML is characterized by the Philadelphia 
chromosome (Ph) and the BCRIABL gene rearrangement, 
resulting in the production of the P210bc"abl tyrosine kinase." 
We and others have previously demonstrated that in contrast 
to normal progenitors, CML progenitors adhere poorly to 
~ t r o m a . ' ~ . ' ~  This may be explained, in part, by the decreased 
adhesion of CML progenitors to FN and its two cell attach- 
ment domains. However, normal suface expression of the 
a 4 p l  and d , B l  integrins is present on CML CD34+ cells. 
Furthermore, in contrast with normal progenitors, CML  pro- 
genitors proliferate continuously even when  in contact with 
bone  marrow (BM) stroma.'* As integrin-dependent adhe- 
sion of normal progenitors to marrow stroma and FN inhibits 
progenitor proliferation, we hypothesized that the decreased 
integrin-mediated adhesion of CML progenitors to stroma 
and FN may  be due to either a functional or structural abnor- 
mality  in the @l integrins and may underlie not  only  the 
abnormal trafficking but also the increased proliferation of 
malignant CML  progenitor^.'^"^ 

In this study, we demonstrate that the @l activating anti- 
body 8A2" increases adhesion of CML progenitors and the 
K562 cell line, obtained from a patient with CML in blast 
crisis," to FN through the a5pl integrin. We demonstrate 
further that adhesion to FN induced by the 8A2 antibody 
significantly decreases the percentage of CML progenitor 
cells in S phase and decreases cell expansion of  K562. These 
studies suggest that the abnormal circulation and prolifera- 
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tion of CML progenitors is, at least in part, the result of 
abnormal a501 integrin function, which not only underlies 
the abnormal adhesive capacity of the integrins but  also 
decreased integrin-dependent regulation of the progenitor 
proliferation. 

MATERIALS AND METHODS 

Bone Marrow Samples 
Heparinized BM samples were obtained by aspiration from the 

posterior iliac crest of CML patients after informed consent was 
obtained using guidelines approved by the Committee on the Use 
of Human Subjects at the University of Minnesota (Minneapolis, 
MN).  All but one of the patients were in the chronic phase of CML. 

CD34+/HLA-DR+ Cell Selection 
BM mononuclear cells were isolated by density gradient centrifu- 

gation, counterflow centrifugation elutriation, sheep erythrocyte ro- 
setting, and immunomagnetic bead depletion as described.” Lin- 
eage-negative cells were incubated with anti-CD34-phycoerythrin 
(PE) and anti-HLA-DR-fluorescein isothiocyanate (FITC; Becton- 
Dickinson CO, Mountain View, CA) for 30 minutes at 4°C and sorted 
on a FACS-Star flow cytometry system (Becton-Dickinson CO) 
equipped with a CONSORT 32 computer. Cells with low vertical 
and low horizontal light scatter properties and expressing CD34 and 
HLA-DR antigens were selected based on isotype control-stained 
cells. We have previously demonstrated that CDW+/HLA-DR+ 
cells selected from marrow of  the majority of patients with CML 
contain only Ph+ and BCRIABL mRNA-positive CFC and long- 
term culture-initiating cells (LTC-IC).~~ 

K562 Cell Line 
The erythroleukemia cell line K562 was obtained from the Ameri- 

can Type Culture Collection (Rockville, MD). Cells were maintained 
at 37°C in a humidified 5% CO2 incubator in Iscove’s modified 
Dulbecco’s medium (IMDM; Gibco Laboratories, Grand Island, NY) 
supplemented with 20% fetal calf serum (FCS; Hyclone Labora- 
tories, Logan, UT) and antibiotics (penicillin 1,OOO U/mL and strep- 
tomycin 100 U/mL; Gibco). 

Adhesive Substrate 
Human plasma fibronectin (pFN) and a 75-kD tryptic fragment 

containing the cell binding RGDS domain were purified as de- 
scribedz3 and were used at concentrations of 50 pg/mL and 60 p@ 
mL, respectively. Cellular fibronectin (cFN, human fibroblast) was 
obtained from Calbiochem (Ldolla, CA) and used at a concentration 
of 50 pg/mL. Collagen type I (Col I; human placenta) and thrombo- 
spondin (TSP; human platelets) were obtained from Gibco and were 
used at concentrations of 40 pg/mL and 50 pg/mL, respectively. 
Laminin (LN; murine Engelbreth-Holm-Swarm [EHS] tumor) was 
the gift of Dr Amy P.N. Skubitz, University of Minnesota, and was 
used at a concentration of 60 pg/mL. PL (Sigma Diagnostics, St 
Louis, MO) was used at a dilution of 1500,  preventing the cellular 
toxicity associated with  use at high concentrations.% Bovine serum 
albumin (BSA; 98%; Sigma) was  used at a concentration of 5%. 

