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B C RIA B L -N ega t ive Primitive Progenitors Suit able for Trans plant at ion Can 
Be Selected From the Marrow of Most Early-Chronic Phase But Not 

Accelerated-Phase Chronic Myelogenous Leukemia Patients 
By Catherine M. Verfaillie, Ravi Bhatia, Wesley Miller, Frank Mortari, Vivek Roy, Scott Burger, Jeff McCullough, 

Kevin Stieglbauer, Gordon Dewald, Shelly Heimfeld, Jeffrey S. Miller, and Philip B. McGlave 

We have previously reported that selection of marrow cells 
on the basis of the CD34+HLA-DR- phenotype (34’DR-) may 
result in the recovery of Philadelphia chromosome (Ph)- and 
BCRIABL-negative long-term culture-initiating cells (LTC- 
IC) in selected patients with chronic myelogenous leukemia 
(CML). We now present data on 27 early chronic-phase 
([ECPI studied within 1 year after diagnosis) and 23 ad- 
vanced-phase UAPI late chronic phase, ie, studied >I  year 
from diagnosis. or accelerated phase) CML patients. Fluores- 
cence-activated cell-sorting (FACS)-selected 34+DR- and 
34+DR+ cells were subjected t o  reverse transcriptase-poly- 
merase chain reaction and fluorescence in situ hybridization. 
These cells were also cultured in long-term bone marrow 
culture for 1 to  5 weeks to  examine the number of LTC-IC 
and the presence or absence of the BCR/ABL gene rearrange- 
ment in progeny of primitive LTC-IC. The number of 34+DR- 
cells and LTC-IC present in ECP CML marrow was similar to  
that in normal (NL) marrow, whereas the numbers were 
reduced in AP CML. Furthermore, 34+DR- cells from more 
than 80% of ECP CML patients were BCR/ABL mRNA- and 
Ph-negative and contained only BCR/ABL mRNA- and Ph- 
negative LTC-IC, whereas 34+DR- cells and LTC-IC from less 

HRONIC MYELOGENOUS leukemia (CML) is the re- C sult of monoclonal expansion of a transformed, pluripo- 
tent stem cell. Myeloid, erythroid, and megakaryocytic cells,’ 
and less frequently, lymphoid cells,” arise from the leukemic 
clone. CML is characterized in over 90% of patients by a 
reciprocal translocation between chromosome 9 and 22, termed 
the Philadelphia chromosome (Ph).5 At the molecular level, 
the Ph is the result of a rearrangement between the BCR gene 
(breakpoint cluster region) located on chromosome 22 and the 
ABL gene located on chromosome 9.6 

Although CML may have a prolonged course, the disease 
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than 40% of AP CML patients were BCR/ABL mRNA- and 
Ph-negative. In contrast t o  NL marrow, 34+DR+ cells from 
CML marrow, irrespective of clinical stage, contained large 
numbers of LTC-IC. CML 34+DR+ cells and LTC-IC were BCR/ 
ABL mRNA- and Ph-positive. Since these studies suggested 
that a population of primitive progenitors that are Ph-nega- 
tive can be selected from steady-state marrow in some ECP 
CML patients, we determined if similar results could be ob- 
tained when large quantities of marrow sufficient for trans- 
plantation are processed. We demonstrate that 1 to  3 x IO5 
BCR/ABL mRNA-negative 34+DR- cells/kg recipient body 
weight, containing only BCR/ABL mRNA-negative LTC-IC, 
can be obtained from a 2- to  2.5-L marrow collection by 
sequential COBE Spectra apheresis KOBE BCT, Lakewood, 
CO), CD34+ enrichment using the CEPRATE SC Cell-Concen- 
trator (CellPro, Bothell, WA), and high-speed FACS. Thus, 
large-scale selection of a BCR/ABL mRNA- and Ph-negative 
34+DR- cell population is possible in a fraction of chronic- 
phase CML patients, in whom these cells could be used to  
reconstitute the hematopoietic compartment following au- 
tologous transplantation. 
0 1996 by The American Society of Hematology. 

is invariably lethal.‘ Recent studies suggest that treatment 
with interferon alfa can induce a major cytogenetic response 
in up to 15% of patients treated at diagnosis, and may im- 
prove survival in this cohort of patients.8 However, alloge- 
neic transplantation using related or unrelated HLA-matched 
or closely matched cells is the only curative treatment modal- 
ity for the vast majority of patients with CML.9.’o Due to 
immunologic disparity, this procedure results in significant 
mortality and morbidity caused by graft-versus-host disease 
and graft failure.” Furthermore, up to 60% of CML patients 
will not be eligible for either HLA-matched sibling or unre- 
lated donor transplants either because a suitable donor cannot 
be located or because of recipient age. 

Autologous transplantation eliminates the problems of 
identifying a donor and the risk of graft-versus-host disease, 
but a major remaining problem is the massive contamination 
of blood and marrow with malignant cells in CML.”.” Since 
transfusion of malignant cells present in the autograft is at 
least in part responsible for recurrence of CML after auto- 

methods to remove leukemic stem ceIls from 
the inoculum without depleting or damaging the coexisting 
benign stem cell population are required. Ex vivo treatment 
of CML marrow with cyclophosphamide derivatives”~’* or 
interferon gammaI4 or by long-term culture”.“ are tech- 
niques currently used to remove the malignant clone from 
the marrow. However, these approaches do not result in 
elimination of the malignant clone in most patients with 
~ ~ ~ . I 2 , 1 3 . l 9 , 2 0  Furthermore, they may have adverse effects 
on the coexisting benign stem cell population, leading to a 
relatively high incidence of graft failure following infusion 
of the purged marrow  sample.'*^'' This indicates the need 
for alternative methods to select the benign stem cell popula- 
tion from CML marrow. 
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BCWABL-NEGATIVE PRIMITIVE PROGENITORS 

Table 1. Patient Charncteristics 

ECP Late CP AP 
Previous Treatment (no.) (n = 27) (n = 23)’ (n = 6) 

None 4 0 0 
Hydroxyurea only 17 13 4 
1FN-a 3 4 0 
BU 0 0 1 
Hydroxyurea + IFN-a 3 4 1 
Hydroxyurea + Bu 0 1 0 
Hydroxyurea, IFN-a, ARA-C 0 1 0 

Abbreviations: Bu, busulfan; ARA-C, cytosine arabinoside. 
Ten patients were studied between 1 and 2.5 years after diagnosis. 

