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A B S T RA C T In three patients with chronic myelo-
cytic leukemia who were heterozygous at the X-linked
glucose-6-phosphaie dehydrogenase locus, lympho-
cytes were studied to determine if they had the same
stem cell origin as the leukemic myeloid cells. Normal
tissues such as skin had both B and A glucose-6-phos-
phate dehydrogenase isoenzymes, but the leukemic
myelogenous cells displayed only one isoenzyme type,
consistent with their clonal origin. A population of
cells with undoubted thymus-derived (T)-lymphocyte
characteristics had both isoenzymes. Presumably, then,
these T cells did not arise from the leukemic stem cell,
either because they antedated the development of
leukemia in that stem cell or, more likely, because they
arose from progenitors not involved by the disease. In
contrast, another population of lymphocytes showed
only one isoenzyme type, suggesting that it arose from
the chronic myelocytic leukemia stem cell. However,
although this population contained many cells with the
characteristics of bone marrow-derived (B) lympho-
cytes, it is not certain that the single enzyme produced
by the cells over all can be attributed to B lymphocytes
rather than to contaminating non-B-lymphoid cells.

INTRODUCTION

Isoenzyme (1-3) and chromosome marker studies
(reviewed in reference 4) indicate that chronic myelo-
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cytic leukemia (CML)l is a stem cell disorder which
at the time of diagnosis, has unicellular origin. Thus
far, it is known that the site of the abnormality is a plu-
ripotent stem cell from which granulocytes, erythrocytes,
platelets, and cultured blood monocytes/macrophages
arise (2). That the CMLstem cell may be pluripotent
for lymphocytes as well as for myeloid elements is sug-
gested by similarities between some cases in the acute
phase (blast crisis) of CMLand the common type of
acute lymphoblastic leukemia (5-8) and by reports of
the Philadelphia (Ph') chromosome in several patients
with "acute lymphoblastic leukemia" without docu-
mented antecedent CML(e.g., 9-11). In contrast, when
blood lymphocytes from CMLpatients are stimulated
to divide in culture by phytohemagglutinin (PHA),
they are reportedly Ph1-negative (12, 13). For this
reason, some investigators believe that lymphocytes do
not arise from the CMLstem cell. However, these PHA-
responsive cells are presumably long-lived; therefore,
they may have antedated the development of the
leukemic clone. Alternatively, they may reflect only
one subpopulation, so that it is possible that other
lymphocytes could be descendants of the CMLstem
cell. It is also conceivable that the development of
CMLrequires several steps, one of which (e.g. forma-
tion of Ph') occurs only in myelogenous cell precursors
and not in lymphocytes.

To investigate the origin of different lymphocyte
populations we studied three womenwith CMLusing
as cell markers their chromosomes and the electro-

'Abbreviations used in this paper: CML, chronic myelo-
cytic leukemia; E, erythrocyte; EAC, erythrocyte antibody
complement; G-6-PD, glucose-6-phosphate dehydrogenase;
Ph', Philadelphia chromosome; PHA, phytohemagglutinin;
PWM,pokeweed mitogen.
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phoretic pattern of glucose-6-phosphate dehydro-
genase (G-6-PD), an X-linked isoenzyme. Because this
locus undergoes X-chromosome inactivation, only one
G-6-PD gene is active in each somatic cell of adult
females (14-16). Consequently, women heterozygous
for the usual gene (GdB) and a variant such as GdA,
have two populations of cells -one synthesizing type
B enzyme, and the other, type A. Normal tissues con-
tain a mixture of cells and manifest both B and A
enzymes (herein referred to as double-enzyme pheno-
types). However, clonal proliferations display only
single-enzyme phenotypes, B or A (see reference 4 for
review). G-6-PD heterozygotes with CML have
double-enzyme phenotypes in their normal tissues, but
only one isoenzyme is found in blood granulocytes,
erythrocytes, platelets, and cultured blood monocytes/
macrophages (2). Of the eight reported G-6-PD hetero-
zygotes with CML, four have had type A enzyme in
their leukemia clones and four, type B (2). These ob-
servations strongly suggest clonal origin of CMLand
provide formal proof that it arises from hematopoietic
pluripotent stem cells. The data reported here indicate
that one population of thymus-derived (T) lymphocytes
does not arise from this CMLstem cell. However, the
results also suggest that at least one other population of
lymphoid cells does arise from the CMLstem cells.