Monoclonal Antibodies 
The production and characterization of the murine anti-human 01 

monoclonal antibody (MoAb) 8A2 has been described.” MoAb 8A2 
was used as a dilution of mouse ascites. The integrin blocking anti- 
bodies P4G9, HW4,  P4C2 (murine anti-human a 4  MoAbs), and 
P1D6 (murine anti-human a5 MoAb) were provided by Dr Elizabeth 
Wayner, Fred Hutchinson Cancer Center, Seattle, WA, and  used as 

dilutions of tissue culture s~pernatant.’~~~ Control mouse IgG (Sigma) 
was diluted in IMDM (Gibco) and  used at a concentration of 20 pg/ 
mL. 

Cell Adhesion Assay 
Substrata were prepared as follows: BSA, pFN, cFN, 75-kD pFN, 

LN, TSP, PL, and Col I were diluted to appropriate concentrations 
in Voller’s carbonate buffer, pH 9.6.’’ Proteins were adsorbed to 
wells of 48- or 96-well plates (Costar, Cambridge, MA) overnight 
in a humidified atmosphere at 37°C. Nonspecific sites were blocked 
the following day with 5% BSA  in phosphate-buffered saline (PBS), 
pH  7.4, for 2 hours. 

K562 cell adhesion assays. K562 cells were labeled with 0.1 
mCi 51-chromate (”Cr; specific activity, 734.5  mCi/mg; NEN, Bos- 
ton, MA) for 1 hour at  37°C in a humidified 5% COz incubator. 
5’Cr-K562 cells were  washed twice and resuspended in IMDM plus 
0.5% BSA. 5’Cr-K562 cells were incubated with different dilutions 
of 8A2, control IgG, or with media alone for 30 minutes at  37°C 
and then plated in substratum-coated wells. In adhesion blocking 
experiments, anti-a4 or a n t i 4  antibody was added to the cell- 
antibody suspension, which  was then incubated for 30 minutes at 
37°C. Pretreated ”Cr-K562 cells (50,000 per well) were plated in 
substrata-coated wells and incubated for 2 hours at 37°C  and 5% 
COz. The nonadherent and loosely attached cells were removed 
after 2 hours by four consecutive washings with  warm  IMDM after 
standardized horizontal shaking of plates (30 seconds, I O 0  excur- 
sions per minute). Adherent cells were lysed with  3% triton-X-100 
(Sigma), the wells were harvested, and ”Cr emission was counted 
using a Gamma 4000 Counting System (Beckman Instruments, Ir- 
vine, CA). Percent adhesion was calculated as (counts per minute 
[cpm] emission in the adherent fraction - cpm background) + (cpm 
emission in the total fraction - cpm background) X 100. 

CML CFC adhesion assays. CD34+/HLA-DR+ cells were in- 
cubated with different dilutions of 8A2, control IgG, or with media 
alone for 30 minutes at 37°C  and  then plated in substratum-coated 
wells. In adhesion blocking experiments, anti-a4 or a n t i 4  antibody 
was added to the cell-antibody suspension, which  was incubated for 
an additional 30 minutes at 37°C. Pretreated CML progenitors 
(8,000/well) were plated in substrata-coated wells and incubated for 
2 hours at 37°C  and 5% COz. The nonadherent and loosely attached 
cells were removed by four to  five consecutive washings with  warm 
IMDM after standardized horizontal shaking of  the plates (30 sec- 
onds, 100 excursions per minute). Tightly adherent cells were  har- 
vested using trypsin + EDTA (Sigma), followed by two additional 
washings with  warm  IMDM. Adherent, nonadherent, and total cell 
fractions were then cultured in methylcellulose, as described below. 
Percent adhesion was calculated as (number of CFC in the adherent 
fraction + number of CFC in  the total fraction) X 100. 

Thymidine Suicide Assay 
CD34+/HLA-DR+ cells were incubated in stroma conditioned 

medium (IMDM containing 12.5% FCS, 12.5% horse serum, and 
hydrocortisone incubated for 2 to 4 days on confluent irradiated 
normal bone marrow stromal  layer^^^^^') for 120 hours at 37°C and 
5% COz. Previous studies from our group have demonstrated that 
this induces 50% of normal or CML CFC to proliferate. Actively 
proliferating cells were then cocultured with substrata for 2 hours. 
After 2 hours, nonadherent and adherent cells were collected, resus- 
pended  in serum-free IMDM (pH 7.4). and divided into two equal 
portions. Fifty percent of progenitors were pulsed with  ’H(CH3)- 
thymidine (5  pCi per tube; specific activity, 6.7 Ci/mmol/L;  NEN), 
or an equivalent concentration of cold thymidine (Sigma) for 20 
minutes at 37°C. Further incorporation of  ‘H-thymidine was 
quenched by the addition of excess cold thymidine (0.5 mg/mL in 

 For personal use only. at kuleuven on October 7, 2010. www.bloodjournal.orgFrom 

http://bloodjournal.hematologylibrary.org
http://bloodjournal.hematologylibrary.org/subscriptions/ToS.dtl


2452 LUNDELL ET AL 

IMDM plus 5% BSA). Cells were washed and plated in methylcellu- 
lose culture for 2 weeks as described below. The percentage of CFC 
in S phase was calculated as ([number of CFC pulsed with cold 
thymidine - the number of CFC pulsed with 3H-thymidine] + the 
number of CFC pulsed with cold thymidine) X 100. 

