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New Approaches in Chronic Granulocytic Leukemia— Origin,
Prognosis, and Treatment

John M. Goldman and Dao-Pei LU

SERIESof remarkable discoveries has-con-
tributed inthe last 20 yr to our understand-
ing of the nature of chronic granulocytic leuke-
mia (CGL)—notable landmarks have been the
discovery of the Philadelphia chromosome, the
recognition of the transiocation t(9:22), the real-
ization that GGL is a panmyelopathy involving
all cell lines in the myeloid series. and the finding
that a- minority of transformations have biast-
cellswith a lymphoid phenotype. For the patient
with CGL, however. the progress has been less
impressive. DIUgS that controlled to some extent
the myeloproliferation were available at the
beginning of the century, and the use of radio-
therapy when it became available in 1902 was an
important further devclopment. In 1952 the
introduction of busulfan revolutionized treat-
ment and it was indesd some vears before it was
fully realized that busulfan was in a sense a
nixed blessing—the very ease of its administra-
tion directed attention away from the fact that
urvival of patients treated with busulfan was
rolonged only very modestly. Subsequent
attempts to improve survival by the use of other
cytotoxic drugs, alone or in combination. have
st in general &en valuable.
Many aspects of the etiology, epidemiology.
cytogenetics. clinical featuresand hematology of
7L have been ably reviewed in the last few
1rs 47T 1 this short paper we will
Jirnit our attention to three arcus in which new
i=formation has accumulated very recently: the
¢ dencc for the clonal origin of CGL. the
attempts to predict the duration of the chronic
phase and of survival, and the ncwer approaches
t reatment Of paticnts in chronic phase and in
tr sformation,
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CLONAL ORIGIN OF CGL

Cytogenetic and Enzymatogic Data for
Unicellular Origin

In 1960 Nowell and Hungerford described an
abnormai small chromosome in patients with
CGL."" This abnormality is now known to arise
as a result of translocation of a variable quantity
of genetic material from the long arm of one of
the 22 chromosomes t0 another site. In perhaps
90% of patients the material is translocated on to
the long arm of chromosome 9and the transloca-
tion is then referred to as t(9q+: 22q-).*
Although originally thought to be confined to
cells of the granulocytic series. the Ph' chromo-
some has since &en identified in cells of
erythroid, rnegakaryoblastic, monocytic, ¢osino-
philic and probably also basophilic line-
ages s s regularly absent in divid-
ing marrow fibroblasts. in somatic cells and in
most peripheral blood lymphocytes stimulated to
divide by phytohemagglutinin.**’>'# One report
suggested that it was present in T-lymphocytes
(or their precursors)." but we studieda 1 3-yr-old
boy who had had CGL since the age of 7 without
finding any Ph'-positive T—ells in the peripheral
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blood,** Conversely the simultaneous applica-
tion of immunofluorescence techniques and cyto-
genetics showed that substantial proportions of
B-lymphocytes may be Ph'-pasitive’ and B-
lymphoid cell lines bearing the Ph' chromosome
have been established froma patient with CGL.™
Such evidence suggests that the Ph' abnormality
may originate in a single pluripotential stem cell.
In patients in whom the two 22 chromosomescan
be distinguished one from the other the finding
that the Ph' chromosome always invelves the
same member of the pair further supports the
concept that the Ph' abnormality has developed
originally in a single progenitor or stem cefl.™

Further evidence in favor of the unicetlular or
clonal origin of CGL comes from the elegant
studies of Fialkow and his ¢s-workers. They
made use of the observation that individual
somatic cells of black female patients heterozy-
gous for the twa enzymes of glucose-6-phosphate
dehydrogenase (GéPD) contain only either
enzyme type A or enzyme type B. Studies in a
small series of women have uniformly shown that
leukemic cells and their progeny.contain exclu-
sively enzyme type A or enzyme type B but not
both. This finding suggests that the CGL is
derived from a single hemopoietic stem cell of
one or other enzyme type.**** One such patient
treated with cytotoxic drugs has achieved a true
remission. Her marrow was restored to Ph'
negative status; at that time the marrow con-
tained presumably normal myeloid cells that
were of both enzyme types."™

Other cytogenetic evidence also favors the
clonal origin of CGL. In one patient whose
somatic cells showed him to bea sex chromosome
mosaic (XY/XXY) only the 46, XY clone
showed the Ph' chromosome."" A similar patient
was reported by Moore and his colleagues®™: a
boy with CGL proved to be a constitutional
mosaic with 46. XY /47, XYY chromosomes in
skin, blood and marrow. In ihc chronic phase a
third cell line, 46. XY. Ph' prcdominatcd in the
marrow and was identified also in transforma-
tion.

Finally. one 1nust consider the cvidence that
some paticnts with C(G L. enter o phasc of trans-
formation in which the blast cclls have predomi-
nantly lymphoid characteristics.! Such lymphoid
blast cclls contain terminal deoxynucicoridyl
transferase™'*? and somctimes cytoplasmic im-
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munoglobulin®***that suggests features in ¢

mon with an early progenitor of B~cell linzage

one reported case the blast cells had immunalc

cal feature of T—ells,”™ The finding that s
lymphoid transformations involve Ph'.pasit
progenitor cells adds further weight to the ar
ment that CGL startsin a cell with both myel
and lymphoid potential. in other words, a plu
potential hemopoieticstem cell.”*

Significanceof Ph'-Negative Myeloid Cells in
Patients with Ph'-Positive CGL

In the majority of patients with CGL, 100% «
marrow metaphases show the Ph' ¢chromesorr
and the anomaly persists throughout the cours
of the disease. A small proportion, perhaps (s
than 8%, have a similar disease in which the Ph
chromosome is never detected. Most suci
patients with Ph'-aegative disease have a leuke
mia that is hematologically distinct from Ph'
positive CGL and could perhaps be better classi
fiedas "*chronic myeloid lsukemia.™" It is gener-
ally agreed that the survival of patients with
Ph'-negative CGL is inferior to that of patients
with Ph'-positive disease.”?*1%12 1q occasional
cases. however, the leukemia is hematologically
indistinguishable from classical CGL and differs
only in lacking the Ph' chromosome:'® the sur-
vival of such patients may te¢ no different from
survival of patients with Ph'-positive disease.