Positive selection of a population highly enriched for be- 
nign progenitors rather than depletion of the massive number 
of malignant progenitors and stem cells may yield a more 
suitable population of stem cells for autologous transplant.” 
In normal (NL) marrow or peripheral blood, primitive human 
hematopoietic progenitors capable of initiating and sus- 
taining long-term culture (LTC) for at least 12 weeks or 
capable of reconstituting human hematopoiesis in a xeno- 
geneic or autologous transplant model are lineage-nega- 

HLA-DR2z*N*26 but not CD38 antigens.” These cell popula- 
tions contain cells that can differentiate in myel~id:~-~’ B- 
lymph~id?~ natural killer cell:’ and T-cell lineagesz8 when 
assayed in vitro or in xenogeneic recipients. Several studies 
have suggested that differences in the expression of HLA- 
DR  antigen^^'"^ and T h ~ - l ~ ~  antigens, but not CD38 anti- 
g e n ~ , ~ ~  between BCWABL-negative and -positive primitive 
hematopoietic progenitors in CML may allow for the posi- 
tive selection of benign progenitors from the marrow of some 
patients with CML. 

In the current study, we extend results published pre- 
viously by our group on six early chronic-phase (ECP) CML 
patients3’ demonstrating that selection of 34+DR- cells may 
result in a population highly enriched in primitive progeni- 
tors that do not contain the Ph or BCWABL “A. We 
demonstrate that selection of 34’DR- cells highly enriched 
in BCWABL “A, Ph-negative cells, and primitive LTC- 
initiating cells (LTC-IC) is possible only when the selection 
is made in the early stages of the disease. Fewer 34+DR- 
cells, which are frequently contaminated with BCWABL 
“A, and Ph-positive LTC-IC are present following either 
prolonged duration of the chronic phase or clinical evidence 
of accelerated phase (AP). Finally, we demonstrate that it 
is feasible to perform large-scale selections of BCWABL 
“A-negative 34+DR- cells suitable for autologous 
transplantation. These observations bear on both the feasibil- 
ity and timing of benign progenitor selection and autotrms- 
plantation. 

tive,21-m CD34’ , 21-30 and express low levels of ~ h y - l ~ ’ * ~ ~  and 

SUBJECTS AND METHODS 

Marrow Samples 
Marrow was obtained, after provision of informed consent ac- 

cording to guidelines of the Human Subjects Committee at the Uni- 
versity of Minnesota, by aspiration in heparin from the posterior 
iliac crest. Patient characteristics are outlined in Table 1. All CML 

patients studied were Ph- and/or BCWABL-positive. Patients with 
ECP disease had CML diagnosed less than 1 year before entry into 
the study and had no signs of AP disease. AP disease was diagnosed 
when two or more of the following characteristics were present: 
reappearance of leukocytosis, splenomegaly, and systemic symptoms 
previously well controlled with single-agent chemotherapy; in- 
creased numbers (> 10%) of basophils in the peripheral blood; devel- 
opment of thrombocytopenia and/or anemia; or cytogenetic evolution 
and/or severe reticulin fibrosis of the marr0w.3~ Hydroxyurea treat- 
ment was withheld 3 to 7 days before marrow was obtained. Cytosine 
arabinoside (ARA-C), interferon-cr (IFN-a), and busulfan treatment 
was withheld 5 days to 2 months before marrow samples were 
obtained. For the 6 large-scale selection experiments, the last 200 
to 600 mL marrow from a back-up marrow harvest before autologous 
or allogeneic unrelated donor transplant was obtained after provision 
of informed consent based on guidelines of the Human Subjects 
Committee at the University of Minnesota. 

Small-Scale Selection of 34+DR- and 34+DR+ Cell 
Popuiations 

Bone marrow was subjected to Ficoll-Hypaque separation to ob- 
tain a mononuclear cell population ([BMMNC] sg, 1,077; Sigma 
Diagnostics, St Louis, MO). 

CD34’ cell enrichment. Three methods were used to pre-enrich 
the 34+ cell population. In some patients, BMMNC were separated 
further by a two-step immunomagnetic bead depletion step using 
anti-CD15 and anti-CDI6 IgM antibodies (Becton Dickinson, Moun- 
tain View, CA) and goat anti-mouse IgM-coated immunomagnetic 
beads (Advanced Magnetics Inc, Cambridge, MA) and anti-CD2, 
anti-CDI lb, anti-CD19, anti-CD56, antLCD71 (Becton Dickinson), 
MY8 (Coulter, Hialeah, FL), and anti-glycophorin-A antibodies 
( M A C  Inc, Westbrook, MA) and goat anti-mouse IgG immuno- 
magnetic beads (Advanced Magnetics Inc).22 In some patients, lin- 
eage-negative cells were obtained by sequential countertlow centrif- 
ugation elutriation (Beckman Instruments Inc, Palo Alto, CA) and 
sheep erythrocyte-rosetting to deplete T and natural killer cells, and 
were depleted further of CDllb‘, CD19+, MY8+, and glycophorin- 
A-positive cells using an immunoanomagnetic bead depletion step 
as previously described?’ Lineage-negative cells were usually 40% 
to 50% CD34+. Altematively, CD34’ cells were enriched using 
CEPRATE columns (CellPro Inc, Bothell, WA) according to the 
manufacturer’s recommendations. In short, BMMNC were incubated 
with a biotinylated anti-CD34 antibody (mouse IgM anti-human 
CD34 antibody, clone 12.8) for 30 minutes at room temperature, 
and the cells were washed and loaded onto columns containing 
avidin-coupled beads. CD34- cells were removed, and after mechan- 
ical disturbance, CD34’ cells were recovered. The CD34’ popula- 
tions contained 65% to 90% CD34+ cells. 