Short-Term Methylcellulose  Progenitor Culture 
Cells recovered from adhesion assays and thymidine suicide 

assays were plated in methylcellulose (final concentration, 1.12%; 
Fisher Scientific, Fair Lawn, NY) with IMDM supplemented with 
30% FCS, antibiotics (penicillin 1,000 U/mL and streptomycin 100 
U/mL), 5 X molL 2-mercaptoethanol (Sigma), 3 IU recombi- 
nant erythropoietin (Epoetin Alfa; Amgen, Thousand Oaks, CA), 
and 10% conditioned media from the bladder carcinoma cell line 
5637 or granulocyte colony-stimulating factor (G-CSF; 2.5 ng/mL; 
Neupogen, Amgen) plus interleukin (1L)-3 (2.5 ng/mL; a gift from 
D.G. Wong, Genetics Institute, Boston, MA). Cultures were incu- 
bated in a humidified atmosphere at  37°C and 5% COz. At day 
14 to 18 of culture, CFC (colony forming unit [CFUI-Mix, CFU- 
granulocyte/macrophage, and burst-forming unit-erythroid [BFU-E]) 
were enumerated as previously de~cribed.*~.*~ 

K562  Cell Expansion 
K562 cells suspended in IMDM plus 5% FCS were plated in 

BSA-, p m - ,  or PL-coated wells with media alone, 20  pg/mL control 
IgG, or  8A2 at a final dilution of  1:105 and were incubated at  37°C 
and 5% COz. Additional media with the appropriate antibody were 
added at daily intervals throughout the 5-day incubation. Cells were 
harvested at 24-hour intervals. Adherent cells were recovered after 
incubation with trypsin plus EDTA (Sigma) for 5 minutes at  37°C. 
Cells were enumerated on a hemacytometer. Cell counts were cor- 
rected for viability, based on exclusion of trypan blue. 

K562 Cell Differentiation 
K562 cells cultured with or without 8A2 in BSA-, pFN-, or PL- 

coated wells were examined for changes in the expression of differ- 
entiation antigens at 5 days of culture. Nonadherent and adherent 
cells collected during the expansion assay were incubated overnight 
in IMDM plus 20% FCS. Cells were labeled with anti-CD15-FITC, 
anti-CD16-FITC, anti-CD71-FITC, anti-CD14-PE, and anti- 
CD33-PE or isotype-matched control antibodies (Becton Dickinson). 
Cells were analyzed on a FACStar PLUS flow cytometry system 
equipped with a CONSORT 32 computer system. 

Apoptosis 
K562 cells were examined for the presence of apoptotic bodies 

using a direct immunoperoxidase staining method (Apoptag; Oncor, 
Gaithersburg, MD). K562 cells cultured with or without 5% FCS in 
the presence or absence of 8A2 were harvested after 5 days of 
incubation in contact with BSA, pFN, or PL and centrifuged onto 
glass slides (Cytospin 2; Shandon Inc, Pittsburgh, PA). Cells were 
examined after Wright-Giemsa (Sigma) staining for morphologic 
changes suggestive of apoptosis. Cells were then incubated with 
terminal deoxynucleotidyl transferase (TdT) and digoxigenin-deoxy- 
uridine triphosphate (dUTP), allowing extension of the 3’-OH ends 
of nucleosome sized DNA fragments created during apoptosis. Ex- 
tended fragments were identified by an antidigoxigenin antibody 
fragment conjugated to a reporter peroxidase. Visualization occurred 
with the addition of the chromogenic substrate diaminobenzidine. 
Cells were counterstained with methyl green (Sigma). Twenty micro- 
scopic fields were examined on each cell preparation for the presence 
of intranuclear brown granules representing apoptotic bodies visual- 
ized by this methodology. A negative control (sham) was included 

BSA Col I TSP  LN  PL  pFN cFN 75kD FN 

Fig 1. MoAb SA2 increases  adhesion  of K562 cells to FN and its 
75-kD tryptic fragment. Triplicate samples  of 50,000 5’Cr-K562 cells 
were incubated with media, control IgG, or SA2 (1:105) for 30 minutes 
at 37°C and then allowed to adhere to wells coated with BSA (n = 
3). Col I In = 2). LN  In = 2). TSP (n = 2). PL (n = 3), pFN (n = 3). cFN 
(n = 3). or 75-kD pFN (n = 3) for 2 hours. The percent adherent K562 
cells was determined as  described  in Materials and Methods. Results 
are expressed  as mean percentage adhesion ? SEM. Significance 
levels: comparison of K562 cell  adhesion in contact with each  substra- 
tum in the presence or absence  of 8A2; *P 5 .01, **P c .05. 

in each assay, by substituting distilled water for the TdT enzyme in 
the 3‘-OH extension step. 