There are other patients in whom Ph'-positive
and Ph'.negative metaphases coexist when the
disease is first diagnosed. Rarely. such mosa-
icism may be recognized even before the leuke-
mia is clearly established or when the leukocyte
count is still comparatively low."" Mort often. the
patient already has pronounced leukocytosis and
perhaps symptomatic disease. The frequency
with which some Ph'-acgative mctaphases are
identified in patients with Ph'-positive disease
must depend to somc cxtent on the number of
metaphases analyzed: suome Ph'incgative cells
have been found in 6% ot patieats inone serics, '™
in 297 of cases in 1sccond series'®and in $1% of
cases in a third:' In the majority of cases in
which Ph'-negative mctaphases have bcen
observed in Sokal's series, fess than 2 yr have
elapsed from diagnosisand the author conciuded
that the probability of finding Ph'-ncgative
mitoscs Was inversely reluted to the duration of
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the CGL.""® In another series of paticnts the
finding of Ph'-positive/Ph'-negative mosaicism
indicated a relatively prolonged duration of
chronic phase disease™ but in earlier and later
studies no such survival advantage could be
demonstratcd. 't

In 1964 Speed and Lawlier rcportcd brief
details of a patient with CGL who was treated
with busulfan and sustained a period of bone
marrow hypoplasia; subsequently his marrow
was found to be Ph'-negative.''* Thereafter a
number of similar patients was reported whose
marrows, Ph'.positive at diagnosis. showed a
majority or virtually all miteses to bc Ph'-
negative after treatment with busulfan ¢hat had
produced variable periods of hypoplasia.””™* In
some reports the patienu had been treated with
amounts of busulfan that were excessive by con-
ventional standards, but in other cases the hypo-
plasia had followed administration of quite small
doses of the drug,* Such observations were inter-
preted as compatible with the hypothesis that
Ph'-negative, and presumably normal, hemo-
poietic stem cell: were present in the marrow,
albeit their proliferation suppressed. in the
majority of cases of CGL at diagnosis. Appropri-
ate therapy might then selectively suppress the
Ph'-positive clone and permit the marrow to be
repopulated by normal hemopoietic cells.” *

This possible approach to therapy appeared to
have particular appeal because some of these
patients who survived periods of marrow hypo-
plasia and showed Ph'-negative metaphases had
very lOﬂg surviva15.5.9.26.37.0.79.111.127 In one
remarkable example a 42-yr-old woman was
treated with busulfan (185 mg) in 1956 (before
the Ph' chromsome had been recognized). In
1964 her marrow was Ph'-negative but later in
the year it became Ph'-positive; she then received
further treatment with busulfan (110 mg) and
her marrow was restored to Ph'-negativity, Thus,
her first true remission may be presumed to have
lasted 7 yr**; her second remission continued and
had lasted ! 4 yearsat the time of the morc recent
report’ More often, the treatment has lcd to a
stable pattcrn where both Ph'-positive and Ph'-
negative cells were present for long periods in the
marrow in approximately constant propor-
tions'"  Such '‘stable mosaicism' after treat-
ment with busulfan might be explained by postu-
lating that busulfan caused a mutation or other
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sublethal damage in the Ph'.positive clone
whereby these cells lost their proliferative advan-
tage."" A murine model of chronic hypoplastic
marrow failure following treatment with busul-
fan was developed by Morlcy and might parallel
in the mouse the effects of busulfan in selected
cases in man.""

These observations has led Sandberg to pro-
pose a scheme of *‘staging'* for patients with
Ph'-positive CGL based on cytogenetic find-
ings? *

Stage | —The presence of only cytogenetically
normal marrow metaphases (only achieved on
rare eccasions following treatment)

Stage H-—Cytogenetically normal cells co-
exist with Ph'.positive cells

Stage 111—All marrow metaphases are Ph'-
positive

Stage 1V—All marrow metaphases are Ph'-
positive but some cells have additional chromoso-
mal anomalies

Stage Y—All metaphases show the Ph'
change plus additional chromosomal anomalies

Most patients with CGL are in Stage 11l when
the disease is diagnosed. Clearly, Stage | is
achieved only after *‘successful'" therapy and
might correlate with prolonged survival.
Whether Stage !1 recognized before treatment or
achieved after administration of cytotoxic drugs
is of benefit to the patient remains an open
question.

kthe Ph' Chromosomal Anomaly Primary or
Secondary in CGL?

It was assumed for some years after its discov-
ery that the acquisition by a hemopoietic stem
cell of the Ph' chromosome anomaly represented
the primary event in the pathogenesis of CGL,
and such may indeed be the case. Certainly the
PR' chromosome is almost universally present,
usually in 100% of marrow metaphases. very
early in the clinical evolution of CGL.*' Recent
evidence, however, casts some doubt on the con-
clusion that the acquisition of a Ph' chromosome
is always the seminal event. There are a number
of individual reports in which the patient's mar-
row is apparently entirely Ph'-aegative at diag-
nosis. but Ph'-pasitive cells are identified during
subsequent follow-up (Table 1). Of course. if the
number of metaphases analyzed originally is
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Table 1. Reported Cases in Which Either (A) the Ph' Chr

GOLDMAN AND LL

y

was |

ified Only Some Time Atter the Original

Disgnosis of CGL. or (B) in Which 8 Ph’ Chr

b

ified When the Leukemis was Diagnosed but was

Subrequenttly "Lost”’

Oiagnoss sna
Patwent Age/Sen lwtsnt Cytogenetcs Subsequent Course Refererce

1 39/F MPD (45.XX, ~6) BT (45.XX. =5, ~ 22, +Ph") Kohn et ai.. 1975%

2 NS/M CGL-CP (48.XY} CGL-CP (46 .XY.PR') Yanzer, 1977'®

3 5/M CGL-CP (100% Ph') CGL-8T (100% Ph'-neg) Lawier, 18777

Chesselis st o, 19797

4 39/M CGL-CP {Ph'-neg) Subsequent CGL-CP Haysta ot 2., 1975%
{Ph'-pos) Sancberg et al.. 1978