Fluorescence-activated cell sorting (FACS). Lineage-negative 
cells were incubated with mouse IgG (2 mg/ml; Sigma) to prevent 
nonspecific binding of the anti-CDW and anti-HLA-DR antibodies 
to immunomagnetic beads still present in the mixtures. Mouse IgG- 
treated lineage-negative cells were labeled with anti-CD34 antibod- 
ies (Becton Dickinson), fiuorescein isothiocyanate (FITCf-conju- 
gated goat F(ab)’2 anti-mouse IgG (250 ng/106 cells; Tag0 Inc. 
Burlingame, CA), mouse IgG, and anti-HLA-DR-N-phycoerythrin 
(PE) antibodies (Becton Dickinson). Alternatively, mouse IgG- 
treated lineage-negative cells or 34+ cells were labeled directly with 
anti-CD34-PE and anti-DR-FITC (both from Becton Dickinson). 
Cells were then subjected to four-parameter FACS on a FACStar- 
Plus cytometry system (Becton Dickinson) equipped with either a 
Consort 20 (Becton Dickinson) or 32 computer. Cells were selected 
for low vertical and low horizontal light-scatter properties, presence 
of the CD34 antigen, and either presence or absence of HLA-DR 

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

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


4772 VERFAlLLlE ET AL 

 antigen^?^"' Reanalysis of 34'DR' and 34'DR- populations dem- 
onstrated that these populations were 97% to 99% pure. 

Large-Scale Selection of 34+DR- and 34'DR' Cell 
Populations 

Two hundred to 600 mL marrow was transferred into a Bone 
Marrow Processing Set (COBE BCT Inc, Lakewood, CO). ACD-A 
(Anticoagulant Citrate Dextrose Solution formula A; Squibb Diag- 
nostics, New Brunswick, NJ) was added to the bone marrow at an 
ACD-A to marrow ratio of 1: lO.  The marrow was processed using 
the COBE Spectra Apheresis System with version 4 software, the 
BMP procedure, and the Spectra White Blood Cell Set (COBE BCT). 
The marrow volume and hematocrit were entered into the computer 
and the BMP inlet flow rate, BMP volume processed, plasma pump 
flow rate, separation factor, spin/rpm rate, collect time and collect 
volume were calculated. The MNCIplasma interface was maintained 
at hematocrit 3% to 5% by using the Spectra Colorgram and ad- 
justing the pump flow rate. MNC were collected into a 600-mL 
transfer bag (Baxter Healthcare Corp, Deerfield, IL). Following 
MNC separation, CML cells were washed with RPMI 1640 (JRH 
Biosciences, Lenexa, KS) using the COBE 2991. Cells were then 
incubated with 2.8 mg biotinylated anti-CD34 antibody (clone 12.8) 
in RPMI 1640 at a final volume 150 mL with 0.1% human serum 
albumin ([HSAJ) American Red Cross, Washington, DC) for 25 
minutes at room temperature in a 300-mL transfer bag (Baxter 
Healthcare). Cells were washed with I L phosphate-buffered saline 
(PBS; CellPro) using the COBE 2991 and resuspended in 300 mL 
PBS in a 600-mL transfer bag. The bag was connected to the 
CEPRATE SC Cell Concentrator. CD34-unabsorbed cells were col- 
lected, and after mechanical stirring in the column, CD34-adsorbed 
cells were collected in PBS plus 1% HSA. 

The CD34-enriched population suspended in PBS plus 1 % HSA 
was labeled with 3 pg/106 cells anti-CD34-biotin antibohes (clone 
12.8; CellPro) and 1 pg/lOh cells anti-HLA-DR-FITC (clone L243 
produced under GMP conditions; TSD Biosciences, Germantown, 
NY) antibodies for 30 minutes at room temperature, washed in PBS 
plus I %  HSA, and stained with 0.1 pg/IO' cells Sweptavidin-PE 
label (Sigma). Cells were sorted on a modified FACStar Plus Flow 
Cytometer equipped with a Consort 32 computer at 10,000 to 12,500 
cellshin, into 34'DR- and 34'DR' populations using gates based 
on low horizontal and side light-scatter properties and based on 
isotype-matched control stains. The fluidic system and software of 
the FACStar Plus Flow Cytometer present in the Stem Cell Labora- 
tory at the University of Minnesota has been modified by Becton 
Dickinson. This upgrade has resulted in the capacity to sort cells at 
10,000 to 12,500 cellsk, resulting in greater than 60% recovery of 
cells of interest with a greater than 96% purity and greater than 95% 
viability. 

Stromal Feeders 
Stromal feeders were established by 

plating 1.5 X IO* BMMNC obtained from normal healthy donors in 
30 mL LTC medium in TI50 flasks (Coming Costar, Oneonta, NY). 
Complete long-term bone marrow culture medium consisted of Is- 
cove's modified Dulbecco's medium (IMDM; Life Technologjes 
Inc, Grand Island, NY) supplemented with 12.5% fetal calf serum 
([FCS] Hyclone Laboratories, Logan. UT), 12.5% horse serum (Stem 
Cell Technologies Inc, Vancouver, BC, or Hyclone Laboratories), 

m o m  hydrocortisone (Upjohn Pharmaceuticals, Kalamazoo, 
MI), antibiotics, and L-glutamine (all from Life Technologies Inc). 
Once confluent, feeders were irradiated at 1,250 rad, and 24 hours 
later all culture medium was removed and replaced by fresh LTC 
medium. To establish stromal feeders for stroma-contact and stroma- 

Marrow stromal feeders. 

noncontact cultures, feeders were removed by trypsinization and 
replated at 0.35 X 10' cellslmL in 24-well plates (Costar Coming)." 