Statistical  Analysis 
Results of experimental points obtained from multiple experi- 

ments were reported as means +-SEM. Significance levels were de- 
termined by two-sided Student’s t test analysis. 

RESULTS 

SA2 Induces Adhesion of CML Progenitors and K562 
Cells  to Immobilized pFN 

In a first set of experiments, we examined the adhesion of 
K562 cells to several ECM components. K562 cells adhered 
poorly  to pFN, but adhesion increased threefold after incuba- 
tion of K562 cells with the D l  activating MoAb 8A2 (Fig 
1). A similar increase in adhesion was  seen  when 8A2- 
treated K562 cells were cultured on the alternatively spliced 
cFN, which differs structurally from pFN due to the alterna- 
tive exon usage of EIIIA, EIIIB, and V region domains” 
and  may more closely represent FN in the marrow microen- 
vironment. 8A2 also induced adhesion of K562 cells to the 
RGD-containing, 75-kD fragment of pFN, known to interact 
with cells through d p l .  In contrast, 8A2 did  not alter the 
adhesion of K562 cells to BSA-, Col I-, TSP-, or LN-coated 
wells. We also evaluated the effect of 8A2 on the adhesion 
of K562 cells to a nonspecific adhesive substrata, PL.l‘.‘2 
Approximately 50% of K562 cells adhered to PL, and adher- 
ence did not change after treatment with 8A2. Control IgG 
did not affect cell adhesion to any  of the substrata (not 
shown). 

A similar increase in adhesion to pFN  was  seen  when 
primary Ph+ CD34+/HLA-DR+ CML progenitors were 
treated with 8A2 (Fig 2). This was  not a direct effect of 8A2 
on CML progenitor growth, because a similar number of 
colonies was present when progenitors were cultured in sus- 
pension with or without 8A2. As was seen for K562, adhe- 
sion of CML progenitors to  PL was not affected by the 
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-l- 

cells alone cells + IgG cells + 8A2 

Fig 2. MoAb 8A2 treatment of CML progenitors increases adhe- 
sion t o  pFN. CML progenitors  were  incubated  with  media alone, con- 
trol IgG, or 8A2 (1:105) for 30 minutes  at 37°C. Duplicate samples of 
cells were  plated in BSA- (n = 51, PL- In = 4). or pFN-coated (n = 
5)  wells  for 2 hours, and  adherent  and  nonadherent  fractions  were 
replated in methylcellulose  progenitor  culture to  determine  the  per- 
cent adherent CFC. Results are expressed as mean percentage adhe- 
sion ?SEM. Significance levels: comparison  of adhesion of  progeni- 
tors t o  pFN with and  without 8A2; * P  c .001. 

presence of 8A2. 8AZinduced adhesion of CML  CFC to 
pFN was 8A2 concentration-dependent (Fig 3), with  maxi- 
mal adhesion seen at an 8A2 concentration of approximately 
5 pg/mL.Zy The 8A2-induced adhesion of CML  CFC was 
maximal after 1 hour, remaining stable over the next 4 hours 
studied (not shown), and was pFN concentration-dependent, 
maximal at a pFN coating concentration of 20 pg/mL (Fig 
4). 

8A2-Induced Adhesion of CML Progenitors and K562 
Cells to Immobilized pFN Is a501 Integrin-Dependent 

We then determined which 01 integrin(s) was responsible 
for the 8AZinduced adhesion. In blocking experiments, anti- 
bodies against the a 4  (P4G9, P4C2, HP2/4) or the a5 (P1 D6) 

T 

0.0 1:lO 7 1:lO 6 1:lO 5 1:lO 4 

Dilution of mAb SA2 murine  ascltes 

Fig 3. Adhesion  of CML progenitors t o  pFN is 8A2 concentration- 
dependent. CML progenitors (n = 4) were  incubated with increasing 
dilutions  of 8A2 for 30 minutes  at 37°C. Triplicate samples of cells 
were  plated  on  pFNsoated  wells  for 2 hours. Percent adherent CFC 
was  determined by  replating  the  adherent  and  nonadherent  fractions 
in methylcellulose culture. Results are expressed as mean  percent 
adhesion +SEM. Significance levels: comparison  of CML CFC adhe- 
sion in contact with pFN in the absence or presence of 8A2 at decreas- 
ing  dilutions; * P  c .01, **P c .05. 

z 
0 I 

0 2 4 6 8 10  1 2  

pFN coatlng  concentration x I O  (uglml) 