5 42/M AML (46.XY.Ph'[40%]) Reispse. 100% Ph'-neg Wayne et al., 1979'

[ 19/M CGL-CP (100% 46 .XY.Ph') CGL-B8T (49.XY, + 9, + 10, Hagemener et ol., 1979
+12: no PR’}

7 53/M CGL-CP (46.XY) CGL-CP {46.XY.Pn'} Liskar ot at.. 19807

8 42/F CGL-CP (46,XX} CGL-CP (48 XX.Ph') Liskar ot oL, 19807

NS = Not starad N ongnal report.
CGL-CP =~ Clwomc granulocytic leukemia—civonic phase.

CGL-8T = Chromnc granuiocyuc leukemis — blast-cell ransformstion.

MPO ~ Myeicorolferasuve diseass.
AML - Acute myelowd leukerma.

small (as was the case in the report by Lisker et
al.),” it remains possible that a Ph'-positive line
was present ab initio but was simply not identi-
fied. Inother cases a Ph'-positive line was identi-
fied originally at diagnosis but disappeared sub-
sequently in the patient's clinical course
(Table 1). One such patient was studied with
particular care by Hagemeijer and his col-
leagues.’” A 19-yr-old boy presented with typical
Ph'-positive CCL. He was treated intermittently
over four years with busulfan; his blood and
marrow stilt showed a picture consistent with
CGL but cytogenetic analysis of blood. marrow.
and spleen cells was normal. During two separate
episodes of blast-cell transformation, he had a
hyperdipioid karyotype without evidence of the
Ph' chromsome. Another paticnt described by
Chessells and her colicagues is of interest.® A
5-yr-old boy presented with classic Ph'-pasitive
CGL in chronic phase. The disease was control-
led initially with busulfan. but some months later
blast-cell transformation supervened; at this time
the blast cclls were Ph'-negative. These various
clinical reports are difTicult to recancile with the
concept of CGL asa monoclonal diseasc in which
the neoplastic clone, marked by rhe Ph' chromo-
SOme. caexists with 3 population of strictly nor-
mal cclls. the proliferation of which is usually
clTectively suppresscd.

Further study of the patient with CGL and
constitutional mosaicism originally described by
Moore et al.”** has yielded intriguing results.

Though initially blastic transformation was rec-
ognized in the 46. XX. Ph' cell line, later in the
evolution of the disease a major aneuploid 46.
XYY, —C, Ph' line was identified. One pessible
explanation for this curious sequence of events is
that both lines of' the mosaic were involved early
by the leukemic process, the Ph' anomaly being
acquired or ¢xpressed inthe XYY line only late
in the disease.

Fialkow and his colleagues have recently
reported the combined use of cytogenetic analy-
sis and assay of cellular G6PD with valuable
results.”” They were able to infect with EB virus
B-lymphocyies collected from a patient with
CCL who was heterozygous for the two enzymes
of GéPD and to establish from different lym-
phoid progenitor cells a series of short-term cell
lincs of undoubted B-.cell lincage. Some of these
lincs were Ph'-gositive but the majority were
Ph'-negative. The Ph'-positive lincs were all of
the same GoPD phenotype us the patient’s my-
cloid leukema {type B): umongst the Ph'-
ncgative fines some were of type A and others of
tvpe E. CF the Ph'.acgiutive lines only those of
GOPD type B had karyotypic abnormulitics; the
G6PD type A lincs WCIC ail essentislly normal.
The authors cuncluded that their studies were
compatible wrih a multi-step origin of CGL—a
neoplustic cell line occurring first as a result of a
hcritablc chunge in a single pluripotential stem
cell and the Ph' chromosome appesring thereal-
ter. If this is indeed the universal sequence of
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Fig. 1. Sch ic repr ion of the evolution of
homoponue s«mcoﬂsinccl. The progress of the diseasa
n 8 hwp d by progression

from left to right: (ll Ph'- mm normal stem cells; (2)
Ph'-negative stem calis with 3 heritable defect characteria-
tic of CGL: 13) Ph'-positive stem ceils with a proiiferative
sdvamage charscteristic of chromic phass CGL: (4) Ph'.
positive stem cells (usually with additionsl cytogenetic
changes) characteristic of blast-cell transformation of CGL.
CP = Chronic phase. 87 « Blastic rransformation,

events, it seems probable that the acquisition of
the Ph' anomaly conferson that clone of cells (in
most cases) a proliferative advantage over both
normal and Ph'-negative neoplastic hemopoietic
stem cells. This hypothesis is shown schemati-
callyin Fig. 1.

PROGNOSTIC FEATURES IN CGL

For some years. writers have studied personal
series of paticnts with CGL and have sought like
a holy grail a feature or a constellation of
features that would help to predict prognosis—
the duration of the chronic phase or the duration
of survival—in an individual patient. Results of
such analysts have in general been confusing,
and features that apgeared in one study to have
definite prognostic significance have frequently
failed to gain confirmation in other studies. This
result can only mean either that the originai
positive findings reached conventional Icvcls of
statistical significance only by chance or that
different series of paticnts are genuinely dif-
ferent. In either case, the value of the original
findings &k reduced.