For limiting-dilution analysis of LTC-IC, 34' 
subpopulations were plated in contact with M2-IOB4 feeders. M2- 
10B4 is a murine marrow-derived fibroblast cell line (a kind gift 
from Dr C.J. Eaves, Vancouver, Canada) that supports human LTC- 
IC to the same extent as fresh human marrow stromal feeders." 
M2-10B4 was maintained in RPMI plus 10% FCS. The cells were 
recovered by trypsinization and replated in 96-well plates (Coming 
Costar) in RPMVFCS. Once confluent, feeders were irradiated at 
6,000 rad, and all media were removed 24 hours later and replaced 
with complete LTC medium. Plates were used 5 to 7 days later in 
limiting-dilution assays. 

MZ-IOB4 feeders. 

LTC 
Stroma-contact cultures and stroma-noncontact cultures were per- 

formed as previously described using 1,000 to 10,OOO 34'DR- or 
34'DR+ cells per  ell.^*^^' After 1 to 2 and 5 weeks, cells present 
in the transwell inserts of stroma-noncontact cultures or cells present 
in the nonadherent and adherent fraction of stroma-contact cultures 
were removed. Twenty-five percent to 50% of CML 34'DR- and 
34'DR+ progeny were frozen to determine the presence or absence 
of BCR/ABL mRNA. Week 1 to 2 or week 5 34'DR- and 34'DR' 
progeny were also plated in a methylcellulose progenitor assay to 
determine the number of secondary colony-forming cells (CFC) gen- 
erated. In some experiments, the absolute number of LTC-IC in 
freshly sorted 34'DR- and 34+DR+ cells was determined by plating 
in limiting dilutions (22 replicates of 300, 100,33, and 1 1  cells/well) 
onto M2-10B4 feeders subcloned in 96-well plates, as previously 
described." 

Methylcellulose Culture 
Freshly sorted cells or week 1 to 2 or week 5 34'DR- and 34+DR+ 

progeny were plated in methylcellulose containing IMDM supple- 
mented with FCS and either 10% supernatant of the bladder carci- 
noma cell line, 5637, or 5 ng/mL rhIl-3 (a kind gift from Dr D.G. 
Wong, Genetics Institute, Boston, MA, or obtained from R&D Sys- 
tems, Minneapolis, MN) and 3 IU/mL erythropoietin (Amgen) for 
14 to 21 days. CFC were enumerated as previously described.'* 

Cytogenetic Analysis of Plucked Colonies 
Colonies plucked from short-term methylcellulose cultures initi- 

ated with cells harvested from LTCs initiated with CML 34'DR- 
and 34+DR+ progenitors were pooled in IMDM with 20% FCS and 
subjected to a 1.5-hour colcemid incubation followed by lysis with 
hypotonic KCI and fixation in acid/alcohol as previously described. 
Metaphases were analyzed after QFQ or GTG banding.39 

Polymerase Chain Reaction Ampli3cation of BCWABL 
mRNA 

Freshly sorted CML 34'DR- and 34+DR+ cells were incubated 
overnight in IMDM plus 20% FCS at 37°C in a fully humidified 
CO, incubator and then flash-frozen at -70°C. Cells recovered from 
stroma-contact or stroma-noncontact cultures initiated 1 to 2 or 5 
weeks earlier with CML 34+DR- and 34+DR* cells were frozen 
at -70°C. Altematively, secondary colonies arising from cultured 
34+DR- and 34+DR' cells were plucked from methylcellulose cul- 
tures using a Pasteur pipette and frozen either singly or pooled 
at -70°C in I00 pL PBS. Reverse transcriptase-polymerase chain 
reaction (RT-PCR) amplification was performed using nested prim- 
ers as previously d e ~ c r i b e d . ~ ' . ~ . ~ '  
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Fluorescent fn Situ Hybridization 
Fluorescem$ in situ hybridization (FISH) analysis for the BCW 

ABL fusion'pne was performed using probes for the ABL oncogene 
and the M-BCR region (Oncor, Gaithersburg, MD) to detect 
t(9,22)(q34;qll.2) in interphase cells. The ABL probe consisted of 
two overlapping biotin-labeled cosmids that hybridize to the q34. 
The M-BCR. probe consisted of three overlapping digoxigenin-la- 
beled cosmids that hybridize to the M-BCR region at 22q11.2. The 
hybridization, washing, and analysis procedures have been described 
elsewhere:' With this method, the ABL probe has a green signal, 
the BCR probe a red signal, and the BCWABL fusion gene a fused 
red-green signal that sometimes appears yellow. Only interphase 
nuclei in whichit was possible to account for both copies of the BCR 
and ABL probes were scored. For each specimen, 200 consecutive 
qualifying interphase nuclei were scored, and the final result was 
expressed as the percentage of cells with an apparent BCWABL 
fusion signal. We have previously established the normal range for 
this probe mixture (usually <4% of interphase cells) and used a 
cutoff minimum of 10% interphase cells with apparent BCWABL 
fusion to classify any specimen as abnormal:* 

Statistics 
Results of experimental points obtained from multiple experi- 

ments are reported as the mean 2 1 SEM. Significance levels were 
determined by two-sided Student's r-test. 

RESULTS 

Small-Scale Selection of 34+DR- and 34+DR+ Cells 

Three CD34-enrichment methods were used to select 
34+DR+ and 34+DR- cell populations. However, no signifi- 
cant differences in the recovery of 34+DR- and 34+DR+ 
cells (Figs 1 and 2), their LTC -IC content (Fig 3), or their 
BCWABL status (not shown) were detected. Therefore, re- 
sults from studies in which FACS-selected populations were 
obtained after CD34' enrichment by either lineage depletion 
or avidin-biotin column selection are depicted separately in 
Figs 1 through 3, but all results from these small-scale selec- 
tion experiments have been pooled for statistical analysis. 