Fig 4. Adhesion of CML progenitors  is pFN coating  concentration- 
dependent. CML progenitors (n = 24) were  incubated with 8A2 (1:105) 
for 30 minutes  at 37°C. Duplicate samples of cells were  plated  on 
wells  coated with 10, 20, 50, or 100 pg lmL of FN for 2 hours, and 
percent adherent CFC was  determined by  replating adherent and 
nonadherent  fractions in methylcellulose  culture. Results are ex- 
pressed as mean percent adhesion +SEM. Significance levels: com- 
parison  of CML CFC adhesion in the presence of 8A2 in contact with 
increasing concentrations  of pFN or BSA; ' P  c .01. 

integrin were added to the CML cell-8A2 suspensions. The 
presence of a n t i d  antibody completely blocked the 8A2- 
induced adhesion of  both CML CFC and K562 cells to pFN 
(Fig 5A and  B). However, 8AZinduced adhesion was not 
blocked by either of the three blocking anti-a4 antibodies. 

8A2-Induced Adhesion of CML Progenitors  to pFN 
Inhibits Proliferation 

We have previously demonstrated that integrin-dependent 
adhesion of  normal progenitors decreases CFC prolifera- 
tion?" measured as  a decreased incorporation of 'H-thymi- 
dine during the S phase of the cell cycle. Therefore, we 
examined if 8AZinduced adhesion to pFN  through a501 
would also affect CML progenitor proliferation. We demon- 
strate that significantly fewer CML CFC adherent to pFN 
after 8A2 treatment were in S phase when compared with 
nonadherent CML  CFC treated with either 8A2 or control 
IgG. Nonspecific adhesion of CML progenitors to PL in the 
presence or absence of 8A2 had no effect on the number of 
CML CFC in S phase (Fig 6). Since the fraction of CFC in 
the 8A2-treated, FN-nonadherent population that was in S 
phase was similar to that seen in the control wells (BSA, 
PL), the decreased kill of 8AZtreated, FN-adherent CML 
CFC by "-thymidine cannot be attributed to selective adhe- 
sion of nonproliferating progenitors. 

We also examined the effect of adhesion of K562 cells to 
pFN on their expansion. As shown in  Fig 7, K562 cells 
cultured in contact with  pFN in the presence of 8A2  ex- 
panded significantly less than K562 cells cultured in contact 
with  pFN  in the absence of 8A2 or K562 cells cultured in 
contact with  BSA in the presence or absence of 8A2. Again, 
cell adhesion, per se, did  not alter cell expansion, because 
the number of K562 cells cultured for 5 days in contact with 
PL in the presence or absence of 8A2 was not significantly 
different than that of K562 cells cultured in contact with 
BSA in the presence or absence of 8A2 or in contact with 
pFN in the absence of 8A2. 
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Fig 6. MoAb  8N-induced adhesion of  CML  progenitors t o  pFN 
decreases the  fraction  of CML in S phase. CML progenitors  were 
incubated with media alone (n = 4; data not shown), control IgG (n 
= 4). or 8A2 (l:105; n = 4) for 30 minutes  at 37°C. and  duplicate 
samples of cells were  plated  on  substrata-coated wells. After 2 hours, 
adherent and  nonadherent  fractions  were  pulsed with 3H-thymidine 
(5 p C i  per  well)  or  cold  thymidine  for 20 minutes. Cells were  replated 
in methylcellulose  progenitor  culture t o  determine  the  percent CFC 
in S phase. Results are expressed as the  mean percent of CFC in S 
phase S E M .  Significance levels: comparison  of CFC on FN with and 
without 8A2; *P c .05. 

Fig 5. Increased adhesion of 8A2-treated CML 
progenitors  and K562 cells t o  pFN involves  a501  but 
not  a4pl  integrins.  (A) CML progenitors  were  incu- 
bated  with  media  alone  (n = 61, control lgG In = 6). 
8A2 (l:105; n = 6). P1D6 (anti-a5  blocking antibody; 
n = 31, or  one of three  antLa4  blocking  antibodies 
[P4G9 (n = 6). P4C2 (n = 3). and HP2/4 (n = 3)1 for 
30 minutes  at 37°C. Duplicate samples of cells were 
plated  on BSA- or pFN-coated wells  for 2 hours. Per- 
cent CFC adhesion was  determined by  replating ad- 
herent  and  nonadherent  fractions in methylcellulose 
culture. (B) Triplicate samples of 50,000  5'Cr-K562 
cells were  incubated with media, control lgG, or 8A2 
with or  without  blocking  antibodies specific for  the 
a4  integrin  subunit (P4G9) or  the  a5  integrin  subunit 
(PlD6)  for 30 minutes  at 37°C and  were  then  allowed 
t o  adhere t o  pFN- (n = 2) or BSA-coated (n = 2) 
wells  for 2 hours. Adherent cells were harvested, and 
percent adhesion was calculated. Results are ex- 
pressed as mean percent adhesion +SEM. Signifi- 
cance levels: comparison  of CML CFC or K562 cell 
adhesion in contact with pFN in  the presence or ab- 
sence of  blocking antibodies; *P S .05. 