In more gencral terms, the uttempt to identify
a feature or features characicerizing a paticnt at
diagnosis that correlates well with survival may
be conceptually wrong. The features that deter-
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mine the duration of the chronic phase or of
survival in a given paticnt are not understood, but
it may reasonably be postulated that they include
at least somc measure of the rate of progression
or "'tempo™ of the disease, some measure of the
point in its progression at which the disease is
diagnosed and other unspecified factors,''* An
assessment that takes account in individual
patients of **static’* features at diagnosis may
reflect the stage to which the disease has pro-
gressed but may provide no measure d the
disease tempo. Conversely, measurement of " dy-
namic'* features such as change in leukocyte
numbers following treatment ar cytokinetic data
may give some evidence of the disease tempo but
may not accurately reflect the point in its pro-
gression at which the disease is diagnosed. The
ideal procedure for assessing prognosis should
reflect both these aspects of a patient's diseass, A
ossible solution to this problem will &e discussed
ater. —T
A further problem related to the question of
predicting the duration of the chronic phase or of
survival requires mention. It has besn suggested
that the chronic phase of CGL might better be
described as a “pre-leukemic™ condition that pre-
disposes to but does not inevitably terminate in
blastic transformation.”* The observation that
transition t0 a more aggressive phase of the
disease is usually accompanied by evidence of
cytogenetic evolution has beea interpreted as
support for this concept. Alternatively, it is plau-
sible that even in chronic phase the disease is
already truly leukemicand is progressing inexor-
ably towards a terminal blastic transforma-
tion."" Evidence for kinetic changer occurring
progressively during the course of chronic phase
disease. referred to below. is compatible with this
interpretation. Whichever view more correctly
describes the natural history of CGL. one can _
recognize two different categories of prognostic
features. On the one hand, there is a reasonably
well defined series of features which, occurring
during the course of the chronic phase, appear to
predict poor subsequent survival but are in fact
early signs of transformation."."*." 'These fea-
tures include fever. refractory splenomegaly.
nodular skin lesions. significant lymphadenopa-
thy, lyriciesions of bone, excess of blasts or blasts
plus promyelocytes in the blood or the marrow,
high neutrophil alkaline phosphatase and per-
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haps marrow myelofibrosis. Cytogenetic evi-
dence of clonal evolution or changing patterns of
colony and cluster formation in agar culture of
marrow are probably also in this category.’s#3*
Any of these features may in reality 2e better
regarded as evidence that the initial events in
transformation have already occurred and the
relevant question relates only to the spesd at
which transformation will proceed thereafter. On
the other hand. there are other features. some
identifiable at diagnosis (static features) and
others based on changes occurring during the
first months or years after diagnosis (dynamic
features). that do not definitely represent early
transformation but may yet have prognostic sig-
nificance. The possible prognostic features in this

! : second category are reviewed briefly bclow.

Possible Prognostic Features Definable
at Diagnosis

Age

In one large series. younger patients (lessthan
20 yr) survived significantly longer than older
patients (more than 70).*" The same trend was
noted in other series.’®**!* Young patients sur-
vived longer also in the multicenter study orga-
nized in Italy' but age carried no prognostic
weight in a recent report of patients treated in
Bologna.'** In the majority of other reports the
age of the patient did not appear to influence
prognosis.'*-$0455287.106

Sex

There was no difference in survival between
males and females in the series of patients
reported by Minot ct al.*' and there was no
influence of sex in series rcportcd recently from
Italy. Spain and the United States.'**'% |n
almost every other seriesin which sex was consid-
ered in relation to survival. howcver. males sur-
vived distinctly or significantly worse than
females,?$!43:10419.100 |+ qooms fair to conclude
that in general fcmalcs with CGL can cxpect to

live lonncr than males.

Svmproms ar Diagnosis

With respect to symptoms it is particularly
necessary to differentinte bCtween clinical fea-
tures that actually denote early transformation
and those that correlaic nerely with cxtensive
chronic phase discase. With this proviso. Jucquil-

lat has rcportcd that patients with symptoms
(inctuding asthenia, weight loss. bone pin. fever,
night sweats and gastrointestinal disturbance)at
diagnosis have significantly shorter survivals
than those without symptoms.** Basad ona series
of 130 patients. Haanen and Oehlen have con-
firmed that patients with weight loss or night
sweats have poarer prognaeses than those without
such symptoms.™® Leavell has reported that
patients with a bleeding tendency have poor
prognoses.” Others. however, have found that
asthenia and weight loss lack prognostic signifi-
cance.'™

. Spleen Size ar Diagnosis

Measurement of spleen size is not particularly
objective and writers have used various criteria
to dowment splenomegaly. In the two Italian
series and in the Chinese series. patients with
spleens descending more than IS cm below the
costal margin have survived for shorter periods
than those with smaller spleens.'*'*® In the
Spanish series. an impalpable spleen has ken a
good prognostic feature™®; in five other series
patients with minor degrees of splenomegaly
have survived longer than those with larger
spleens.>¥+3%94 Other reports have failed to
show any effect of spleen size at diagnosis on
suwiva"wm.mu

Liver Sire at Diagnosis

If the measurement of spleen size at diagnosis
is sonicwhat inexact. this applies even more to
measurement of liver size. Frequently the organ
isenfarged but the consistency of the sdge issuch
that it «s difficult to fcet per abdomen. Neverthe-'
less, patients with an impalpable or small (less
than 6 cm bclow the costal margin) liver have
survived significantly longer than patients with a
larger liver in the scrics reported from Italy and
Spain.""'** Conversely, large liver size has car-
ricd a poor prognosis in some series'®® but the
associution has not bcen confirmed by oth-
ers."

leukoosre Count ar Diagrosis

In the two laln serivs padicnts with pre-
semting leukocyte counts bclow 100 x 10%/1
survived significantly longer than those with
higher lcukocyte counts.'* Using a cut-off point
at 25 > 10%/1, the same superior survival for
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patients with low leukocyte counts was noted in
the series reported by Jdequillat.®' Leavell also
noted a favorable influence of relatively low
leukocyte counts,** although in a German series
patients with presenting leukocyte counts below
30 x 10%/1 had short survivals."* |n line with t(he
possible bencfit of a low leukocyte count at
diagnosis. a high leukocyte count (=300 x 10%/
1) was found to predict short survival in one
series.'® No effect of leukocyte count on survival
was Noted in five other series,'t-30-374043