SUBJECTS

All three females in this report had typical Ph'-positive
CML. They are subjects 6, 7, and 5, respectively, in
reference 2. M. K. was 60 yr old when first seen in
May 1975. Her leukocyte count was 253,000/mm3 in-
cluding 10% -myeloblasts. V. M. was 28 yr old on
initial presentation in May 1975. She had a leukocyte
count of 140,000/mm3 with 3%myeloblasts. F. M. was
35 yr old when first seen in December 1973. Her leuko-
cyte count was 191,400/mm3 with 2%myeloblasts. On
the patients' initial presentations, Ph' was observed in
28 of 30 marrow metaphases from M. K. and in all of 30
metaphases from each of the other patients (2). After the
diagnosis was established, the patients were treated
with busulfan to control leukocytosis.

METHODS

Collection and separation of leukocytes
Samples of venous blood were anticoagulated with pre-

servative-free heparin (2 IU/ml) and flown to London at
ambient temperature. Processing of the specimens there was
begun within 20 h of collection and all the preliminary
manipulations were completed within the next 24 h.

Initial preparative manipulations in all experiments were
two cycles of density sedimentation on Ficoll/Hypaque
gradients (Pharmacia Fine Chemicals, Div. of Pharmacia Inc.,
Piscataway, N. J.) (17). This procedure removed erythrocytes
but not granulocyte precursors and immature forms even after
several attempts to modify the method.

T-lymphocyte preparation
In most experiments, the sequential steps to isolate T cells

were velocity sedimentation, rosette formation, and culture
with PHA.

Velocity sedimentation. Nucleated leukocytes obtained
by Ficoll/Hypaque sedimentation were first separated on the
basis of differences in their size by velocity sedimentation at
1 g using a variation (is) of the method of Miller and Phillips
(19). The volume distribution of the cells in each fraction was
measured with a Coulter counter (Coulter Electronics Inc.,
Hialeah, Fla.). Differential counts were also performed on
cytocentrifuge preparations of selected fractions to monitor
their composition. Fractions were pooled which contained
predominantly small lymphocytes sedimenting at 2.5-6.5
mm/h, or more rapidly sedimenting cells including occasional
"blast" cells and numerous immature cells of the granulocyte
series. The height of the "buffered step" gradient, duration
of sedimentation, and volume of fraction collected (25 ml)
were kept constant so that small lymphocytes and other cell
types were always removed in the same fraction.

Erythrocyte-rosette formation. Erythrocyte (E) rosettes
were formed with neuraminidase-treated sheep erythrocytes
(20). In a few experiments, E rosettes were formed from cells
remaining after erythrocyte antibody complement (EAC)
rosetting (21). The E rosettes were separated on Ficoll/
Hypaque gradients (22).

Nylon fiber filtration. Nylon fiber ifitration (23) was also
used to improve the enrichment of T cells in some experi-
ments, but 2-5% of the lymphocytes that passed through the
column were bone marrow-derived (B) cells.

Mitogen stimulation. To promote the preferential pro-
liferation of lymphocytes, cells were cultured with PHA for
4-5 days before G-6-PD analysis.

Non-T-lymphocyte preparation
Two sets of experiments were performed. In most instances,

the procedure was as outlined above for T lymphocytes and
the cells not removed by E-rosette formation were considered
to be enriched with non-T lymphocytes. To promote prefer-
ential proliferation of lymphocytes, these cell populations
were stimulated with pokeweed mitogen (PWM) for 4-5 days
before G-6-PD analysis. In the second set of experiments, the
leukocytes separated by Ficoll/Hypaque sedimentation were
cultured with PWMfor 7 days before lymphocyte isolation.
Silica was added to the cultures on days 3 and 6 to destroy
macrophages (24). Subsequent steps involved EAC-rosette
formation and linear density gradients.