We 
selected 34'DR- and 34+DR+ cells from the marrow of 
patients with ECP and AP CML, as well as normal individu- 
als. Five percent to 10% of normal CD34' cells failed to 
express HLA-DR antigens, whereas only 0.5% to 3% of ECP 
CML and 0% to 1.5% of AP CML CD34+ cells did not 
express the HLA-DR antigen. The percentage of 34+DR- 
cells present in BMMNC from ECP and AP CML patients 
was significantly lower than in normal BMMNC ( P  < 0.05 
and P < .01, respectively; Fig 1A). However, the total num- 
ber of 34'DR- cells recovered from 100 mL marrow from 
either normal individuals or patients with ECP CML was 
not significantly different (Fig 2A). This can be explained 
by the increased cellularity (88 2 13.6 v 20.5 5 5.6 x lo6 
cells/mL respectively, for ECP CML and NL, P < .OOl) and 
higher yield of BMMNC after Ficoll-Hypaque separation 
(55% ? 4.5% v 23% If: 1.2%, respectively, for ECP CML 
and NL, P < .001) in CML. In contrast, even after correction 
for the higher marrow cellularity and MNC content in late 
CP or AP CML, the recovery of 34'DR- cells from 100 mL 
marrow was significantly lower than that from either ECP 
CML ( P  = .02) or NL ( P  = .02) marrow (Fig 2A). The 

Progenitor content of 34+DR- and 34+DR+ cells. 

loo 1 e 

l o  

10 -5 1 
ECP AP NL 

10 -3 e 
ECP AP NL 

Fig 1. Significantly fewer 34'DR- cells are present in BMMNC of 
CML patients vamus NL individuals. Marrow from CP CML patients 
diagnosed <1 year before study (ECPI, CP CML patiants diagnosed 
>1 year before study or with AP disease, or NL volunteer donors were 
subjected to a CD34-enrichment step followod by FACS soleetion for 
34'DA- and 34+DR+ cells. Reanalysis of 34+DR- and 34+DR+ cells 
performed in a fraction of the samples demonstrated that each popu- 
lation was >97% to 99% pure. (01 Resub from samplw obtained 
after immunomagnetic depletion and FACS; (0) results from samples 
obtained after avidin-biotin column selection followed by FACS. Rela- 
tive frequency of 34+DR- and 34+DR' cells in BMMNC is depicted in 
(A) and (e), respectively. ECP CML In = 231: 34*DR-, 0.03% f 0.011% 
of BMMNC; 34+DR+ 0.3% 2 0.09% of BMMNC; AP CML In = 22): 
34'DR-, 0.012 f 0.004% of BMMNC; 34*DR+, 1.34 f 0.8% of BMMNC; 
NL (n = 21): 34*DR-, 0.24 f 0.03% of BMMNC; 34*DR', 0.59 0.05Y0 
of BMMNC. 
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Fig 2. Similar numbers of 34+DR- cells are present in 100 mL 

marrow from ECP CML but not AP CML patients versus 100 mL NL 
marrow. Marrow from ECP CML and AP CML patients or normal 
voluntaar donors was subjectod to a CDWenrichment step followed 
by FACS selection for (AI 34+DR- and (BI 34+DR+ cells. (0) Rasults 
from rrrmples obtainod after immunomagnetic doplotion and FACS; 
(0) rasults from samples obtained after avidin-biotin column ..lee 
tion followed by FACS. The total number of 34+DRC cells and 34+DR- 
calls in 100 mL marrow was calculated as I(% 34+DR- or 34+DR+ cells 
present in BMMNC/% recovuy of cells aftar Ficdl-Hypaque of 10' 
cells) x nucleated cellsl/l 00 mL marrow. ECP CML (n = 23): 34+DR- 
175 f 42 x 1@/100 mL; 34+DR+, 1,781 f 414 x l@ 100 mL; AP CML 
(n = 23): 34+DR- 47 f 15 x 10' 100 mL; 34*DR+, 1,898 f 512 x 1@/ 
1001mL; NL (n = 21): 34+DR-, 182 f 27 x 1@/100 mL; 34+DRe, 942 
f 171 x 1@/100 mL. 

Fig 3. Similar numbars of LTC-IC are presant in ECP CML but not 
in AP CML 34+DR- cdls varsus NL 34+DR- cells. CML and NL 34+DR- 
and 34+DR* calls were plated in long-term marrow cultura in contact 
with normal irradiated feeders for 5 weoks. and adhoront plus nonad- 
herent cells were replated in mothylcollulosa progenitor amay to 
enumerate tha number of secondary CFC as a moasura of LTC-IC 
present in tha starting call population. The number of CFC por 10,000 
34*DR- or 34+DR+ (B) cdls plated In long-term marrow cultures are 
depicted. (0) R w k s  from samplr obtained aftor immunomagnetic 
deplotion and FACS; (e) resub from rrrmplr obtained after avidin- 
biotin column selection followed by FACS. IO) ECP CML (n = 16): 
34+DR-, 251 f 61 CFC/lO,OOO cells; 34+DR+, 308 f 85 CFC/lO,OOO 
calls; AP CML (n = 11): 34+DR-, 79 f 22 CFC/lO,OOO cells; 34+DR*. 
345 f 79 CFC/lO,OOO cells; NL (n = 15): 34*DR-, 348 f 64 CFC/10,000 
calls; In = 6)  34+DR+, 32.5 f 8 CFC/lO,OOO calls. 
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Table 2. Fraction of Patients With BCR/ABL mRNA- or Ph- 
Negative 34' DR- or 34+DR- Cells 

ECP CML AP CML 

Period 34'DR- 34+DR+ 34'DR- 34'DR' 

Day 0 11/12 (2/2)* 0/5 (0/2)t 3/8 1 /6 
Week 1 to  2 8/8 (6/6)* 0/8 (4/6)$ 0/4 (0/2)* 0/1 (0/2)* 
Week 5 13/17 (6/6)$ 1/12 (4/6)* 6/15 (0/2)* 0/10 (0/2)* 

Results are the number of patients per total patients examined in  
whom 34'DR- or 34'DR' cells were BCR/ABL-negative by RT-PCR. 