8A2 Does Not  Induce Differentiation, Necrosis, or 
Apoptosis in K562 Cells 

As terminal differentiation of hematopoietic cells is usu- 
ally accompanied by abrogation of proliferation, we exam- 
ined  if the decrease in expansion of 8A2-treated K562 cells 
cultured in contact with  pFN was accompanied by cell differ- 
entiation. The effect of 8A2-induced adhesion of K562 cells 
to FN on the expression of a number of differentiation anti- 
gens was determined by fluorescence-activated cell sorter 
(FACS) analysis for the expression of CD14, CD15, CD16, 
CD33, and CD71. Expression of any  of these antigens on 
adherent and nonadherent K562 cells cultured for 5  days on 
BSA, PL, or pFN in the presence or absence of 8A2 or 
control IgG  did  not differ significantly from that  of baseline 
K562 cells at day 0 (Table l ) .  

An alternative explanation for the decreased expansion of 
K562 cells cultured with 8A2 on FN could be increased cell 
death due to necrosis after adhesion. However, daily trypan 
blue staining of K562 cells plated on BSA, pFN, or PL  did 
not reveal significant differences over the 5 days examined, 
suggesting that cell death due to necrosis was not responsible 
for the decreased K562 expansion seen in pFN-coated wells 
in the presence of 8A2. 

Finally, we examined the possibility that apoptosis was 
responsible for the decreased K562 cell expansion. Adherent 
and nonadherent K562 cells recovered from control IgG- or 
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Fig  7.  Culture of 8A2-treatad K562 cells in contact with pFN  results 
in decreased cell  expansion. K562 cells  suspended in IMDM plus 5% 
FCS ware  incubated at 37°C with media,  control lgG (data  not 
shown), or 8A2 for 30 minutes  and  then  cultured  in  contact with 
EA-,  PM-, or PL-coated wells for 5 days  in  duplicate.  Additional 
media with the appropriate antibody was  added  daily. K562 cells 
were  harvested  daily  after  trypsinization  and  enumerated  using a 
hemacytometer.  All  cell  counts  were  corrected for cell  viability,  based 
on the exdusion of trypan  blue.  Representative  results  from  one 
experiment are shown. A similar  diHerence in cell expansion  was 
seen in three separate experiments.  Significance levels: comparison 
of axpansion of K562 cells in the presence  or  absence of 8A2; * P  c 
.001. 

8AZtreated cultures were incubated with TdT and digoxi- 
genin-dUTP followed by an anti-digoxigenin-peroxidase an- 
tibody to detect DNA fragments characteristic of apopto~is.'~ 
No apoptotic cells were seen  in either the adherent or nonad- 
herent fractions of K562 cells cultured with  5%  FCS  in 
contact with  pFN, BSA, or PL in the presence or absence 
of 8A2 over a  5-day  period (Fig 8). However,  K562 cells 
cultured in the absence of FCS  had  numerous apoptotic bod- 
ies independent of substrata or the presence of 8A2. No 
apoptotic bodies were present in the serum-starved negative 
control (sham). 

DISCUSSION 

As an important ECM glycoprotein, FN affects not  only 
cell adhesion, but also growth and differentiation of cells in 
a variety of Previous studies from our group and 
others suggest that interaction with FN may  not  only be 
important to anchor normal hematopoietic progenitors in the 
marrow microen~ironment,5.~*~~ but  may also be responsible 
for transmitting signals that alter their  proliferation." CML 
is characterized by abnormal circulation and proliferation of 
malignant hematopoietic progenitors. As these progenitors 
do not adhere to F N I 7  even though normal levels of a4pl 
and aSpI integrins are expressed on CML CD34+/HLA- 
DR+ we postulated that integrins on CML progeni- 
tors may be functionally abnormal, resulting in aberrant 
transfer of  normal adhesive and  growth  regulatory signals 
and  thereby contributing to the  abnormal circulation and 
proliferation characteristic of  CML. 

Using BCRIABL mRNA-positive CML marrow progeni- 
tors, we demonstrate that adhesion to FN through a 5 p l  can 
be induced by the p1 activating antibody, 8A2. Of note, 
8A2-induced adhesion of CML CFC to intact pFN  was not 
inhibited by anti-a4 integrin antibodies, even  though  CML 

CD34+/HLA-DR+ cells express normal  numbers  of  the a4 
integri11.4.'~ Preliminary studies using the COOH  terminal 
heparin-binding fragment of FN containing the CS I binding 
site or the CS I peptide alone suggest that 8A2 pretreatment 
of CML progenitors can induce progenitor adhesion through 
a4pl integrins. It is, therefore, possible that failure to detect 
a4pl-mediated adhesion to intact FN is due to the higher 
affinity of the a 5 p l  integrin compared with a4pl .  Alterna- 
tively, lack of adhesion of CML CFC treated  with 8A2 to 
FN through a 4 p l  may  be the result of inaccessibility of the 
CS1 binding site in  immobilized F N . 3 4  