EAC-rosette formation. EAC rosettes were formed with
erythrocytes sensitized with antibody and complement (21)
and were isolated on Ficoll/Hypaque gradients (22).

Linear density gradient. In some experiments, slowly
sedimenting, lymphoblast-enriched fractions were obtained
before and after EAC-rosette formation by centrifuging the
cultured cells in linear sucrose-serum density gradients (25).
This technique was not effective in isolating unstimulated
lymphocytes before culture.

Cell characterization
Morphology. Slide-centrifuge preparations were made

from each fraction with a Shandon cytocentrifuge (Shandon
Southern Instruments Inc., Sewickley, Pa.). The cells were
stained with May-Grunwald Giemsa and classified morpho-
logically as myeloblasts, erythrocyte or granulocyte pre-
cursors, mature granulocytes, monocytes, small lymphocytes,
and lymphocytes transformed by exposure to PHAor PWM.
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These mitogen-transformed lymphoblasts were identified by
the clumped nuclear chromatin, indistinct nucleoli, and dark-
blue agranular cytoplasm. At least 500 cells were scored in
making the differential counts.

Lymphocyte characterization. E-rosette formation was
used as the T-cell marker. In some experiments reaction with
an anti-T-cell antiserum (26) was also employed. B-lympho-
cyte markers were cell-surface Ig receptors (27), intracellular
Ig (28), and Ig synthesis. The ability of T and B lymphocytes
from patients with CMLto participate in Ig production stim-
ulated by PWMwas assayed by measuring the "helper" func-
tion of T cells and the synthesis of Ig by B cells. The CML
T and B lymphocytes were prepared by the techniques ap-
propriate for each blood sample. Each population was assayed
separately in combination with normal lymphocyte popula-
tions (29, 30). Normal T and B lymphocytes were tonsil E-
rosetting and non-E-rosetting cells, respectively. In most
experiments, normal and CMLlymphocytes were cultured at
the optimal ratio for Ig synthesis of 75% B lymphocytes and
25% T lymphocytes in microtiter plates, 0.25 x 106 cells/
culture or in modified Marbrook chambers, 20.0 x 106 cells/
culture. The cells were stimulated with PWMand the super-
nate was harvested for Ig measurement after 7 days.

Lymphocyte response to phytomitogens was determined by
culturing cells in microtiter plates with PHA, concanavalin A,
or PWM(31).

Monocyte characterization. Monocytes were identified by
phagocytosis of latex particles and fluorescence microscopy
after staining with acridine orange or by the esterase method
(32).

G-6-PD analysis. Cell lysates made by freezing and
thawing were subjected to starch gel electrophoresis and the
relative activity of the isoenzyme bands was estimated visually
(1, 2). The sensitivity of this technique allows 5% activity
of a minor isoenzyme component to be detected (33).

Cytogenetic analysis. Mitoses were examined after cultur-
ing the cells in the presence of PHA or PWMfor 96-120 h
from patients V. M. and M. K., and, for 48 h from F. M. The
preparations were exposed to 0.05 ug/ml colchicine for 1 h
before fixation and staining. Randomly selected, well-spread
metaphases in which all G-group chromosomes were identi-
fied were scored for Ph'.

RESULTS

The major technical problem in these experiments in-
volved isolating populations of cells which were ac-
ceptably homogeneous and recognizable unequivo-
cally as small lymphocytes initially or as "lympho-
blasts" after exposure to mitogens. Operationally, we
defined a homogeneous population as one that con-
tained at least 85% of cells fulfilling the morphologic
criteria conventionally accepted for small lymphocytes
or mitogen-stimulated lymphoblasts. In early experi-
ments, the lymphocyte-enriched fractions were rou-
tinely tested for monocyte admixture and always had
<1% monocytes.