Numbers in parentheses are from FISH: 2% and 4.6% of 34'DR- 
cells were FISH-positive. 

t Numbers in parentheses are from FISH: 37% and 42% of 34'DR' 
cells were FISH-positive. * Numbers in parentheses are from cytogenetic analysis of 6 to  20 
metaphases from pooled CFC present in methylcellulose culture of 
34'DR- and 34+DR+ cell progeny at week 1 to 2 or week 5. 

number of 34+DR+ cells present in 100 mL marrow from 
CML patients irrespective of disease stage was significantly 
greater than that in NL marrow (Figs 1B and 2B; P < .05). 

CML or normal 34'DR- and 34'DR' cells were plated 
in stroma-based LTC for 5 weeks to assess LTC-IC content. 
The number of CFC generated after 5 weeks by ECP CML 
34+DR- cells was not different from that obtained with NL 
34+DR- cells (Fig 3). In contrast to ECP CML 34+DR- 
cells, culture of AP CML 34+DR- cells for 5 weeks in 
stroma-contact culture resulted in significantly fewer CFC 
as compared with either YL or ECP CML 34+DR- cells ( P  
< .05). Although normal 34+DR+ cells give rise to few 
secondary CFC after 5 weeks in LTBMC (Fig 3B), CML 
34+DR+ cells yielded a large number of secondary CFC at 
5 weeks, irrespective of disease duration or stage, that was 
significantly higher than that obtained from NL 34+DR+ 
cells ( P  < .05). In fact, a more than 70-fold increased number 
of 34+DR+ LTC-IC was present in ECP or AP CML marrow 
compared with normal marrow. This confirms previous stud- 
ies3' demonstrating that CML 34+DR+ cells contain signifi- 
cantly more LTC-IC than 34+DR+ cells obtained from NL 
marrow. 

Ph and BCWABL mRNA status of 34+DR- and 34+DR+ 
cells. The Ph and BCWABL mRNA status of CML 
34+DR- and 34+DR+ cells was studied in freshly sorted and 
cultured cells. In some but not all patients, cells were studied 
at day 0, week 1 to 2, and week 5 of culture. In some 
instances, week 1 to 2 and week 5 progeny from stroma- 
noncontact cultures were examined. Since no differences 
were seen between 34+DR- and 34+S)R+ cell-derived prog- 
eny recovered from concomitant stroma-contact and stroma- 
noncontact cultures, pooled results are presented in Table 2. 
34+DR- cells from 11 of 12 ECP CML patients were BCW 
ABL mRNA-negative immediately following FACS selec- 
tion. Likewise analysis of 34+DR- progeny recovered after 
1 to 2 or 5 wgeks from LTC demonstrated that 13 of 17 
samples were BCWABL mRNA-negative (Table 2). For 
eight patients, we sequentially studied freshly sorted 34+DR- 
cells and their progeny at week 1 to 2 and week 5. BCW 
ABL "A expression did not differ between day 0, week 
1 to 2, or week 5 of culture. Since studies have suggested 

that BCWABL mRNA may not be present in Ph+ primitive 
progenitors, we also examined freshly sorted cells and cul- 
tured cells for the presence of the BCWABL rearrangement 
at the genomic FISH analysis of freshly sorted 
34+DR- cells in two patients and cytogenetic analysis of 
secondary CFC at week 1 to 2 and week 5 in six patients 
confirmed that 34+DR- cells did not contain the BCWABL 
gene rearrangement. In contrast, freshly sorted 34+DR- cells 
obtained from only three of eight patients with AP CML 
and cultured 34+DR- cells from only six of 15 AP CML 
patients were BCWABL mRNA- andlor Ph-negative. 
Again, no differences were observed between samples ana- 
lyzed on day 0 or after l ,  2, or 5 weeks of culture. In this 
group of patients, 34+DR- cells and LTC-IC from five of 
10 patients with CP CML diagnosed between 1 and 2.5 years 
before study were BCWABL "A-negative, whereas 
34'DR- cells and LTC-IC of only one of five patients with 
CP CML diagnosed more than 2.5 years before study or with 
AP disease were BCWABL mRNA-negative. This indicates 
that either prolonged duration of the CP or AP results in 
progressive inability to select 34+DR- cells that are not con- 
taminated with BCWABL mRNA- and Ph-positive primi- 
tive progenitors. 

BCWABL mRNA andlor the Ph were detected in 34+DR+ 
cells from nine of 10 patients with ECP CML and eight of 
eight patients with AP CML analyzed immediately after 
FACS selection, and in 11 of 12 ECP and 10 of 10 AP CML 
34+DR+-derived progeny from LTC (at 1 to 2 weeks and 
5 weeks). CML 34'DR' cells that were BCWABL mRNA- 
positive when analyzed immediately following FACS selec- 
tion or after 1 to 2 weeks of culture remained BCWABL 
mRNA-positive after 5 weeks of culture in all but one pa- 
tient. The latter ECP CML patient has been reported pre- 
viously." These studies confirm and extend our previous 
observation that CML 34+DR+ cells are contaminated with 
malignant LTC-IC. 

Large-scale Selection of 34+DR- and 34+DR+ Cells 

Finally, we examined the feasibility of performing large- 
scale selections of BCWABL mRNA-negative hematopoi- 
etic progenitors suitable for clinical transplantation. We de- 
veloped the following sequential selection method: (1) 
COBE Spectra MNC separation, (2) large-scale CD34' en- 
richment using the CEPRATE SC Cell Concentrator and (3) 
high-speed cell sorting for 34+DR- cells. 