8AZinduced a5pl-dependent adhesion also resulted in  a 
change in proliferation of freshly obtained CML  clonogenic 
progenitors; specifically,  a decrease in  the percentage of cells 
in S phase as measured  in thymidine suicide assays.35336 Sev- 
eral methods exist to examine cell proliferation. Cell cycle 
status can be examined by  FACS  using  propidium iodide, 
Hoechst 33342, or bromodeoxyuridine (BrdU) labeling.37 
However,  CFC represent only 5% to 10%  of freshly  sorted 
CD34+/HLA-DR+ cells. Cell cycle status can also be deter- 
mined  through  3H-thymidine incorporation assays alone or 
in combination with  autoradiography of cytospin prepara- 
tions that  allow  in  situ  visualization of 'H-thymidine incorpo- 
rated  in the DNA of proliferating ~ e l l s . ~ ~ ~ ~ ~  However, due to 
the relative low frequency of CFC in CD34+/HLA-DR+ 
cells, such assays cannot accurately assess the proliferative 
status of CFC. Therefore, thymidine suicide assays,  which 
determine the fraction of committed clonogenic cells that 
are in S-phase, are commonly  used as a  measure for CFC 

We demonstrate here that, as for freshly 
sorted, untreated CFC from normal bone  marrow," CML 
CFC pretreated with 8A2 before coculture with pFN prolifer- 
ate significantly less than  untreated CML CFC  cultured  on 
pFN  but not treated  with 8A2 or 8A2-treated CML CFC 
cultured on PL, to which  they adhere through p1 integrin- 
independent mechanisms.  That  integrin-dependent adhesion 
after 8A2 treatment results  in inhibition of  CML cell prolifer- 
ation  was demonstrated further in experiments using  the 
K562 cell line. Expansion of K562 cells treated  with 8A2 
and cocultured with  pFN  was decreased. These studies dem- 
onstrate that 8A2 not only  restores integrin-mediated adhe- 

Table l. Decreased K562 Cell Expansion Is Not Accompanied  by 
Terminal  Differentiation 

% Cells Positive 
~ 

K562 Cell Fraction CD14 CD15 CD16 CD33 CD71 

Day 0 0 96 96 0 97 
Day 5 FN nonadherent 0.2  98 92 0 99 
Day 5 FN nonadherent + 8A2 0.2  99 96 2 99 
Day 5 FN adherent + BA2 1 99 96 0.3 98 

Adherent and nonadherent K562 cells cultured on  pFN  for 5 days 
in  the presence or absence of 8A2  were harvested and incubated 
overnight in IMDM plus 20%  FCS. Cells were labeled with anti-CD14, 
anti-CD15, anti-CD16, anti-CD33, anti-CD71, or isotype-matched con- 
trol antibodies. The expression of differentiation antigens on K562 
cells was measured by FACS. Representative results from  one experi- 
ment  are shown. Similar results were obtained from three indepen- 
dent experiments. 
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Fig 8. Decreased  cell  expansion  of K562 cells cultured in contact 
with  pFN  in  the presence  of 8A2 is not accompanied by apoptosis. 
Nonadherent and adherent fractions of control IgG- or 8AZ-treated 
K562 cells cultured on pFN were examined for  evidence of apoptosis 
as  described in Materials and Methods. (A) Numerous apoptotic bod- 
ies were visible  in the nuclei of serum-starved K562 cells. (B) No 
apoptotic bodies were visible in nonadherent K562 cells  cultured in 
contact with FN in the presence of IgG or 8A2 (not shown). (C) No 
apoptotic bodies were visible in adherent K562 cells cultured in con- 
tact with  FN in the presence of 8A2. 

sion  but also restores adhesion-mediated inhibition of pro- 
genitor proliferation. 

Our studies suggest that modulating 01 integrins on CML 
progenitors may correct or bypass a faulty mechanism con- 