Freshly separated lymphocytes were identified as
small round cells sedimenting at a velocity of between
3.5 and 4.7 mm/h which were transformed by mitogens
in culture. For example, in one representative experi-
ment (Table I, exp. F. M. 1), the transformation ratios
measured by tritiated thymidine incorporation of stim-
ulated small cells to unstimulated small cells were 21.9,

16.9, and 10.1 for PHA, concanavilin A, and PWM,
respectively.

Not all the methods for characterizing the isolated
populations could be carried out in every experiment
since the numbers of lymphocytes isolated were very
limited. Thus, 200 ml of blood, the largest blood sample
we obtained, even from a normal person only contained
20 x 106 B lymphocytes. Furthermore, unusually large
proportions of lymphocytes appeared as "null" cells
(i.e. cells with neither T- nor B-lymphocyte surface
markers); this we have attributed, at least in part, to the
deleterious effect of repeated separation maneuvers.
Similar manipulations on human spleen, lymph node,
and tonsil cells led to a comparable increase in the pro-
portion of cells lacking T- and B-cell markers.2

G-6-PD in non-lymphoid cells
On electrophoresis, extracts of skin and cultured skin

fibroblasts from each patient manifested both B and
A G-6-PD isoenzymes (i.e., the patients were heterozy-
gous for G-6-PD). Patients M. K. and F. M. had 50%A
and 50%B; V. M. had about one-third A and two-thirds
B. In contrast, as on previous occasions (2), cells of the
granulocyte series, erythrocytes, and platelets con-
sistently displayed only one isoenzyme, type B.

G-6-PD in lymphoid cells
For simplicity, most of the preparative data have

been omitted from the tables. Final lymphocyte prep-
arations were included in the tabulated results only if
they contained sufficient cells for satisfactory G-6-PD
typing (at least 0.5 x 106_1 x 106 viable lymphocytes)
and if they were judged to contain at least 85% lympho-
cytes. In fact, the great majority of fractions included
had over 95% lymphoid cells.

For tabulation, the fractions were grouped according
to whether they had T- or non-T-cell characteristics
and whether they showed both or only one G-6-PD
type.

T-cells displaying both isoenzymes. In multiple
experiments involving all three patients, a lymphocyte
population was isolated which expressed both types of
G-6-PD isoenzymes and therefore did not arise from the
CML stem cell (Table I). When tested for surface
markers, these cells manifested T-cell characteristics.
They were most readily demonstrable when the pa-
tients were in complete clinical remission. The two
exceptions are that at the times of exps. M. K. 4 and
F. M. 1, the patients were in partial clinical remission.
Only 3 of 585 PHA-stimulated cells in metaphase from
the three patients were Ph'-positive.

Cells with T-lymphocyte characteristics displaying

2 Denman, A. M., and B. K. Pelton. Unpublished observa-
tions.

Stem Cell Origin of Lymphocytes in Chronic Myelocytic Leukemia 817



TABLE I
Isolation and Characterization of T-Lymphocytes Displaying Both G-6-PD

Isoenzymes from Patients V. M., M. K., and F. M. with CML*

Lymphocyte
markers1l

Exp. E Surface G-6-PD I
no. Date Separation proceduresI Mitogen§ rosette Ig' (A:B)

%of cells %

V. M. 1 9/4/75 Veloc. sed. PHA 20 <1 20:80
5 8/17/76 Veloc. sed.; E rosetting None 100 6 10:90

Veloc. sed.; E rosetting PHA 27 <1 35:65
6 6/7/77 None PHA ND ND 35:65

Veloc. sed. PHA ND ND 35:65
7 7/5/77 Veloc. sed.; E rosetting** PHA ND ND 45:55

Veloc. sed. PHA 77 ND 40:60
8 8/16/77 Veloc. sed. None 100 0 45:55

PHA 72 4 45:55

M. K. 1 9/4/75 Veloc. sed. None ND ND 10:90
2 8/18/76 E rosetting PHA 87 7 35:65

Nylon fiber filtration PHA 92 13 35:65
Veloc. sed. PHA 92 0 30:70
Veloc. sed. PWM 36 0 10:90
Veloc. sed.; E rosetting PHA 74 0 35:65