Proportion Of Blasts and Promyelocytes in
Blood and Marrow at Diagnosis

There seems to & no general agreement as to
whether the proportion of biast-cells or blasts
plus promyelocytes has significance in deter-
mining prognosis in patients who are not in
incipient transformution. In five series a rela-
tively high percentage of blast cells in the blood
or the blood and marrow has correlated with poor
prognosis.'"**44¢1% |n the |talian series patients
with less than 1% of blasts in their blood, who
surprisingly constituted 33% of patients. have
had significantly longer survivals'**; the patients
with fewer than 20% of granulated precursors
{promyelocytes and myelocytes) have also sur-
vived longer than those with more than 20%. On
the other hand, no influenceof blast cell numbers
at presentation has been noted in two other
studies.">'™

Hemoglobin a: Presentation

In some series patients with relatively lower
hemoglobin values had poorer survivals than
thase with higher valuges,'*s0sestn.130 In other
series no effect of hcmoglobin level on survival
was discerned,s*t%10412¢

Plareies Count at Diagnosis

The level of the platelet count at diagnosis has
had prognostic significance in most reports.
Though the level defining ""high™ platelet counts
was quite variable, it was a general finding that
patients with high counts had short surviv-

js.rermsa Conversely, patients with abnor-
mally low platelet counts also hud a poor progno-
5is, 0819010412413 1y oo reports NO dctinite efTect
of platelet count on survival could be
detected.'™*? There seems general agreement
that a persistent rise of platelet numbers refrac-
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tory to therapy and falting numbers both herald
transformation.

Cytogenetic Analysis to Predict Prognosis in
CGL

This subject has been extensively reviewed in
recent years"™" and results will be summarized
here only briefly:

(1) In almost all reports. patients with Ph'-
negative CGL survive less well than these with
Ph'-positive disesse, In fact the presence or
absence of the Ph' chromosome & probably the
single most important prognostic feature.

(2) Patients with non-standard transtocations
(translocations other than 1(9:22)) do net differ
in survival from those with standard transloca-
tions.'!!

(3) The survival of patients with abnormali-
ties in addition to Ph' at diagnosis i not defi-
nitely shorter than when the Ph! chromosome is
the only abnormality. These who acgquire such
additional abnormalities after diagnosis do. how-
ever. have shorter survivals.

(4) In most reports, loss of the Y-chromesome
leading to the Ph'-pesitive, XO myeloid line
carries a relatively favorable prognosis™; not
atl, however, agree.™

Prognostic Features Defined After Initial
Diagnosis

Response of rhr Leukocyte Count io
Chemotherapy

In early studies Galton noted that the rate at
which the leukocyte count fell after beginning
treatment was related to the daily dose of busul-
fan.* He also noted that the rate of fall differed
in different patients and that the doubling time
for the leukocyte count after each successive
course of busulfan tended to shorten in an indi-
vidual paticnt. These observations were extended
by Bergsagel who plotted the leukocyte count
doubling time after the first course of busulfan
against the patients' survival and observed a
significant correlation: a similar relationship
between circulating immature myeloid cell aum-
bcrs and survival has also been demonstrated.''*

Cyrokinetic Studies

Cytokinetic studies carried out on the blood
and marrow of patients with CGL have recently
been reviewed.”™ Using specific cytokinetic fea-



w

LR 21 )

"’f{i'gl”' @ %" ,.-.‘~

248

tures (mitotic index, stathmakinetic index fol-
lowing vincristine in vivo and flash-labeling
index with 'H-TdR), Baccarani and Killmann
were able toshow that promyelocytes and myelo-
eytes in CGL resembled normal progenitor cells
but blast cells had a distinctly lower fabeling
index and resembled in this regard the blasts of
acute myelogenous leukemia rather than their
normal counterpart.' These studies were inter-
preted as evidence for the existence early in the
disease of a minority of cells that might charac-
terize subsequent transformation. Others have
suggested that the labeling index in vitro was
related rather to the level of the leukocyte count
and was unlikely in itself to have prognostic
significance."™ There was. however, acorrelation
between high proportions of blasts plus promy-
¢locytes with low mitotic indices and survival.'®
Though the authors suggested it, they did not
show in their study a separate influence of low
mitotic index and high proportion of blasts plus
promyefccytes.

CytogeneticStudies

The majority of patients with Ph'-positive
CGL have no other cytogenetic abnormalities
when first diagnosed. Perhaps 80% of patients in
blast-cell Iransformation have evidence of addi-
tional cytogenetic change. and the eccurrence of
such change in patients still in apparently
uncomplicated chronic phase disease has bcen
held to indicate impending transformation. The
subject has been reviewed by a number of writers
in recent years™*'® and will not be referred to
here in further detail. For the sake of this discus-
sion, the central question is really whether the
occurrence of further cytogenetic change in
chronic phase represents the carliest evidence of
transformation or merely reflects a disease that
is genetically unstable and thus more likely than
others to enter transformation in the near
future.

Myelofibrosis

Marrow fibrosis is present at diagnosis in some
paticnts with CGL and dcvclops during the
course Of the chronic phase in oihcrs. As to
whcther the identiticntion of mild or mederate
degrees of fibrosis indicates impending transfor-
mation. opinions difTer. In rhe scrics rcported by
Gralnick and his colieagues, 8 of 30 paticnts had
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some increase in marrow content of reticulin
fibers at diagnosis and 39 of 181 patients deve-
oped fibrosis after diagnosis: the mean duration
of survival after recognition of fibrosis in these
paticnts was only 4.9 mo.”* In another mare
recent but smaller series ofpatients the finding of
myelofibrosis "'warned of imminent death.”"® The
amount of fibrosis was graded in serial biopsies
performed in 45 patients by Clough and her
colleagues.”” They established no definite corre.
lation between the amount of fibrasis and sur.
vival and noted that patients with major marrow
fibrosis did not always have a rapidly fatal
course. Others also failed to find a correlation
between myelofibrasis and survival in the first
three years of the chronic phase but fibrosiswas
a poor prognostic feature in patients more than
45 mo aftcr diagnosis.”™ Myelofibrosis B seen
with qual frequency in patients with lymphoid
and myeloid transformations.”