tributing to the abnormal adhesion and proliferation charac- 
teristics observed in CML. Previous studies have demon- 
strated that the a501 integrin is present in a low  affinity 
state on K562 Although similar studies have  not  been 
performed on  primary CML progenitors, the observation that 
the activating antibody 8A2, known to increase integrin af- 
finity," induces their adhesion to pFN suggests that  the 
mechanism(s) responsible for affinity modulation of 01 inte- 
grins in normal progenitors is defective in CML CFC. De- 
creased 01 integrin affinity in CML may  be explained, in 
part, by the presence of P210kr-ah'?3 Tyrosine phosphoryla- 
tion of 01 integrins in fibroblasts transformed with  Rous 
sarcoma virus has  been associated with decreased adhesion 
to FN."." As has been  seen for pp60"", it is possible that 
P210kr-"h' phosphorylates the cytoplasmic domain of the 01 
integrin subunit in CML progenitors and disrupts the interac- 
tion(s) between the integrin receptor and cytoskeletal pro- 
teins responsible for affinity  modulation."" Such chronic 
phosphorylation of the 01 integrin subunit may  then  prevent 
the conversion or maintenance of the a501 integrin in a 
high  affinity state, resulting in  reduced  adhesion  of CML 
progenitors to FN. Alternatively, P210k"'"'  may abnormally 
phosphorylate cytoskeletal components that associate with 
integrins after ligand binding and are required for the forma- 
tion of a stable adhesion complex and subsequent signal 
transd~ction.~'.~~ Furthermore, constitutive activation of the 
RAS  pathway  and direct binding of the P210kr-"h' tyrosine 
kinase to the adaptor protein GRB2 have been documented 
in CML.49 The role of integrins in RAS  pathway activation 
and the effect of RAS activation on integrin affinity modula- 
tion  in  normal hematopoietic cells have not  yet  been evalu- 
ated formally. However, studies in fibroblasts indicate that 
ligation of Dl integrins can stimulate the formation of a 
complex between the focal adhesion kinase (FAK) and the 
adaptor protein GRB2." Such a complex may contribute to 
integrin-mediated growth-promoting andor growth-inhibi- 
tory signals that are transmitted via the RAS pathway. 

The mechanisms underlying affinity modulation by the 
activating anti-P1 antibody 8A2 are also not known. Previ- 
ous studies suggest that 8A2 may act by stabilizing the a501 
integrin in a high  affinity or ligand occupied state.29 The 
conformational change of a501 integrin from a low  affinity 
to a high  affinity state may  then  unmask the integrin cyto- 
plasmic domain(s) that interacts with  specific cytoskeletal 
proteins involved in cell adhesion andor signal transduction. 
As abnormalities in a variety of cytoplasmic proteins com- 
plexing with the @ l  integrin intracellular domain may be 
responsible not only for the decreased affinity of the  Dl 
integrin but also for abnormal signaling after integrin en- 
gagement, our studies suggest that the activating anti-01 
antibody is able to bypass these abnormalities. However, it 
remains to be determined if integrin-affinity modulation 
alone is sufficient for the effects observed here. Recent stud- 
ies have indicated that distinct integrin functions can  be 
attributed to  the single and combined effects of ligand occu- 
pancy  and receptor clustering."  For instance, stimulation 
with  phorbol myristate acetate (PMA) increased adhesion of 
K562 cells to FN  through 01 integrins without affecting 01 
integrin receptor affinity.'* Likewise, receptor clustering 
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with blocking anti-p1 antibodies results in the assembly of 
an intracellular signaling complex that differs significantly 
from that assembled after ligation of receptors with  non- 
blocking antibodies unless the ligand is present." Thus, al- 
though increased a5Dl affinity induced by 8A2 in CML 
progenitors and K562 cells cultured on FN alone may  not 
result in growth inhibition, the increased affinity  may allow 
subsequent focal contact formation that induces downstream 
signaling events which override the deregulated proliferation 
pathway present in CML progenitors. 

We cannot, however, exclude the possibility that addi- 
tional mechanisms aside from direct signal transduction 
through pl-integrins may  play a role in restored regulation 
of CML progenitor proliferation after incubation with 8A2. 
Downregulation of proliferation could also involve the re- 
lease of cytokines by more mature progeny present in the 
cultured DR+ population as a result of incubation with 8A2. 
Previous studies from our group have demonstrated that ad- 
hesion-mediated proliferation inhibition of normal progeni- 
tors is not the result of transforming growth factor-p present 
in the assay system.'" Studies in which growth inhibitory 
cytokines such as tumor necrosis factor-a, interferon-y, or 
macrophage inflammatory protein- 1 a are neutralized by 
monoclonal antibodies will be needed to demonstrate if these 
cytokines may be involved in  the observed growth inhibition. 
In addition, in vivo, the abnormal adhesion of CML progeni- 
tor cells may be compounded further by the presence of  
an abnormal BM microen~ironment.~~ Studies are currently 
underway to further examine the effects of 8A2 on the adhe- 
sion and adhesion-mediated growth regulation of CML pro- 
genitors in a more complex stromal microenvironment, ob- 
tained from both normal individuals and from patients with 
CML to address these possibilities. 

In conclusion, the present study demonstrates that the 81 
integrin-activating antibody 8A2 induces adhesion of CML 
CFC and K562 cells to the ECM component FN through 
a501 integrins and subsequently leads to a reduced prolifera- 
tion of CML progenitors and decreased K562 cell expansion 
independent of cell differentiation or cell death. These stud- 
ies suggest that abnormal a 5 p l  affinity modulation may 
contribute to the abnormal circulation and proliferation of 
CML progenitors. 
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