4 4/6/77 Veloc. sed.; E rosetting PHA ND ND 40:60

F. M. 1 8/8/74 Veloc. sed. None ND ND 10:90

* The CMLclone in each patient displayed only type B G-6-PD.
t Only those cell populations that had enough cells to type for G-6-PD and at least 85% cells
(95% in most fractions) judged morphologically to be lymphoid are included. The other cells
were predominantly mature granulocytes. All other populations that contained enough cells to
test displayed only type B G-6-PD.
§ Unstimulated cells were studied for G-6-PD immediately after separation and cells exposed
to mitogen were studied after 4-5 days in culture.
'Anti-T-cell serum was used only in exp. M. K. 1. 25% of the cells reacted with the serum.

¶ Ig, immunoglobulin-positive; ND, not done; veloc. sed., velocity sedimentation.
** In this fraction, E rosettes were formed from cells remaining after EAC rosetting.

only one isoenzyme. The data are given in Table II.
Since these cells were isolated by E rosetting and
lacked surface or intracytoplasmic Ig, their characteris-
tics were more consistent with T-, rather than B-
lymphocyte origin. These cells appeared only when the
disease was under poor control. In the two experiments
in which chromosome analyses were done, 4 out of 76
metaphases were Ph'-positive (exps. V. M. 3 and 4).

Non-T cells. The fractions given in the upper panel
of Table III were enriched for lymphocytes before
mitogen stimulation. These fractions were prepared
from the non-E-rosetting cells and contained ap-
preciable numbers of cells with surface Ig. Only type
B enzyme was detected in these cells, indicating their
origin from the CMLstem cell clone.

The supposition that the single enzyme type found in
these non-T-cell fractions reflects the lymphoid cells is
strengthened by exclusion of admixture with other

cells. Important admixture with such cells as mono-
cytes, granulocytes, and small myeloblasts was ren-
dered unlikely by the high transformation ratios of
mitogen-stimulated cells to unstimulated cells in the
small cell fractions from which the non-T lymphocytes
were prepared. Moreover, admixture with monocytes
in such experiments as V. M. 2, 5, 7, and 8 was excluded
by histochemical studies of the non-T-cell fractions
before exposure to PWMand by morphological ob-
servations after mitogen stimulation. The latter pro-
cedure also revealed absence of granulocytes. Small
myeloblasts could be confused with PWM-transformed
lymphocytes, but they were not detected in the prep-
arations before the mitogen was added and were not
found in the patient's blood (she was in complete
clinical remission at the time of exps. 7 and 8). Further-
more, cell survival studies (trypan blue exclusion)
suggest strongly that after 4-5 days in culture with

818 P. J. Fialkow, A. M. Denman, R. J. Jacobson, and M. N. Lowenthal



TABLE II
Isolation and Characterization of Cells with T-Lymphocyte Attributes Displaying

Only Type B G-6-PD from Patients V. M. and M. K. with CML*

Lymphocyte markers

Exp. Separation E Anti-T-cell Surface
no. Date proceduret Mitogen§ rosette serum Ig G-6PD$§

%of ceUs

V. M. 3 1/7/76 E rosettingi PHA 22 60 <1 B
V. M. 4 4/7/76 E rosetting' PHA 25 ND 0 B
M. K. 5 6/7/77 E rosetting' PHA ND ND <1 B

Symbols *, t, § are explained in Table I.
E rosetting was done on the small cells obtained by velocity sedimentation.