Requirement for Treatment as a Prognostic
Feature

The finding that the leukocyte count doubling
time after a single course of busulfan can be
correlated with survival' could be due to the fact
that this measure reflects to some degrez both
the point in its evolution at which the disease is
diagnosed and the tempo of disease in a given
patient. Along similar lines, Haanen and his
colleagues note that splenomegaly or leukocyte
sis that persists aftcr three months' treatment
with busulfan defines patients in a "‘poor-risk"*
category.®® Wc identified 25 patients whose
chronic phase disease has lasted from 13 to 72
mo and who have received treatment with busul-
fan only within the first year of diagnosis. We
found that ihc total dosc of busulfan adminis-
tercd during this time was inversely retated to the

duration of chronic phase in individual patients,

and a muthematical derivation of the relation-
ship gave a highly significant correlation."'
When busulfan-treated patieats are included in
thc original comparison of busulfan and radio-
therapy undertaken by the Medical Rescarch
Council in the United Kingdom™ werc analyzed
in the same way, a similar correlation was
observed (Fig. 2). We havc also identified in our
scrics |1 patients with rclatively long durations
of chronic phase, continuing 47 to i 36 mo aftcr
diagnosis. These patients either had very low
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Fig. 2. Relationship of duration of chronic phase to
total dose of busuifan admini od to pati ithin the
first yoar of diagnosis. Of 48 pari r dtor

busutfan in the original MRC compaerison of busulfan and
radiotherapy™ we could sccurately sssess the duration of
chronic phase in 25; 23 patients could not be sssessed for a
varioty of reasons (not treated only with busutfan, insidious

tr Y jerosis, Ph'-negative. etc.] The kine
of best fit {solid line) is very similar to that obtained by
anatysis of 25 other pati 14 d at the M ith

Hospital since 1972 (Warsham et al.).'™

rquirements for busulfan or were untreated
within the first year of diagnosis."™ Thus the
requirement for treatment reflected in the use of
cytotoxic drugs can be an important prognostic
featurc: the idea must be tested in other series of
patients.

TREATMENT OF CGL

Many aspects of the treatment of CGL have
been comprehensively reviewed in recent
years, #4713 e will discuss here only the
various attempts that have been made to elimi-
nate the Ph‘-positive myeloid population by use
of cytotoxic drugs during the chronic phase and
the place of autografting and allogencic marrow
transplantation in the management of patients in
chronic phase and in transformation.

Attempts to Eliminate the #h*-Pasitive Myeloid
Populatton During the Chrontc Phase

Because it now seems likely that residual
Ph'-aegative (and perhaps thercfore normal)
hemopoietic stem cells survive in the marrow of
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most or al} patients when CGL is diagnosed and
bccausc occasional patients whose marrows are
Ph'.positive at diagnosis but become largely Ph'.
negative after trcatment with dusulfanp®3? ™42
have had unexpectedly long survivals. deliberate
attempts have made to suppress the Ph'-positive
population of cells in the hope of permitting
re-emergence of Ph'-negative hemopoie-
sis_nu:.sn.ms.wv

The interim results of the L-5 protocol used at
the Sloan-Kettering Institute in New York were
published in 1979.2 Thirty-seven patients with
newly diagnosed CGL were treated first by
splenic irradiation, then subjected to splenec-
tomy and thereafter received a variety of cyto-
toxic drugs more commonly employed for
patients with acute myeloid leukemia. The
median survival for all 37 patients was 50 mae,
slightly longer than that reponed in previous
series. In 12 patienu there was a temporary
reduction in the proportion of Ph'-pesitive mar-
row metaphases to one-third or jess of their
initial value. Thesereductions lasted from | to 43
mo. and the median survival for these 12
patients. designated *‘responders” was signifi-
cantly longer than the survival of the remaining
25 patients. Similar results were obtained in a
subsquent protocol. designated L-15. in which
additional cytotoxic drugs were introduced. Of
28 patients treated. 12 had marrow studies that
showed Ph'-negative hemopoiesis but such cyto-
genetic **remissions” tended to be short-lived.""

Broadly similar results have been reparted for
patients treated with cyele-active cytotoxicdrugs
at other centers. In Philadelphia 23 patients were
treated with arabinosyl cytosine and 6-thiogua-
nine followed by splenectomy and 6 (24%)
showed some reduction in the percentage of
Phi-positive metaphases in the marrow.'® In
another study also reported from Philadelphia
patients were treated with the same drugs but
without splenectomy. Two of 16 patients
achieved Ph'-negative hemopoiesis.'”® Twelve
patients were \reated each with six courses of
combination chematherapy at the King's College
Hospital in London."™ In 6 the proportion of
Ph'.positive marrow metaphases fell to 50% or
lower and 4 patients had values less than 10%.
The splenectomy included in most of these proto-
cols may be an important component of this
approach since the spleen may play a role in



facilitating the proliferation of P'-positive
cells.™

Taken together, the results of these studies
orovide strong support fer the concept that some
Ph'-negative stem cz!ls 8re preseat when CGL is

diagnosed and that suppression of the Ph'--

psitive clone with cytotoxicdrugs ean rester to
tbe progeny of Ph'-negative Stam cells. albeit
temporarily, a proliferative advantage. Unfortu.
nately, one cannot conclude that such "tespond.
@\’ " these patients whose masrows show e tem-
porary reduction in proportion of Ph'-pesitive
metaphases, have in fact been benefiled Dy the
treatment. |t is possible that aggressive {reatl.

ment merely helps to identify 1 subpopulation of.

patients whose prognosis weuld in m y case have
bexn favorable. Further studies along these lines
a nonly ¢ justified after due cansideration has
be=n given to the toxicity of the deugs*™*® and to
theinterference with the patients' life-style.

Auto&aﬂing for CGL in Transformation

Autologous hemopoieticstem cells can beused
in the managemeat of CGL in transformation.
This approaach was pionesred by Buckner and his
collesgues in Seattle.”” Nucleated cllswere har-
vested from the patient's marrow at diagnesis or
soon after. stored in liquid nitrogen and used
when the patient entered blastic transformation
to reconstitute the bone marrow after treatment
with high-dese cyclophosphamide and whole
body irradiation (TBI). Twoe of the 7 patients
treated in this way were rapidly restored to a
hematologieal picture consistent with chronic
phase diseass, Engraftment was apparently facil-
itated in patients who regeived substantial quan-
tities of eryopreserved autologous blood calls as
well 15 marrow cslls,"?