Two to 600 mL marrow obtained from six CML patients 
undergoing bone marrow harvest as back-up stem cells for 
autologous or allogeneic transplants was subjected to COBE 
Spectra centrifugation. The MNC yield was 35% ? 8%. 
Following MNC separation, cells were incubated with anti- 
CD34-biotin antibodies and loaded onto a CEPRATE SC 
Cell Concentrator (Table 3). As has been reported for 
BMMNC or PBMNC obtained from patients with other dis- 
eases, 52% 2 26% of all CD34+ cells and 61% +. 19% of 
CFC were recovered in the CD34'-absorbed fraction, which 
contained, on average, 60.6% k 7.8% CD34+ cells. The 
CD34-enriched population from two ECP CML patients was 
then labeled with clinically approved anti-CD34-biotin anti- 
bodies followed by streptavidin-PE and clinical-grade anti- 
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Table 3. Large-Scale Selection: COBE Spectra Plus CEPRATE SC 
Cell Concentrator 

CD34' 
Cell Volume Cell CD34' Yield CFC 

Population (mL) Cell No. Yield (%I (%) (%) Yield (%) 
~~ 

Marrow 

COBE 

CD34' 

harvest 422 2 61 18 3 2 3 6 x l o 9  

Spectra 5 6 + 3 3 x 1 0 9  3 5 2 8  1 4 5 0 3  

cells 71 2 2  X lo6 1 4  2 0 4  6 0 6 2  7 8  52 2 26 62 2 19* 

All results represent the mean 2 SEM of 6 experiments 
Only 4 samples were examined 

HLA-DR-FITC antibodies and sorted on a modified FAC- 
Star Plus Flow Cytometry System equipped with a Consort 
32 computer at 12,000 celldmin into a 34'DR- and 34+DR+ 
population using gates based on low horizontal and side 
light-scatter properties and based on isotype-matched control 
stains. The fluidic system and software of the FACStar Plus 
Flow Cytometry System had previously been modified by 
Becton Dickinson to allow for clinical-scale sorting at 10,000 
to 12,500 cells/s, resulting in more than 60% cell recovery 
with a more than 96% purity and more than 95% viability. 

The resulting cell yields, CFC and LTC-IC yields, and 
results from RT-PCR analysis of freshly sorted and cultured 
34+DR- cells are summarized in Table 4. For the two ECP 
CML patients, the selection procedure resulted in a calcu- 
lated total dose of 7.9 X lo6 34'DR- cells and 18.09 X lo6 
34+DR- cells per harvest of 2.5 L marrow, or 1.31 X lo5 
34+DR- cellskg and 3.01 X 10' 34'DR- cellskg. The 
34+DR- cells contained 2.65% and 8.6% CFC and 0.233% 
and 0.187% LTC-IC (determined by limiting-dilution analy- 
sis), respectively. RT-PCR analysis of the sorted cells dem- 
onstrated that the freshly sorted 34'DR- cells but not the 
34' or 34'DR' cells, as well as the 34'DR--derived sec- 
ondary CFC (LTC-IC), from both patients were BCWABL 
mRNA-negative. This indicates that large-scale clinical se- 
lection of 34+DR- cells that contain BCWABL mRNA- 
negative cells and LTC-IC in sufficient quantities for trans- 
plantation is possible. 

DISCUSSION 

We compared the BCWABL status and functional charac- 
teristics of 34+DR- and 34'DR+ cells present in the marrow 
of patients with CML early after diagnosis and during later 
phases of the disease. As we previously reported for six 
patients with ECP CML and one patient with more advanced 
disease,3' 34'DR' cells from most patients with CML con- 
tain large numbers of LTC-IC. This differs from normal 
steady-state marrow, where only a few LTC-IC are found in 
the 34'DR+ population." The 34+DR' population in CML 
patients contains Ph-and BCWABL "A-positive cells 
and LTC-IC, irrespective of the disease phase. 

In the large majority of ECP CML patients, recovery of 
BCWABL mRNA-negative cells and LTC-IC could be 
achieved by selection of the 34'DR- population using either 
a small-scale, multistep selection method or a clinically ap- 
plicable method using an initial avidin-biotin column selec- 

tion of CD34' cells followed by FACS. Since recent studies 
have suggested that expression of BCWABL mRNA may 
not occur in very primitive  progenitor^,“'.^^ we also examined 
FACS-selected and cultured progeny for the presence of the 
BCWABL gene rearrangement at the genomic level. FISH 
and cytogenetic analysis of freshly sorted or cultured 
34'DR- cells, respectively, demonstrated that BCWABL 
mRNA-negative 34'DR- cells and LTC-IC are also BCW 
ABL-negative at the genomic level. This indicates that the 
34'DR- cell population is highly enriched for BCWABL- 
negative progenitors. Further, in all but one patient, 34'DR' 
cells examined either immediately following FACS or after 
1 to 5 weeks in LTC were BCWABL mRNA-positive, an 
observation that was confirmed at the genomic level using 
FISH and cytogenetics. This suggests that the BCWABL 
mRNA- and Ph-negative state of 34+DR- -derived progeny 
in LTC cannot be attributed solely to the ex vivo culture step. 
Although the relative frequency of 34'DR- cells present in 
the MNC fraction of ECP CML marrow was lower than that 
seen for NL marrow, a similar number of 34'DR.. cells are 
present in 100 niL ECP CML and NL marrow. Finally, 
culture of CML 34+DR- cells in LTBMC resulted in genera- 
tion of similar numbers of secondary CFC as compared with 
34'DR- cells obtained from NL marrow, indicating that 
ECP CML 34'DR- cells have in vitro growth characteristics 
similar to those of NL 34+DR- cells. These studies indicate 
that BCWABL-negative primitive progenitors suitable for 
transplantation can be selected from steady-state marrow in 
the majority of ECP CML patients. 