PWM, the blast cells are PWM-transformed lympho-
cytes rather than myeloblasts. Cell survival in PWM-
stimulated cultures regularly exceeded 50% when the
cells were cultured initially from small cell pools en-
riched for lymphocytes and when at the time the cul-
tures were terminated they contained at least 85% of
cells resembling lymphoblasts or small lymphocytes.
In contrast, cell survival was much poorer when pools
of large, rapidly-sedimenting cells depleted of small
lymphocytes were stimulated with PWM(data not
shown in tables).

The lower panel of Table III shows the results of
experiments in which the leukocytes obtained by
Ficoll/Hypaque sedimentation were stimulated with
PWMwithout any initial efforts to prepare small
lymphocytes. B-lymphoblast enrichment was at-
tempted after the stimulated cells had been cultured for
7 days. In keeping with the data presented in the upper
panel of Table III, only type B enzyme was detected in
these cells.

In experiments involving the culture of PWM-stimu-
lated cells without any initial attempt to isolate small

TABLE III
Isolation and Characterization of Non-T Lymphocytes from Patients V. M. and M. K. with CML*

Lymphocyte markers

Ig
Cells enriched for Rosette

lymphocytes before or Exp. Sur- Intra-
after culture with PWM no. Date Separation proceduret§ E EAC face cytoplasmic G-6-PD

%of cells

Beforet V. M. 2 11/25/75 Non-E rosettingol 0 ND 25 ND B
5 8/17/76 EAC rosetting ND 100 6 ND B
7 7/5/77 Non-E rosetting 0 ND ND 11 B
8 8/16/77 Non-E rosetting 20 ND ND 18 B

M. K. 5 6/5/77 Non-E rosetting ND ND ND 10 B

Aftert M. K. 6 1/3/78 EAC rosetting 0 100 ND 29 B
7 211/78 EAC rosetting 0 100 ND ND B
9 3/16/78 Sucrose gradient before and 0 100 ND 46 B

after EAC rosetting
10 4/12/78 Sucrose gradient before and 0 100 ND 38 B

after EACrosetting

See Table I for explanation of footnote symbols * and t.
§ Fractions listed in the upper panel were isolated by velocity sedimentation before rosetting and culturing with PWMfor
4-5 days. Fractions listed in the lower panel were stimulated with PWMfor 7 days before lymphocyte enrichment pro-
cedures were done. In all of the latter group of experiments, silica was added to the cultured cells on days 3 and 6.
" This fraction initially contained lymphocytes and granulocytes in a 1:1 ratio. The granulocytes were removed by allowing
them to ingest carbonyl iron and removing them with a magnet yielding a residual population consisting of essentially
100% small lymphocytes.
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lymphocytes from other cells, admixture with mono-
cytes was an additional problem. Contamination by
these cells was reduced by exposing the cultures to
silica during the course of PWMstimulation, a maneu-
ver which does not interfere with the maturation of B
lymphocytes stimulated by this mitogen (24).

The non-T-cell lymphoid populations displaying
only one G-6-PD isoenzyme were demonstrated both in
remission (Table III, exps. V. M. 5, 7, and 8) and when
the CMLwas under poor control (exps. V. M. 2, and
M. K. 9 and 10). In the one chromosome analysis done,
Ph' was found in one of 37 PWM-stimulated meta-
phases (exp. V. M. 5).

Ig synthesis. In experiments designed to demon-
strate that cells judged to be lymphocytes by other
criteria indeed had immunological functions, Ig secre-
tion was measured in T- and B-lymphocyte prepara-
tions from normal persons and from patients with CML.
The results of one such experiment are given in Table
IV. Both the T and B cells alone made some Ig, presum-
ably because neither fraction was entirely homoge-
neous. Nonetheless, it is clear from this and similar
experiments that synthesis of Ig by normal B cells was
increased by T lymphocytes but not by other cells from
patients with CML. Similarly, cells with B-cell char-
acteristics from patients with CMLmade more Ig in the
presence of normal T cells.