Because We encauntered technical difficulties
in harvesting adeguate numbers of marrow cells
and =e=3uswe we speculated that pluripotential
stem eells might. uniquely in CGL, be present in
the circulation in vast excess, we began at the
Hammersmith Hospital (o store nucleated cells
collected from the blood of newly diagnosed
patients: we abandoned collection of marrow
cells. Subsequently. we showed that reconsti-
tuted blood cells alone would re-establish chronic
phase hemopoiesis in patients in blastic transfor-
mation after treatment with chemotherapy or
chemotherapy plus T81.* Beatwesn July 1977
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Fig. 3. Astusriel survival fer 29 petients with COL In
transiormation from date of suvegratting snslyaed by trear
ment received befers the sutegrefe. The median swrvivel
for patients treated by chemotherspy enly (CT enty, # = 17)
wee 24 wi: the owrvespending veine fer petients whe
received chamotherepy snd TBI (CT phes TEL A « 12) wes
11 wit {p < 0.08). Asteriaks indicate surviving petioms (i1t
June 1981).
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and June 1981 we treated 29 satienis by this
approach: 17 patients received only cytotoxic
drugs before autografting and 12 recaived ¢yte-
toxic drugs plus TBI. Definite and in most cases
rapid re-estadlishment of chronic phase hemo-
poiesis occurred in 28 patiens. The median
survival from date of transformation was 20 wk,
which was significantly longer than the |0-wk
median survival in a contemporary group of
patients treated by chemotherapy tfong." We
noted that patients treated by chemotherapy onty
before autografting fared better than thess w
recaived chemotherapy plus T8 (Fig. 3).

It is possible te draw some general conclus@%
about the pface of autografting in the manage:..J&

ment of patients in transformation. Hemopoietic3 .

reconstitution is highly predictable and seems
not to be a problem. Unfortunately, the value of
the technique is strictly limited by the relative
resistance to therapy of the transformed popula-
tion of cells and their propensity to resppear in
the marrow and blood in mest cases within 3=
mo of autografting. It is worth noting that ex=s-
sional patients have. however. had second
chronic phases lasting more than a year.™ For
patients whose transformation has. recurred,

um.».i,l...
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autografting has been attempted on a second of
a third a=asion with some suceess, At

esent it seems reasonabie to recommend that a
quantity of blood leukocytes should be collected
and stered from every new patient with CGL
belore treatment is started. The questions ofhow
or When. or indeed whether, to use the stored cells
can be tackied at a later date.

A major ¢concapiual objestion to autografting
is the factthat hemopoieticstem cells collected in
the chronic phase be it from the blood or from
the marrow, are all presumably Ph'-ocxitive,
However, this may not necessarily be so if stem
cells are harvested after the patient has ween
treated With cytotoxic drugs,'®33®stintior A
recant report deseribed a patient whese marrow,
initially Ph'-positive, was restored t0 Ph'-nega-
tivity by treatment with high~dese cyclophospha-
mide." " Blood stem cells were then collected 1nd
eryopreserved. When Ph'-pasitive transforma-
tion eecurred, the patient was treated with high-
dose busulfan and cyclophosphamide, followed
by transfusion of autologous stem cells. Hemo-
poiesis was reestablished with Ph'.negative my-
eloid cells. If one assumes for the sake of argu-

mcent that the cytogenetically normal cells in this
patient were not leukemic, the sequence of events

suggests ¢ new wry in which autografting with
circulating stem e¢lls might be exploited in the
future.

Bone Marrow Transplantatien
The suceessfyl transplantation of bone mar-

row collected from a normal donor could in

theary cure a patient with CGL . Cure would,
however. be more difficult if constitutional or

marrow mjeroenvironmental factors play a role
in the pathogenesis of the leukemia—hitherto

e I e o T
nematologically normal genetically identical
twin the major prodlem may be simply the design
ofaregimen of chernoradiotherspy preceding the

syngeneic transplantation that will permanently
eradicate the Ph'spositive myeloid cell line. A

;- larger number of patients is likeiy to have HLA-

identical sibs, and allogeneic marrow iransplan-
tation may then be undertaken. insuch cases the
problem of eradicating the leukemia is com-
pounded by the dangers inherent in traasplanta-

g tion of HLA-matched non-identical marrow.
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ptincipally those of graft.versus-hest disuse
(GVHD) and interstitial pneumonitis.

Syngeneic Marrow Transpiantation

Results of treating patienu with CGL in
transformation by chemoradiotherapy followed
by transplantation of normal marrow from den-
tical twins are not encouraging. Oaly 2 of 10
pitients so treated in Seattle remain alive and the
single long-term survivor (>71 mo) may have
been transplanted in izleraied phase rather
than frank transformation of CGL.® As with
autografting in transformation, the main pro&~
Jem sppetry 10 be the extreme resistance of the
transfermed clone of cellsto high-dose chemora-
diotherapy; moreover the palient is oftes ia peor
¢linical eondition when the preczdurs 3 under-
taken.

The use of syngeneic marrow transplantation
for patients still in the chronic phase of CGL U
much mere promising. In 1979the Seattle group
reported preliminary results of treating 4
patients with Ph'.pesitive CGL with dimethyl
busulfan, cyclophosphamide. a d TB! (¢)iowed
by transfusion of twin marrow.” On follow-up
the 4 patients were hematclegiczlly nesmal with-
out Ph'.positive marrow metaphases. Sutse.
quently. a further & patients wen treated by
transplantation of syngeneic bone marrew, Of ali
12 patients transplanted, the most recznt report
noted that one subsequently died of interstitial
pneumonitis and another entered blastic trans-
formation and died; two other patienis relapsed
with ¢ytegenstic but not clinical evidence Of
CGL. Eight patients remained 3pparantly (res of
all evidence of leukemia at follow-up timer rang-
ing from 21 te 65 Mo post~transplant.?