In contrast to ECP CML marrow samples, a significantly 
decreased number of 34'DR- cells can be found in the mar- 
row of AP CML patients. AP CML 34'DR- cells also gener- 
ated significantly fewer CFC when cultured in LTC than 
34'DR- cells from ECP CML patients or NL volunteers. 
Aside from functional differences, we also demonstrated that 
34+DR- cells obtained from 12 of 20 AP CML patients 
contained BCWABL-positive cells and LTC-IC. Interest- 
ingly, 34'DR- cell samples obtained from 50% of patients 
with CML diagnosed 1 to 2.5 years before study were not 
contaminated with BCWABL-positive cells, whereas 
34'DR cell populations from 80% of patients with CP CML 
for more than 2.5 years or with AP disease were BCW 
ABL-positive. The presence of BCWABL mRNA- and Ph- 
positive cells and LTC-IC in 34'DR- cells from AP CML 
patients may be the result of imperfections in the FACS 

Table 4. Large-scale Selection of BCR/ABL-Negative 34+DR- Cells 

Patient No. 1 (600 mLl Patient No. 2 (210 mLl 

Cell Population Yield BCR/ABL Yield BCR/ABL 

Harvest ( x  10') 30.7 14 
BMMNC ( X  1091 6.8 + 2.1 + 
CD34' ( x  10'1 98 + 38 + 
FACS selection 

34'DR- ( x  10') 1.6 11.31 X lo5]  - 1.52 13.01 X 1051 - 
CFC/lOO 34+DR- 

LTC-IC/lOO 
cells 2.65 10.347 X 1041 6.2 ~0.93 x 10'1 

34'DR- cells 0.233 L0.153 X l o3 ]  - 0.178 L0.267 x lo3] - 
Numbers in brackets are cells, CFC, or LTC-IC per kg (numbers have been 

extrapolated for a full harvest of 2.5 L). 
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selection of very-low-frequency events. However, in two 
patients with AP disease, 110 X lo3 and 165 X lo3 34+DR- 
cells were present in 100-mL marrow samples that were 
BCWABL "A-positive when examined immediately 
after FACS and again after LTC. Thus, it is also possible 
that the phenotype of the Ph-positive progenitor population 
changes with prolonged duration of the CP or AP disease. 
Studies are currently ongoing to further discriminate between 
these two possibilities. However, these studies indicate that 
for most patients with more advanced disease, few 34'DR- 
cells can be obtained that are contaminated with BCWABL- 
positive, functionally abnormal LTC-IC. Therefore, in con- 
trast to patients with ECP CML, selection of 34'DR- cells 
from a large proportion of CML patients with either long- 
standing CP or AP CML may not lead to recovery of a BCW 
ABL-negative stem cell population suitable for transplanta- 
tion. Additional manipulations, such as in vivo priming with 
intensive chemotherapy in association with ~ytokines~~.~ '  
and/or ex vivo stem cell expansion, may therefore be re- 
quired to obtain sufficient benign stem cells for transplanta- 
tion. Studies are currently under way in our laboratory and 
others to evaluate the frequency, phenotype, and functional 
characteristics of CD34+ subpopulations present in periph- 
eral blood or marrow of chemotherapy/cytokine-treated pa- 
tients with newly diagnosed and more advanced CML that 
could then be selected and used for transplantation. 

Our small-scale studies suggested that BCWABL "A- 
and Ph-negative 34+DR- cells containing normal numbers 

of LTC-IC can be selected from the steady-state marrow of 
a fraction of patients with CP CML in numbers suitable 
for transplantation. For clinical transplants with ex vivo- 
selected 34'DR- cells to be feasible, we then developed the 
following sequential selection method: (1) COBE Spectra 
MNC separation, (2) large-scale CD34+ enrichment using 
the CEPRATE SC Cell Concentrator, and (3) high-speed 
FACS for 34'DR- cells. These studies demonstrate that it 
is possible to select 1 to 3 X lo5 34+DR- cellskg from a 
total marrow harvest of 2.5 L from patients with ECP CML 
in less than 12 hours, indicating that this may now be feasible 
on a clinical scale. The exact number of FACS-selected 
34+DR- cells required for successful, durable engraftment 
is unknown. Autografting with partially purified CD34+ cells 
collected from either marrow or peripheral blood has been 
performed in humans for the last 5 years.@s2 These studies 
have demonstrated that infusion of as few as 0.5 x lo6 
CD34+ cellskg results in durable engraftment. LTC-IC lev- 
els can be seen as a surrogate in vitro measure of stem cells.s3 
Since the majority of LTC-IC present in human CD34' cells 
are recovered in the 34+DR- cells fraction and approxi- 
mately 10% of cells within the CD34+ cell population are 
34+DR- cells,22.a.26 a total dose of 0.5 X lo5 34+DR- cells/ 
kg should be sufficient to induce durable engraftment. Fur- 
thermore, recent studies have demonstrated that infusion of 
0.2 to 0.8 X lo6 CD34+ Thy-l+ cells recovered from mobi- 
lized peripheral blood progenitor cells from patients with 
multiple myeloma results in timely engraftment.21 Thus, se- 
lection of 1 to 3 X lo5 34+DR- cells from 2.5 L steady- 
state CML marrow using clinically applicable methods may 
suffice for autologous transplantation. 

Since under certain conditions transplants for CML from 
normal allogeneic or syngeneic donors may be associated 
with relapse after transplant, it is clear that the preparative 
regimen used for transplantation does not completely elimi- 
nate the malignant HSC pool in patients with CML.s4s55 A 
resurgence of malignant hematopoiesis following autografts 
in CML is therefore likely, at least in part, the result of 
persistent disease in the host after the preparative regimen. 
Therefore, even if largely BCWABL-negative 34+DR- cells 
are used as autograft, continued therapy post transplant 
such as with IFN-a or IL-2 with or without activated killer 

or other antileukemic therapies will be required to 
maintain a leukemia-free state after autografting. 

In conclusion, we have demonstrated that it is possible to 
obtain 1 to 3 X 10s/kg 34+DR- cells from steady-state mar- 
row of selected CP CML patients using sequential buffy coat 
selection. CD34 enrichment, and FACS selection techniques 
adapted for clinical-scale selection. 34+DR- cells are BCW 
ABL mRNA- and Ph-negative and contain BCWABL 
mRNA- and Ph-negative LTC-IC. However, a similar ap- 
proach may not lead to the recovery of BCWABL-negative 
progenitors in patients with longstanding CP CML or with 
AP disease. Our studies indicate that it may now be possible 
to perform autologous transplants with positively selected 
Ph- and BCWABL mRNA-negative 34+DR- cells in se- 
lected CP CML patients. 
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