DISCUSSION

The three patients whose lymphocytes form the subject
of this study are among the previously reported patients

TABLE IV
Ig Synthesis by Lymphocyte Subpopulations from a Normal

Person and From Patient M. K. with CML

Source of cells*

T cells B cells Igt

jgIml

CML None 0.6
None CML 1.2
Normal None 1.8
None Normal 2.2
Normal Normal 4.8
CML CML 1.5
CML Normal 3.8
Nonnal CML 5.8
(CML non-T) Normal 1.2

* See Methods for preparation of normal and CMLT and B
lymphocytes. CML non-T cells were the large cells after
velocity sedimentation. The CMLT-cell and the CMLB-cell
preparation had 100% lymphocytes. The CML non-T-cell
preparation had 12% lymphocytes and 88% myelocytic cells.
t Ig synthesis in microcultures of B and T lymphocytes stim-
ulated with PWMfor 7 days. Results are means of triplicate
cultures.

and their CMLmyelocytic cells are type B. The results
provide evidence for the presence of two, and perhaps
three lymphocyte populations in CML.

T lymphocytes which do not arise from CMLstem
cells. The most convincing conclusion reached from
the data is that in each of the three patients there is a
lymphocyte population which types as B/A for G-6-PD
and therefore does not arise from the CMLclone (Table
I). These cells were most easily demonstrated when the
patient was in complete clinical remission. This non-
clonal lymphocyte population has many T-cell char-
acteristics, such as spontaneous formation of rosettes
with sheep erythrocytes and absence of readily detect-
able cell surface or intracytoplasmic Ig. Furthermore,
these cells function as T lymphocytes in the synthe-
sis of Ig. Cells within this population that enter mitosis
in the presence of PHA lack Ph'.

One possible reason that these T lymphocytes are
nonclonal is that they are long-lived and antedated
the development of CML. Alternatively, nonclonal T
lymphocytes may have been produced after leukemia
is manifest. An argument in favor of the latter pos-
sibility is provided by experiments V. M. 6, 7, and 8 in
Table I which were performed more than 2 yr after the
onset of CML. It is likely that a significant proportion
of T cells arose during this period and if all such cells
originated from the CMLclone, the greatest propor-
tion of G-6-PD should have been of type B (the same
type found in the CMLclone). In contrast, the propor-
tion of B:A in the T lymphocytes was the same as
it was in skin.

Lymphocytes which arise from CML stem cells.
The data also suggest that there are lymphocytes with
the same single-enzyme phenotype as that found in the
leukemia myeloid cells. Using lack of E rosetting as a
criterion, one population of these lymphocytes con-
sists predominantly of non-T cells. This population was
demonstrated when the patient was in relapse or in
clinical remission (Table III, exps. V. M. 2 and 7, re-
spectively). Many of the cells in this population mani-
fest B-lymphocyte characteristics such as cell surface
and intracellular Ig, and Ig synthesis (Tables III and
IV). However, since not all cells in the non-T-lympho-
cyte fractions showed, nor would be expected to show,
these characteristics, it was possible that the prepara-
tions had important admixture with myeloid cells
which had a single-enzyme phenotype and obscured
the phenotype in the lymphocytes themselves. For the
reason given in the Results we feel that we have ex-
cluded contamination with the most obvious non-
lymphoid cell types. Although some T-"lymphoblast"
admixture is to be expected, if it were considerable it
would, if anything, have favored the appearance of a
double-enzyme phenotype (cf. G-6-PD in preparations
from Tables I and III, exps. V. M. 5, 7, and 8).