Similar experiencs with a smaller number of
patients has been gained at other ¢anters, At the
Hammersmith Hospital we treated two patients,
one in uncomplicated chronic phass and the
other in early accelerated phase, with chemo-
radiotherapy followed by syngeneic marrow
transplantation.”™ Both patients are alive and
well 30 and 33 mO. respectively. after transplan-
tation: both have only <¢ytogenetically normal
cells identifiable in the bone marrow. Two other
patients with CGL in chronic phasewen truted
with twin marrow transplantation in Paris."* In
one case the transplant was complicated by
clinical picture ¢lesely resemdling GVHD but
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the patient recovered and both patients were well
at the time of the report.” "

It thus appears that for the patient in chronic
phase, syngeneic marrow transplantation hasthe
capacity either to cure or at least to prolong the
duration of life. Conversely, for the patient
already in transformation the precadyre offers
little benefit.

Allogeneic Morrow Transplantation

For the patient with CGL in transformation
who has an HLA-identical sib. the results of
allogeneic transplantation are generatly poor. At
the time of their most recznt report. 28 patients
in aplastic. accelerated or frank blastic phases of
CGL had besn treated in Seattle.™® Three
patients were aliveat times ranging from | 8 to 37
mo after transplantation. Itisof interest thatone
of these survivors is a woman who was trans-
planted at the age of 50.

The success achieved with allogeneic trans-
plantation of patients with acute leukemia in
remission and the observation that syngeneic
transplantation for patients in the chronic phase
of CGL a n suppress the Ph'-pasitive clone of
cells at Jeast for some years has led a number of
groups to explore the possibility of treating
patients by allogeneic transplantation before the
onset of transformation. Again. the Seattle group
has pioneered this approach. A 4-yr-old boy with
Ph'.negative chronic myeloid leukemia was suc-
cessfully treated by transplantation of marrow
from his histocompatible brethar,'”* Of 10other
patients with Ph'-pesitive CGL transplanted in
the chronic phase, 4 died of transplant-related
complications but 6 survive at follow-up times
ranging from 13 to 37 mo: these patients are all
clinically well.®™®* At the Hammersmith Hospi-
tal 12 patients in the chronic phase of CGL were
treated with cyclophosphamide at high dosage
and fractioned TBI (total 1000 or 1200 cGy)
followed by transplantation of marrow from
HLA-identical sibs; 2 patients died of infection
and GVHD but 10 survive at follow-up times
ranging from | to 14 mo.** Similar results with
smaller numbers of patients have ken reported
from Los Angeles, Toronto, Minneapolis and
Basel.""* Though the duration of follow-up is
still short in most casu and some patients may
ultimately relapse initially with cytogenetic and
tubsqucently with hematological evidence of

PV Y. 8

GOLOMAN AND LU

CGL, no recurrence of Phi-positive marrow
metaphases after transplantation has yet Se
reported in any of thesa series. NO recurrence 3¢
Ph'-positive marrow metaphases after transplan.
tation has yet been reported in any of these
series.

At present, allogeneic transplantation is avail-
ableonly for the relatively young patient (usually
under the age of 40) who has an HLA-identical
brother or sister. Even then the risks remain
considerable. The especial hazasds are GVHD
and interstitial pneumonitis. One hopes, how-
ever, that in¢reased undermstanding of the patho-
genesis of these two maje sexnpliatiors will
lead to measures that prevent them. At some
time in the future it may e poxgidle to offer
marrow transplantation ® older ptients with
CGL and to these who. lacking HLA-idential
sibs. ¢an only be transplanted with marrow {rom
mismatched relations or matched uarelated d e
nors.

CONCLUSIONS

Thoughthere is persuasive evidence to support
the concept that Ph'-pesitive CGL is a clonal
disease derived originally from gsingle anezstral
stem cell, the assumption that ail Ph'-negative
marrow cells in a patient with Phi-positive dis-
ease are necessarily normal is no longer tenable,
It is probable, however. that some Ph'-negative
and truly normal hemopoietic stem ¢siis do sur-
vive in the marrow of the newly dizgassed
patient with CGL; possibly such resideal normal
stemeells are gradually destroyed by chemother-
apy.

In assessing the prognostic value of clinical
and hematological {satures defined at dizgn
(or soon after), one must first exclude feaswurés®
that indicate that the disease is z/ready in caripd
or established transformation. ~The remainﬁkﬁ
‘prognostic features’ can then e divided into
static features that reflect the extent of disease
and dynamic features which reflect its tempo;
someofthefatter may only be measurable aftera
period of observation or after initial treatment.
These two categories of prognostic features must
to some exteat & interdependent. but this
approach may heip to discriminate between
advanced disease that is not necessarily aggres-
sive and aggressive disease that may or may not
be advanced. Though there is no general agree-
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ment about the prognostic valuc of individual
features, possibly significant static features
include the patient's sex, spleen size. liver size,
nemoglobin, leukoeyte count. platetes count. the
proportion of immature granulocytes in the blood
or marrow, and the prescnce or absence of the
Ph' chromosome. Possibly significant dynamic
fearures include the doubling time of the feuko-
cyte count, the response of the jeukocyte count to
chemotherapy and its ratc of rise thereafier, the
mitotic index of the blast cells and the acquisition
of cytogenetic changes in addition to the Ph'
chromosome.

Qccasional patients treated with busulfan
have had true **cylogenetic**remissions and some
of these patients have been long-term survivors.
Atlempts, however, to reproduce such clinical

2853

benefit routinely with combinations of cytotoxic
drugs havc in gencral been disappointing.
Results of syngencic marrow trunsplaniation
suggest that most patients in the chronic phase
benefit from such treatment and some m y per-
haps be cured. Preliminary results of allogeneic
marrow transplantation for patients still in the
chronic phase of CGL suggest one possible ave-
nue for progressin the current desade,
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