These results suggest strongly that there are lympho-
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cytes which arise from the CMLstem cell. Although
the percentages of these lymphocytes that have B-cell
characteristics resemble the percentages found in
similar preparations of PWM-transformed B cells from
normal subjects (28),2 we do not know the extent to
which the cells without T- or B-cell markers represent
B lymphocytes which have lost their markers as a con-
sequence of the prolonged separation procedures or
represent physiologically "null" lymphoid cells. We
recognize that ultimate proof for the CML-stem cell
origin of B lymphocytes requires G-6-PD assays of
pools in which the great majority of cells can be defini-
tively identified as B lymphocytes or of B-cell colonies
grown in culture. However, there are few criteria by
which B lymphocytes and precursor cells of the my-
eloid series can be firmly distinguished in CML. la
antigens are not confined to B lymphocytes but are
expressed by both normal myeloid stem cells (34, 35)
and neoplastic granulocytes in CML (36). Moreover,
there is evidence that in blast crisis leukemic cells may
display both lymphoid and myeloid properties (37).
Indeed in blastic CML, cells with myeloblastic mor-
phology may express terminal transferase (38), an
enzyme usually considered to be characteristic of
primitive lymphoid cells. On the basis of the semi-
quantitative data presented here we suggest tentatively
that the single-enzyme phenotypes in the non-T-lym-
phocyte fractions may represent B cells and, therefore,
that B lymphocytes may arise from CMLstem cells.

T lymphocytes which may arise from CML stem
cells. There is a population of lymphocytes which has
a single-enzyme phenotype and T-cell characteristics
including lack of cell-surface Ig, formation of E rosettes,
and reaction with anti-T-cell serum (Table II). In con-
trast to the non-clonal T cells which were most easily
demonstrated in clinical remission, this "clonal" sub-
population has thus far been demonstrated only when
the disease is in relapse. However, conclusions based
on these findings must be guarded. Thus, since the
disease was active at the times of study, the still greater
preponderance of cells of the granulocyte series in the
starting material increased the difficulties of isolating
and characterizing lymphocyte populations. Further-
more, it cannot be firmly concluded that this clonal sub-
population is analogous to normal T lymphocytes since
it may consist of B lymphocytes or undifferentiated
cells of the leukemic clone which have acquired T-
cell markers during the evolution of the leukemia.

Previously it has been concluded that the lymphoid
and myeloid systems share a commonmultipotent stem
cell in mice (39-41) and that in these animals there
are also restricted stem cells committed to differentiate
only into T lymphocytes or only into myeloid cells (41).
Independent differentiation into B lymphocytes was
not observed. The data for man are less clear, but our
observations suggest that there are similar stem cells in

humans and that CMLinvolves a pluripotent stem cell.
The occurrence of lymphocytes which arise from the
CMLstem cell may explain why in some cases of blast
crisis, the cells have morphologic, enzymatic, immuno-
logic, and other characteristics which resemble those
found in the common type of acute lymphoblastic
leukemia (5-8). The demonstration in patients with
CMLin remission of T lymphocytes that do not arise
from the leukemia stem cell may reflect persistence
of restricted stem cells committed to differentiate only
into T cells.

Philadelphia chromosome (Ph'). PHA- and PWM-
stimulated mitoses within the lymphocytes having
single-enzyme phenotypes (and thereby presumably
arising from CML stem cells) generally lacked Ph'.
It is possible that the cells in metaphase are not repre-
sentative of the vast majority of enzyme-producing cells
or that cells which are clonally derived only acquire
Ph' at a later stage in leukemogenesis or perhaps even
after it has occurred. Our data do not allow us to distin-
guish between those and other possibilities, but this
question can be resolved by analysis of both G-6-PD
and Ph1 in the progeny of single cells derived from
hematopoietic cell colonies grown in culture.

In summary, the likely demonstration in CML of
clonal lymphocytes, be they B cells, null cells, or both,
suggests that there is a common hematopoietic stem
cell for some lymphocytes as well as for myelogenous
cells and it is this stem cell which is involved in the
leukemia. Some cells with T-lymphocyte characteris-
tics may also arise from the pluripotent progenitor,
but one population of T cells does not arise from the
CMLstem cell either because it antedates the develop-
ment of leukemia in that stem cell or, more likely, be-
cause it arises from progenitors not involved by the
disease.
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